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1.0  INTRODUCTION 


This  report  describes  the  results  of  experimental  and  numerical  investigations  on 
combustion  and  fuel  processes.  The  purpose  of  this  program  was  to  investigate  and 
demonstrate  revolutionary  concepts  that  may  make  a  significant  contribution  to  the 
affordability  and  performance  goals  of  the  Versatile  Affordable  Advanced  Turbine 
Engine  (VAATE)  program. 

The  objectives  of  this  research  program  were  to: 

1)  Develop  and  apply  advanced  diagnostic  techniques  to  the  investigation  of 
advanced-concept  technologies  for  future-generation  propulsion  systems. 

2)  Develop  and  apply  advanced  computational-fluid-dynamics  (CFD)-based 
simulations  and  models  to  the  investigation  of  advanced-concept  technologies  for 
future-generation  propulsion  systems. 

3)  Utilize  advanced  diagnostics  and  models  to  design  and  conduct  fundamental 
experiments  that  will  provide  a  database  for  evaluation  and  application  of 
advanced-concept  technologies  for  future-generation  propulsion  systems. 

4)  Identify,  evaluate,  and  apply  high-impact  technologies  that  have  the  potential  to 
reduce  cost,  improve  performance,  and  reduce  emissions  in  future-generation 
propulsion  systems. 

5)  Identify,  evaluate,  and  apply  advanced-propulsion-system  cycles  that  will  result  in 
high-impact  revolutionary  technologies  for  future-generation  propulsion  systems. 

6)  Demonstrate  the  advanced  technologies  in  small-engine  tests  and  innovative  low- 
cost  flight  tests. 

The  research  conducted  during  this  program  resulted  in  more  than  325  publications, 
presentations,  and  patents,  a  complete  list  of  which  can  be  found  in  Section  9  along  with  brief 
descriptions  of  significant  accomplishments  of  the  IS  SI  staff.  Complete  copies  of  144  of  these 
presentations  and  publications  are  included  in  the  Appendix.  In  this  report  the  research  efforts 
are  summarized  in  Sections  2-7.  Section  2  details  the  advanced-diagnostic-technique 
development  and  evaluation.  Section  3  describes  the  effort  in  simulation  and  model  development 
and  evaluation.  Section  4  documents  the  fundamental  experiments.  Section  5  details  the  high- 
impact-technology  component  studies.  Section  6  documents  the  advanced-propulsion-system 
concept  studies.  Section  7  describes  the  demonstration  of  advanced-concept  high-impact 
technologies. 
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2.0  ADVANCED-DIAGNOSTIC-TECHNIQUE  DEVELOPMENT  AND  EVALUATION 


2.1  General  Overview 

The  objective  of  this  portion  of  the  program  was  to  develop  and  apply  advanced  diagnostic 
techniques  for  both  fundamental  experiments  and  advanced  component  concept  studies.  The 
diagnostic  techniques  developed  under  this  task  were  used  to  support  directly  the  other  major 
program  tasks.  A  wide  variety  of  point-wise,  imaging,  picosecond  (ps),  and  fuels-specific 
techniques  were  developed  and  evaluated.  A  summary  of  the  work  accomplished  on  this  task 
during  the  program  follows. 

2.1.1  Triple-Pump  Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS):  Temperature 
and  Multiple-Species  Concentration  Measurements  in  Reacting  Flows. 

Two  types  of  triple-pump  CARS  systems  were  employed  for  the  simultaneous  measurement  of 
temperature  and  multiple-species  concentrations.  In  the  first  system  the  ro-vibrational  transitions 
of  N2,  O2,  and  H2  were  probed  using  three  narrowband  pump  beams  and  a  broadband  Stokes 
beam.  In  the  second  system  pure  rotational  transitions  of  N2/O2  and  the  ro-vibrartional 
transitions  of  N2/CO2  were  probed  using  two  narrowband  pump  beams,  a  broadband  pump  beam, 
and  a  broadband  Stokes  beam.  The  use  of  a  broadband  pump  source  in  the  second  CARS  system 
allowed  rotational  and  ro-vibrational  transitions  of  different  molecules  to  be  probed 
simultaneously.  For  both  CSRS  systems  the  signals  appeared  at  two  distinct  wavelengths.  The 
CARS  signals  at  the  two  wavelengths  were  separated  by  dichroic  mirrors  before  being  detected 
by  two  spectrometer-CCD  detection  systems.  For  proof-of-concept  demonstrations,  single-shot 
and  averaged  measurements  were  performed  in  an  atmospheric-pressure  hydrogen-air  diffusion 
flame  and  in  a  carbon-dioxide-seeded,  near-adiabatic  hydrogen-air  flame  stabilized  over  a 
Hencken  burner.  To  the  investigators’  knowledge,  these  represent  the  first  reported  experiments 
of  triple-pump  CARS  for  the  simultaneous  measurement  of  temperature  and  multiple-species 
concentrations.  The  results  of  this  study  were  documented  by  S.  Roy,  T.  R.  Meyer,  M.  S.  Brown 
(all  of  ISSI),  V.  N.  Velur  (California  Institute  of  Technology),  R.  P.  Lucht  (Purdue  University), 
and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Optics  Communications  [Vol.  224,  Nos. 
1-3,  pp.  131-137  (August  15,  2003)].  The  paper  is  included  in  the  Appendix. 

2.1.2  Single-Shot  Thermometry  and  Multiple-Species  Measurements  Using  Dual-Pump, 
Dual-Broadband  (DPDB)  CARS  in  Liquid-Fueled  CFM56  Combustor. 

A  DPDB  CARS  system  for  the  simultaneous  measurement  of  temperature  and  multiple-species 
concentrations  was  demonstrated  in  the  exhaust  stream  of  a  liquid-fueled  CFM56  model  gas- 
turbine  combustor.  The  DPDB  CARS  approach  employs  four  laser  beams  that  generate  CARS 
signals  near  two  distinct  wavelengths,  enabling  highly  accurate,  spatially  resolved  single-shot 
measurements  within  the  full  range  of  combustor  operating  conditions.  For  the  proof-of-concept 
experiments,  CARS  signals  from  N2-O2  and  N2-CO2  pairings  were  collected.  Single-shot 
measurements  were  made  for  different  jet  fuels,  fuel  additives,  and  equivalence  ratios  to 
document  correlations  among  particulate-size  distribution,  concentrations  of  carbon  dioxide  and 
oxygen,  temperature,  and  fuel  composition.  The  results  of  this  investigation  were  documented 
by  S.  Roy,  T.  R.  Meyer  (both  of  ISSI),  R.  P.  Lucht  (Purdue  University),  V.  M.  Belovich,  E. 

2 

Approved  for  public  release;  distribution  is  unlimited. 


Corporan,  and  J.  R.  Gord  (all  of  AFRL)  in  three  presentations  at:  1)  the  42nd  AIAA  Aerospace 
Sciences  Meeting  and  Exhibit,  which  was  held  5-8  January  2004  in  Reno,  NV,  2)  the  ACS/SAS 
Poster  Session  and  Patterson  College  Awards,  which  was  held  2  March  2004  in  Dayton,  OH,  and 
3)  the  29th  Annual  Dayton-Cincinnati  Aerospace  Science  Symposium,  which  was  held  9  March 
2004  in  Dayton,  OH.  AIAA  Paper  No.  2004-0711,  the  publication  that  resulted  from  the  first 
presentation,  is  included  in  the  Appendix. 

2.1.3  Two-Color,  Two-Photon  Laser-Induced  Polarization  Spectroscopy  (LIPS) 
Measurements  of  Atomic  Hydrogen  in  Near- Adiabatic,  Atmospheric-Pressure 
Hydrogen/ Air  Flames. 

Two-color,  two-photon  laser-induced  polarization  spectroscopy  (LIPS)  of  atomic  hydrogen  was 
demonstrated  and  applied  in  atmospheric-pressure  hydrogen/air  flames.  Fundamental  and 
frequency-doubled  beams  from  a  single  486-nm  dye  laser  were  used  in  the  experiments.  The 
243 -nm  pump  beam  in  the  measurements  was  tuned  to  the  two-photon  n  =  1  — »  n  =  2  resonance 
of  the  hydrogen  atom.  The  486-nm  probe  beam  was  tuned  to  the  single-photon  n  =  2  — »  n  =  4 
resonance  of  the  hydrogen  atom.  Measurements  were  performed  in  an  atmospheric-pressure 
H2/air  flame  stabilized  on  a  near-adiabatic,  flat-flame  calibration  burner  (the  Hencken  burner). 
For  the  range  of  pump-beam  intensities  used,  the  LIPS  signal  was  found  to  be  nearly 
proportional  to  the  square  of  the  pump-beam  intensity  over  a  wide  range  of  flame  equivalence 
ratios.  Spectral  line  shapes  were  recorded  at  flame  equivalence  ratios  ranging  from  0.85  to  2.10. 
Vertical  H-atom  number-density  distribution  profiles  were  measured  in  the  Hencken  burner.  The 
vertical  H-atom  number-density  profiles  measured  along  the  burner  centerline  for  various  flame 
equivalence  ratios  were  compared  with  the  results  of  a  numerical  flame  calculation  using  the 
UNICORN  (UNsteady  Ignition  and  COmbustion  with  ReactioNs)  code.  Good  agreement 
between  theory  and  experiment  was  obtained  for  stoichiometric  and  rich  flame  conditions.  For 
flames  with  equivalence  ratios  greater  than  1.5,  the  H-atom  concentration  was  substantially 
above  the  adiabatic  equilibrium  value— even  at  50  mm  above  the  burner  surface.  The  slow 
approach  to  the  adiabatic  equilibrium  H-atom  concentration  value  can  be  explained  by  assuming 
partial  equilibrium  in  the  post-flame  gases;  the  H-atom  concentration  is  proportional  to  the  02 
concentration,  which  requires  significant  residence  time  to  decrease  to  its  very  low  equilibrium 
concentration.  These  results  suggest  that  the  use  of  the  Hencken  burner  as  a  radical- 
measurement-technique  calibration  source  may  be  of  questionable  value  for  equivalence  ratios 
greater  than  1.5  and  less  than  0.8.  The  results  of  this  investigation  were  documented  by  W.  D. 
Kulatilaka,  R.  P.  Lucht  (both  of  Purdue  University),  S.  F.  Hanna  (Texas  A&M  University),  and 
V.  R.  Katta  (ISSI)  in  a  paper  that  was  published  in  Combustion  and  Flame  [Vol.  137,  pp.  523- 
537  (June  2004)].  The  paper  is  included  in  the  Appendix. 

2.1.4  DPDB  CARS  in  Reacting  Flows. 

A  DPDB  CARS  system  for  making  simultaneous  measurements  of  temperature  and 
concentrations  of  N2,  02,  and  C02  in  reacting  flows  was  demonstrated.  In  this  system  pure 
rotational  transitions  of  N2-02  and  ro-vibrational  transitions  of  N2-C02  were  probed 
simultaneously  with  two  narrowband  pump  beams,  a  broadband  pump  beam,  and  a  broadband 
Stokes  beam.  The  main  advantage  of  this  technique  is  that  it  permits  accurate  temperature 
measurements  at  both  low  and  high  temperatures  as  well  as  concentration  measurements  of  three 

3 

Approved  for  public  release;  distribution  is  unlimited. 


molecules.  The  results  of  this  investigation  were  documented  by  S.  Roy,  T.  R.  Meyer  (both  of 
ISSI),  R.  P.  Lucht  (Purdue  University),  M.  Afzelius,  P.-E.  Bengtsson  (both  of  Lund  Institute  of 
Technology),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Optics  Letters  [29(16), 
1843-1845  (August  15,  2004)].  The  paper  is  included  in  the  Appendix. 

2.1.5  Non-perturbative  Modeling  of  Two-Photon  Absorption  in  Three-State  System. 

The  physics  of  the  two-photon  absorption  process  was  investigated  for  a  three-state  system.  The 
density-matrix  equations  for  the  two-photon  interaction  were  solved  in  the  steady-state  limit, 
assuming  that  the  pump-laser  radiation  was  monochromatic.  Collisional  broadening,  saturation, 
and  Stark  shifting  of  the  two-photon  resonance  were  investigated  in  detail  by  numerical  solution 
of  the  steady-state  density-matrix  equations.  Analytical  expressions  for  the  saturation  intensity 
and  the  Stark  shift  were  derived  for  the  case  where  the  single-photon  transitions  between  the 
intermediate  state  and  the  initial  and  final  states  are  far  from  resonance  with  the  pump  laser.  For 
this  case  it  was  found  that  the  direction  of  the  Stark  shift  is  dependent  on  the  relative  magnitudes 
of  the  dipole-measurement  matrix  elements  for  the  single-photon  transitions  that  couple  the 
intermediate  state  with  the  initial  and  final  states.  Saturation  and  Stark  shifting  were  also 
investigated  for  the  case  where  the  single-photon  transitions  between  the  intermediate  state  and 
the  initial  and  final  states  are  close  to  resonance  with  the  pump  laser.  The  results  of  this 
investigation  were  documented  by  R.  P.  Lucht  (Purdue  University),  S.  Roy  (ISSI),  and  J.  R.  Gord 
(AFRL)  in  a  paper  that  was  published  in  the  Journal  of  Chemical  Physics  [121(20),  9820-9829 
(22  November  2004)].  The  paper  is  included  in  the  Appendix. 

2.1.6  Multiple-Pump  CARS  for  Quantitative  Measurement  of  Temperature  and  Flame 
Species  in  Model  Gas-Turbine  Combustor. 

DPDB  CARS  was  applied  for  the  simultaneous  measurement  of  temperature  and  multiple- 
species  concentrations  in  a  liquid-fueled,  model  gas-turbine  combustor.  In  this  system  pure 
rotational  transitions  of  N2-O2  and  the  ro-vibrational  transitions  of  N2-CO2  were  probed  using 
two  narrowband  pump  beams,  a  broadband  pump  beam,  and  a  broadband  Stoke  beam.  The  main 
advantage  of  this  technique  is  that  it  permits  very  accurate  temperature  measurements  at  both 
low  and  high  temperatures  as  well  as  concentration  measurements  of  three  molecules  from  each 
laser  shot.  Single-shot  measurements  of  temperature  and  concentrations  ratios  of  N2-CO2  and 
N2-O2  in  the  exhaust  stream  of  a  liquid-fueled,  CFM56,  swirl-stabilized  gas-turbine  combustor 
were  made  for  equivalence  ratios  ranging  from  0.4  to  1.1.  The  results  of  this  study  were 
documented  by  S.  Roy,  T.  R.  Meyer  (both  of  ISSI),  R.  P.  Lucht  (Purdue  University),  and  J.  R. 
Gord  (AFRL)  in  Paper  No.  V0034  that  was  presented  at  the  International  Conference  on 
Advanced  Optical  Diagnostics  in  Fluids,  Solids,  and  Combustion  (Visualization  Society  of 
Japan/SPIE),  which  was  held  4-6  December  2004  in  Tokyo,  Japan.  The  paper  is  included  in  the 
Appendix. 

2.1.7  State-of-the-Art  Fuel-Acidity  Monitoring. 

A  novel  iridium-oxide-based  acidity  sensor  was  developed  for  off-line  monitoring  of  the  acidity 
of  fuel.  The  sensor  works  in  the  potentiometric  mode  using  an  IrOx  electrode  as  an  indicating 
electrode  and  a  Ag/Ag+  electrode  as  a  reference  electrode.  The  data  show  that  the  IrOx  sensor 
responds  to  compounds  present  in  fuel  that  have  acid-base  character.  An  off-line  IrOx  sensor 
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would  allow  determination  of  the  acidity  of  different  fuels  and  discrimination  between  neat  and 
thermally  stressed  fuels.  Experimental  results  also  indicate  that  the  low  conductance  of  fuel 
and/or  the  material  used  for  sensor  encapsulation  may  influence  the  response  time  of  the  IrOx 
sensor.  The  results  of  this  investigation  were  documented  by  J.  Widera  (ISSI)  and  J.  M.  Johnson 
(University  of  Dayton  Research  Institute)  in  a  paper  that  was  presented  at  the  226th 
Electrochemical  Society  Meeting,  which  was  held  3-8  October  2004  in  Honolulu,  HI.  The  paper 
was  published  in  the  Electrochemical  Society  Proceedings,  Yol.  PY  2004-08,  entitled,  Chemical 
Sensors  VI:  Chemical  and  Biological  Sensors  and  Analytical  Methods  [(C.  Bruckner-Lea,  P. 
Vanysek,  G.  Hunter,  M.  Egashira,  N.  Miura,  and  F.  Mizutani,  Eds.)  (Electrochemical  Society, 
Pennington,  NJ,  Fall  2004),  pp.  208-214],  The  paper  is  included  in  the  Appendix  to  this  report. 

2.1.8  Kinetic  Behavior  of  Polymer-Coated  Long-Period-Grating  Fiber-Optic  Sensors. 

A  new  method  of  analysis  employing  the  time-dependent  response  of  long-period-grating  (LPG) 
fiber-optic  sensors  was  introduced.  The  current  kinetic  approach  allows  analysis  of  the  time- 
dependent  wavelength  shift  of  the  sensor,  in  contrast  to  previous  studies  in  which  the  LPG 
sensing  element  has  been  operated  in  an  equilibrium  mode  and  modeled  with  Langmuir 
adsorption  behavior.  A  detailed  kinetic  model  was  presented  that  is  based  on  diffusion  of  the 
analyte  through  the  outer  protective  membrane  coating  into  the  affinity  coating,  which  is  bound 
to  the  fiber  cladding.  A  simpler  phenomenological  approach  was  presented  that  is  based  on 
measurement  of  the  slope  of  the  time-dependent  response  of  the  LPG  sensor.  The  principles  of 
the  kinetic  methods  were  demonstrated  employing  a  commercial  Cu+2  sensor  with  a 
carboxymethylcellulose-sensing  element.  The  detailed  mathematical  model  fit  the  time- 
dependent  behavior  well  and  provided  a  means  of  calibrating  the  concentration-dependent  time 
response.  In  the  current  approach  copper  concentrations  below  parts  per  106  were  reliably 
analyzed.  The  kinetic  model  allows  early-time  measurement  for  low  concentrations  of  analyte, 
where  equilibration  times  are  long.  This  kinetic  model  should  be  generally  applicable  to  other 
affinity-coated  LPG  fiber-optic  sensors.  The  results  of  this  study  were  documented  by  J.  Widera 
(ISSI),  C.  E.  Bunker  (AFRL),  G.  E.  Pacey  (Miami  University),  V.  R.  Katta,  M.  S.  Brown  (both 
of  ISSI),  J.  L.  Elster,  M.  E.  Jones  (both  of  Luna  Innovations),  J.  R.  Gord  (AFRL),  and  S.  W. 
Buckner  (St.  Louis  University)  in  a  paper  that  was  published  in  Applied  Optics  [Vol.  44,  No.  6, 
pp.  1011-1017  (20  February  2005)].  The  paper  is  included  in  the  Appendix. 

2.1.9  Combustion  Exhaust  Measurements  of  Nitric  Oxide  (NO)  with  Ultraviolet  (UV) 
Diode-Laser-Based  Absorption  Sensor. 

A  diode-laser-based  sensor  was  developed  for  UV  absorption  measurements  of  the  NO  molecule. 
The  sensor  is  based  on  the  sum- frequency  mixing  (SFM)  of  the  output  of  a  tunable,  3  95 -mm, 
external-cavity  diode  laser  and  a  532-nm,  diode-pumped,  frequency-doubled  Nd:YAG  laser  in  a 
beta-barium-borate  (P-BBO)  crystal.  The  SFM  process  generates  325  ±  75  nW  of  UV  radiation 
at  226.8  nm,  corresponding  to  the  (n’=  0,  n”=  0)  band  of  the  A2E+-X2n  electronic  transition  of 
NO.  Results  were  obtained  from  initial  laboratory  experiments  in  a  gas  cell  as  well  as  from  field 
demonstrations  of  the  sensor  for  measurements  in  the  exhaust  streams  of  a  gas-turbine  engine 
and  a  well-stirred  reactor.  It  was  demonstrated  that  the  sensor  is  capable  of  fully  resolving  the 
absorption  spectrum  and  accurately  measuring  the  NO  concentration  in  actual  combustion 
environments.  Absorption  was  clearly  visible  in  the  gas-turbine  exhaust— even  for  the  lowest 
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concentrations  of  9  parts  per  million  (ppm)  for  idle  conditions  and  for  a  path  length  of  0.5 1  m. 
The  sensitivity  of  the  current  system  is  estimated  at  0.23%,  which  corresponds  to  a  detection 
limit  of  0.8  ppm  in  1  m  for  1000-K  gas.  The  estimated  uncertainty  in  the  absolute  concentrations 
that  we  obtained  using  the  sensor  is  10%.  The  results  of  this  study  were  documented  by  T.  N. 
Anderson,  R.  P.  Lucht  (both  of  Purdue  University),  R.  Barron-Jimenez,  S.  F.  Hanna,  J.  A.  Caton 
(all  of  Texas  A&M  University),  T.  Walther  (Darmstadt  University  of  Technology),  S.  Roy,  M.  S. 
Brown  (both  of  ISSI),  J.  R.  Gord  (AFRL),  I.  Critchley,  and  L.  Flamand  (both  of  Honeywell 
Engines  Systems  and  Services)  in  a  paper  that  was  published  in  Applied  Optics  [Vol.  44,  No.  8, 
pp.  1491-1502  (10  March  2005)].  The  paper  is  included  in  the  Appendix. 

2.1.10  Optical  Turbine-Engine  Diagnostics  for  Ground-Test  and  On-Board  Applications. 

While  optical-diagnostic  techniques  have  been  applied  with  great  success  to  the  fundamental 
study  of  combustion  chemistry  and  physics  in  the  laboratory,  the  challenges  afforded  by  real- 
world  propulsion  systems  demand  continuing  innovation  if  such  techniques  are  to  be  adapted  and 
transitioned  for  use  in  engineering  tests  and  on-board  monitoring  and  control  applications. 

Efforts  continue  on  transitioning  aerodynamic  measurement  technologies  from  diagnostics- 
development  laboratories  to  combustor  test-and-evaluation  facilities  in  the  Propulsion 
Directorate’s  Combustion  Branch  (Turbine  Engine  Division).  Various  optical-diagnostic 
techniques  have  been  applied  for  visualizing  flow  fields  and  quantifying  temperatures  and  key 
species  concentrations  in  several  advanced  combustors.  The  results  of  this  investigation  were 
documented  by  J.  R.  Gord  (AFRL),  T.  R.  Meyer,  S.  Roy,  M.  S.  Brown,  and  S.  P.  Gogineni  (all  of 
ISSI)  in  an  invited  paper  that  was  presented  at  NATO  Conference  RTO-MP-AVT-124,  which 
was  held  25-28  April  2005  in  Budapest,  Hungary.  The  paper  is  included  in  the  Appendix  to  this 
report. 

2.1.11  Diode-Laser-Based  UV-Absorption  Sensor  for  High-Speed  Detection  of  Hydroxyl 
Radical  (OH). 

A  new  diode-laser-based  UV-absorption  sensor  for  high-speed  detection  of  OH  was  developed. 
The  sensor  is  based  on  sum- frequency  generation  of  UV  radiation  at  313.5  nm  by  mixing  the 
output  of  a  763-nm  distributed-feedback  diode  laser  with  that  of  a  532-nm  high-power,  diode- 
pumped,  frequency-doubled  Nd:YV04  laser  in  a  P-BBO  crystal.  Approximately  25  pW  of  UV 
radiation  was  generated  and  used  to  probe  rotational  transitions  in  the  A2£+  -  X2n  (v’= 0,  v”=0) 
electronic  transition  of  OH.  Single-sweep,  single-pass  measurements  of  temperature  and  OH 
concentration  in  a  stoichiometric  C2H4-air  flame  were  demonstrated  at  rates  up  to  20  kHz.  The 
results  of  this  investigation  were  documented  by  T.  N.  Anderson,  R.  P.  Lucht  (both  of  Purdue 
University,  T.  R.  Meyer,  S.  Roy  (both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  two  papers.  The  first 
was  presented  at  the  4th  Joint  Meeting  of  the  U.  S.  Sections  of  the  Combustion  Institute,  which 
was  held  20-23  March  2005  in  Philadelphia,  PA.  The  second  was  published  in  Optics  Letters 
[Vol.  30,  No.  11,  pp.  1321-1323  (June  1,  2005)].  The  second  paper  is  included  in  the  Appendix. 
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2.1.12  Advanced  CARS  Techniques  for  Simultaneous  Species  and  Temperature  Measurements. 


The  use  of  CARS  spectroscopy  for  temperature  measurements  in  combustion  systems  ranging 
from  laboratory  flames  to  practical  combustors  is  well  established.  In  the  great  majority  of  these 
temperature-measurement  experiments,  the  two  pump  beams  are  obtained  from  the  same  laser 
source  and,  thus,  have  the  same  frequency.  In  the  CARS  process,  the  coherent  Raman 
polarization  in  the  medium  is  established  by  the  interaction  of  one  pump  beam  with  the  Stokes 
beam.  The  other  pump  beam  is  scattered  from  this  induced  polarization  to  produce  the  CARS 
signal,  and  there  is  no  inherent  requirement  that  the  two  pump  beams  have  the  same  frequency. 
The  measurement  capabilities  of  the  CARS  technique  can  be  greatly  extended  by  the  use  of 
different  frequencies  for  each  of  the  pump  beams.  In  dual-pump  CARS,  the  frequencies  of  the 
two  pump  beams  are  selected  so  that  the  frequency  differences  between  the  Stokes  beam  and  the 
pump  beams  correspond  to  the  Raman  resonances  for  two  different  species.  Concentrations  can 
be  determined  very  accurately  from  the  ratios  of  the  two  CARS  signals.  Dual-pump  CARS  has 
been  used  in  a  wide  variety  of  experiments  for  accurate  species-concentration  measurements. 
Other  techniques  of  interest  include  triple-pump  CARS,  DPDB  CARS,  and  electronic-resonance- 
enhanced  (ERE)  CARS.  High-resolution  single-pulse  CARS  has  been  employed  for  temperature 
and  pressure  measurements  in  supersonic  flows.  The  development  of  these  nanosecond-laser- 
based  techniques  has  been  enabled  by  continuing  improvements  in  the  pulse  energy,  beam 
quality,  and  injection  seeding  of  Q-switched  Nd:YAG  lasers.  Femtosecond  CARS  has  potential 
applications  for  high-data-rate  measurements  of  temperature  and  species  in  reacting  flows. 

These  advanced  CARS  techniques  were  discussed  by  R.  P.  Lucht  (Purdue  University),  S.  Roy,  T. 
R.  Meyer  (both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  presented  at  the  Joint  Army- 
Navy-NASA-Air  Force  (JANNAF)  40th  Combustion,  28th  Airbreathing  Propulsion  Meeting, 
which  was  held  13-16  June  2005  in  Charleston,  SC.  The  presentation  is  included  in  the 
Appendix  to  this  report. 

2.1.13  Ballistic  Imaging  of  Liquid  Core  for  Steady  Jet  in  Cross  Flow. 

A  time-gated  ballistic-imaging  instrument  was  used  to  obtain  high-spatial-resolution,  single-shot 
images  of  the  liquid  core  in  a  water  spray  issuing  into  a  gaseous  cross  flow.  The  diagnostic 
technique  was  developed  further  to  improve  the  spatial  resolution.  Images  and  statistics  for 
various  jets  under  cross  flow  experimental  conditions  (different  Weber  numbers)  were  obtained. 
Series  of  these  images  reveal  a  near-nozzle  flow  field  that  is  undergoing  breakup  and  subsequent 
droplet  formation  by  stripping.  Signatures  of  spatially  periodic  behavior  in  the  liquid  core  and 
formation  of  small  voids  during  breakup  were  also  be  detected.  The  results  of  this  investigation 
were  documented  by  M.  A.  Linne,  M.  Paciaroni,  J.  R.  Gord  (AFRL),  and  T.  R.  Meyer  (ISSI)  in  a 
paper  that  was  published  in  Applied  Optics  [Vol.  44,  pp.  6627-6634  (November  2005)].  The 
paper  is  included  in  the  Appendix. 

2.1.14  10-kHz  Detection  of  C02  at  4.5  pm  Using  Tunable  Diode-Laser-Based  Difference- 
Frequency  Generation. 

A  compact,  high-speed  tunable,  diode-laser-based  mid-infrared  (MIR)  laser  source  was 
developed  for  absorption  spectroscopy  of  C02  at  rates  up  to  10  kHz.  Radiation  at  4.5  pm  with  a 
mode-hop-free  tuning  range  of  80  GHz  was  generated  by  difference-frequency  mixing  the  860- 
nm  output  of  a  distributed- feedback  diode  laser  with  the  1064-nm  output  of  a  diode-pumped 
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Nd:YAG  laser  in  a  periodically  poled  lithium-niobate  crystal.  MIR  absorption  spectroscopy  of 
CO2  with  a  detection  limit  of  44  ppm  m  at  10  kHz  was  demonstrated  in  a  C2H4-air  laminar 
diffusion  flame  and  in  the  exhaust  of  a  liquid-fueled  model  gas-turbine  combustor.  The  results 
of  this  investigation  were  documented  by  T.  R.  Meyer,  S.  Roy  (both  of  ISSI),  T.  N.  Anderson,  R. 
P.  Lucht  (both  of  Purdue  University),  R.  Barron-Jimenez  (Texas  A&M  University),  and  J.  R. 
Gord  (AFRL)  in  a  paper  that  was  published  in  Optics  Letters  [Vol.  30,  No.  22,  pp.  3087-3089 
(November  15,  2005)].  The  paper  is  included  in  the  Appendix. 

2.1.15  Broadband  CARS  Spectroscopy  of  Nitrogen  Using  ps  Modeless  Dye  Laser. 

Broadband  ps-CARS  spectroscopy  of  nitrogen  was  demonstrated  using  145-ps  pump  and  probe 
beams  and  a  1 15-ps  Stokes  beam  with  a  spectral  bandwidth  of  5  nm.  This  is,  to  the  authors’ 
knowledge,  the  first  demonstration  of  broadband  CARS  using  subnanosecond  lasers.  The  short 
temporal  envelope  of  the  laser  pulses  and  the  broadband  spectral  nature  of  the  Stokes  beam  will 
enable  non-resonant-background- free,  single-shot,  or  time-dependent  spectroscopy  in  high- 
pressure  or  hydrocarbon-rich  environments.  Correlation  of  room-temperature,  broadband,  ps  N2 
CARS  with  a  theoretical  spectrum  was  successful.  The  results  of  this  study  were  documented  by 
S.  Roy,  T.  R.  Meyer  (both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in 
Optics  Letters  [Vol.  30,  No.  23,  pp.  3222-3224  (December  1,  2005)].  The  paper  is  included  in 
the  Appendix. 

2.1.16  Time-Resolved  Dynamics  of  Resonant  and  Non-resonant  Broadband  ps  CARS 
Signals. 

The  time-resolved  dynamics  of  resonant  and  non-resonant  broadband  ps  CARS  signals  in  gas- 
phase  media  were  investigated.  For  ~  135-ps  pump  and  probe  beams  and  ~  106-ps  Stokes 
beams,  the  magnitude  of  the  non-resonant  signals  was  decreased  by  more  than  three  orders  of 
magnitude  when  the  probe  beam  was  delayed  by  ~1 10  ps,  whereas  the  resonant  nitrogen  CARS 
signal  was  reduced  only  by  a  factor  of  three.  Investigation  of  these  time  dynamics  is  important 
for  understanding  the  optimal  time  delay  for  non-resonant  background  suppression  as  well  as  for 
understanding  the  collisional  and  Doppler  dependence  of  the  resonant  CARS  signals.  The  results 
of  this  study  were  documented  by  S.  Roy,  T.  R.  Meyer  (both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in 
a  paper  that  was  published  in  Applied  Physics  Letters  [Vol.  87,  pp.  264103-1  -  264103-3  (26 
December  2005)].  The  paper  is  included  in  the  Appendix  to  this  report. 

2.1.17  Injection-Seeded  Megahertz  (MHz)-Repetition-Rate  Optical-Parametric-Oscillator 
(OPO)  System. 

The  ability  to  generate  ultra-high-frequency  sequences  of  broadly  wavelength-tunable,  high- 
intensity  laser  pulses  was  demonstrated  using  a  custom-built  OPO  pumped  by  the  third-harmonic 
output  of  a  “burst’ ’-mode  Nd:YAG  laser.  Burst  sequences  consisting  of  six  to  ten  pulses 
separated  in  time  by  between  7  and  10  ms  were  obtained,  with  average  total  conversion 
efficiency  as  high  as  ~  35%.  External-cavity  diode  lasers  at  786  and  827  nm  were  used  to 
injection  seed  the  OPO  cavity,  resulting  in  time-averaged  linewidth  of  ~  200  -  300  MHz,  for 
both  the  signal  and  idler  waves.  By  mixing  the  OPO  signal  output  (622  nm)  with  the  residual 
third  harmonic  at  355  nm,  burst  sequences  at  226  nm  were  produced,  from  which  some 
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preliminary  NO  Planar  Laser  Induced  Fluorescence  (PLIF)  image  sequences  were  obtained.  The 
results  of  this  investigation  were  documented  by  N.  Jiang,  M.  Uddi,  M.  Samimy,  W.  R.  Lempert 
(all  of  The  Ohio  State  University),  G.  Switzer,  T.  R.  Meyer  (both  of  ISSI),  and  J.  R.  Gord 
(AFRL)  in  AIAA  Paper  2006-838  that  was  presented  at  the  44th  AIAA  Aerospace  Sciences 
Meeting  and  Exhibit,  which  was  held  9-12  January  2006  in  Reno,  NV.  A  paper  was  also 
submitted  in  March  2006  to  Optics  Express.  The  AIAA  paper  is  included  in  the  Appendix. 

2.1.18  Water-Vapor  Detection  Using  Asynchronous  Terahertz  (THz)  Sampling. 

The  use  of  a  fiber-coupled  THz  transmitter/receiver  pair  for  spectroscopic  detection  of  water 
vapor  was  investigated.  Transmission  signals  of  an  alumina  cylinder  demonstrated  that  the 
measurement  approach  could  be  applied  in  a  windowless  ceramic  combustor.  First,  a 
conventional  commercial  transmitter/receiver  pair  was  used  to  make  measurements  for 
frequencies  to  1.25  THz.  Water- vapor  absorption  was  clearly  evident  within  the  alumina 
transparency  window  and  was  readily  modeled  using  existing  databases.  A  variety  of  data- 
acquisition  schemes  was  possible  using  THz  instrumentation.  To  assess  signal-collection 
techniques,  a  prototype  THz  transmitter/receiver  pair  was  then  used  with  the  asynchronous 
optical-sampling  (ASOPS)  technique  to  obtain  asynchronous  THz-sampling  signals  to  1  THz 
without  the  need  for  an  optomechanical  delay  line.  Two  mode-locked  Ti:sapphire  lasers 
operating  at  slightly  different  repetition  rates  were  used  for  pumping  the  transmitter  and  receiver 
independently  to  permit  a  complete  time-domain  THz  signal  to  be  recorded.  The  resulting 
repetitive  phase  walkout  was  demonstrated  by  collecting  power  spectra  of  room  air  that  exhibited 
water-vapor  absorption.  The  results  of  this  investigation  were  documented  by  M.  S.  Brown 
(ISSI),  G.  J.  Fiechtner  (Sandia  National  Laboratories),  J.  V.  Rudd,  D.  A.  Zimdars,  M.  Warmuth 
(all  of  Picometrix,  Inc.),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Applied 
Spectroscopy  [Vol.  60,  No.  3,  pp.  261-265  (March  2006)].  The  paper  is  included  in  the 
Appendix. 

2.1.19  Velocity  Imaging  for  Liquid-Gas  Interface  in  Near  Field  of  Atomizing  Spray:  Proof 
of  Concept. 

Ballistic  imaging  was  adapted  for  the  liquid  core  of  an  atomizing  spray.  An  unambiguous 
description  of  the  forces  that  act  to  break  apart  the  liquid  core  in  a  spray  can  be  provided  only 
through  direct  measurement  of  the  force  vectors  themselves.  Therefore,  it  would  be  invaluable 
to  obtain  velocity  and  acceleration  data  at  the  liquid-gas  interface.  Double-image  ballistic 
imaging  was  employed  to  extract  velocity  information  through  the  application  of  image-analysis 
algorithms.  This  method  was  shown  to  be  effective  for  liquid-phase  droplet  features  within  the 
resolution  limit  of  the  imaging  system.  In  view  of  these  results,  it  is  clear  that  a  three-  or  four- 
image  implementation  of  this  technique  would  allow  the  determination  of  acceleration  and,  by 
extension,  information  concerning  the  forces  active  in  spray  breakup.  The  results  of  this  study 
were  documented  by  D.  L.  Sedarsky,  M.  E.  Paciaroni,  M.  A.  Linne  (all  of  the  Lund  Institute  of 
Technology),  J.  R.  Gord  (AFRL),  and  T.  R.  Meyer  (ISSI)  in  a  paper  that  was  published  in  Optics 
Letters  [Vol.  31,  No.  7,  pp.  906-908  (1  April  2006)].  The  paper  is  included  in  the  Appendix. 
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2.1.20  RELIEF  Velocimetry  Using  ps  Tagging  and  Nd:YAG-Based  Interrogation. 

The  ability  to  perform  02-based  RELIEF  flow-tagging  velocimetry  in  which  the  O2  v”=l  level  is 
initially  excited  and  the  v”  =  3  — >  v”  =  0  transition  of  the  Schumann-Runge  system  at  223.4  nm 
is  employed  for  interrogation,  was  demonstrated  experimentally.  Such  a  strategy  mitigated  the 
requirement  to  use  an  ArF  excimer  laser  for  flow  interrogation.  Single-shot  imaging 
demonstrated  a  potential  spatially  resolved  velocity  accuracy  of  ~  2  m/s,  which  could  be 
increased  to  better  than  1  m/s  with  time  averaging.  Preliminary  measurements  employing  a  100- 
ps  pump  laser  for  the  stimulated  Raman  tagging  step  showed  that  vibrational  excitation 
comparable  to  that  obtained  using  Q-switched  laser  sources  can  be  realized  with  pulse  energies 
that  are  lower  by  at  least  one  order  of  magnitude.  The  results  of  this  investigation  were 
documented  by  W.  Lempert,  Y.  Zuzeek,  M.  Uddi,  K.  Frederickson,  N.  Jiang  (all  of  The  Ohio 
State  University),  S.  Roy,  T.  Meyer,  and  S.  Gogineni  (all  of  ISSI),  and  J.  Gord  (AFRL)  in  AIAA 
Paper  No.  2006-2970  that  was  presented  at  the  25th  AIAA  Aerodynamic  Measurement 
Technology  and  Ground  Testing  Conference,  which  was  held  5-8  June  2006  in  San  Francisco, 
CA.  The  paper  is  included  in  the  Appendix. 

2.1.21  Effects  of  Quenching  on  ERE-CARS  of  NO. 

The  effects  of  gas-mixture  composition  on  the  ERE-CARS  signals  of  NO  were  investigated. 

From  previous  LIF  studies,  quenching  rates  are  known  to  change  drastically,  by  factors  of  400  - 
800,  in  mixtures  of  CO2/O2/N2.  The  observed  ERE-CARS  signal  remained  constant  to  within 
30%,  whereas  LIF  signals  from  NO  were  predicted  to  decrease  by  more  than  two  orders  of 
magnitude  in  the  same  environments.  These  findings  are  very  significant  for  the  use  of  NO 
ERE-CARS  in  high-pressure  combustion  environments  where  the  electronic  quenching  rate  can 
vary  rapidly  as  a  function  of  both  space  and  time.  The  results  of  this  investigation  were 
documented  by  S.  Roy  (ISSI),  W.  D.  Kulatilaka,  S.  V.  Naik,  N.  M.  Laurendeau,  R.  P.  Lucht  (all 
of  Purdue  University),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Applied  Physics 
Letters  [Vol.  89,  pp.  104105-1  -  104105-3  (4  September  2006)].  The  paper  is  included  in  the 
Appendix  to  this  report. 

2.1.22  Application  of  Difference-Frequency-Mixing-Based  Diode-Laser  Sensor  for  Carbon- 
Monoxide  (CO)  Detection  in  4.4  -  4.8  pm  Spectral  Region. 

An  all-solid-state  continuous-wave  (cw)  laser  system  for  mid-infrared  absorption  measurements 
of  the  CO  molecule  has  been  developed  and  demonstrated.  The  single-mode,  tunable  output  of 
an  external-cavity  diode  laser  (ECDL)  was  difference-frequency  mixed  with  the  output  of  a  550- 
mW  diode-pumped  cw  Nd:YAG  laser  in  a  periodically  poled  lithium-niobate  (PPLN)  crystal  to 
generate  tunable  cw  radiation  in  the  mid-infrared  region.  The  wavelength  of  the  860-nm  ECDL 
can  be  coarse  tuned  from  860.782  to  872.826  mm,  allowing  the  sensor  to  be  operated  in  the 
spectral  region  4.4  -  4.8  pm.  CO-concentration  measurements  were  performed  in  CO/CO2/N2 
mixtures  in  a  room-temperature  gas  cell,  in  the  exhaust  stream  of  a  well-stirred  reactor  (WSR)  at 
Wright-Patterson  Air  Force  Base,  and  in  a  near-adiabatic  hydrogen/air  CCVdoped  flame.  The 
noise-equivalent  detection  limits  were  estimated  to  be  1.1  and  2.5  ppm  per  meter  for  the  gas-cell 
and  flame  experiments,  respectively.  These  limits  were  computed  for  combustion  gas  at  1000  K 
and  atmospheric  pressure,  assuming  a  signal-to-noise  ratio  of  one.  The  sensor  uncertainty  was 
estimated  to  be  2%  for  the  gas-cell  measurements  and  10%  for  the  flame  measurements,  based 
on  the  repeatability  of  the  peak  absorption.  The  results  of  this  investigation  were  documented  by 
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R.  Barron-Jimenez,  J.  A.  Caton  (both  of  Texas  A&M  University),  T.  N.  Anderson,  R.  P.  Lucht 
(both  of  Purdue  University),  T.  Walther  (TU  Darmstadt),  S.  Roy,  M.  S.  Brown  (both  of  ISSI), 
and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Applied  Physics  B  [Vol.  85,  pp.  185-197 
(November  2006)].  The  paper  is  included  in  the  Appendix. 

2.1.23  Measurement  of  NO  Concentrations  in  Flames  Using  ERE-CARS. 

NO  concentrations  in  flames  were  measured  using  ERE-CARS.  Visible  pump  and  Stokes  beams 
were  tuned  to  a  Q-branch  vibrational  Raman  resonance  of  NO.  A  UV  probe  beam  was  tuned 
into  resonance  with  specific  rotational  transitions  in  the  (v”=l,  v’=0)  vibrational  band  in  the 
AE-Xn  electronic  transition,  thus  providing  a  substantial  electronic-resonance  enhancement 
of  the  resulting  CARS  signal.  NO  concentrations  were  measured  at  levels  down  to  50  parts  in 
106  in  PE/air  flames  at  atmospheric  pressure.  NO  was  also  detected  in  heavily  sooting  CiFE/air 
flames  at  atmospheric  pressure  with  minimal  background  interference.  The  results  of  this  study 
were  documented  by  W.  D.  Kulatilaka,  N.  Chai,  S.  V.  Naik,  N.  M.  Laurendeau,  R.  P.  Lucht  (all 
of  Purdue  University),  J.  P.  Kuehner  (Washington  and  Lee  University),  S.  Roy  (ISSI),  and  J.  R. 
Gord  (AFRL)  in  a  paper  that  was  published  in  Optics  Letters  [Vol.  31,  No.  22,  pp.  3357-3359 
(November  15,  2006)].  The  paper  is  included  in  the  Appendix. 

2.1.24  Femtosecond  (fs)-CARS  Measurement  of  Gas  Temperatures  from  Frequency- 
Spread  Dephasing  of  Raman  Coherence. 

Gas-phase  temperatures  and  concentrations  were  measured  from  the  magnitude  and  decay  of  the 
initial  Raman  coherence  in  fs-CARS.  A  time-delayed  probe  beam  was  scattered  from  the  Raman 
polarization  that  was  induced  by  pump  and  Stokes  beams  to  generate  the  CARS  signal;  the 
dephasing  rate  of  this  initial  coherence  was  determined  by  the  temperature-sensitive  frequency 
spread  of  the  Raman  transitions.  Temperature  was  measured  from  the  CARS-signal  decrease 
with  increasing  probe  delay.  Concentration  was  obtained  from  the  ratio  of  the  CARS  and  non¬ 
resonant  background  signals.  Collision  rates  did  not  affect  the  determination  of  these  quantities. 
The  results  of  this  investigation  were  documented  by  R.  P.  Lucht  (Purdue  University),  S.  Roy,  T. 
R.  Meyer  (both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Applied  Physics 
Letters  [Vol.  89,  pp.  251112-1  -2511 12-3  (18  December  2006)].  The  paper  is  included  in  the 
Appendix  to  this  report. 

2.1.25  Measurements  of  NO  and  OH  Concentrations  in  Vitiated  Air  Using  Diode-Laser- 
Based  UV  Absorption  Sensors. 

Diode-laser-based  sensors  were  implemented  to  measure  the  concentrations  of  NO  and  OH 
radicals  in  the  vitiated  inlet  airflow  of  a  model  scramjet  combustor.  The  sensors  utilized  sum- 
frequency-mixed  sources  consisting  of  a  fixed-frequency  532-nm  laser  and  a  tunable  diode  laser 
to  generate  ultraviolet  radiation  for  absorption  spectroscopy  with  electronic  transitions  of  OH 
and  NO.  Sensitive,  interference-free  absolute  measurements  were  possible,  enabling  the  first 
measurements  of  both  species  in  a  model  scramjet  combustor  using  diode-laser-based  sensors. 
With  wavelength-modulation  spectroscopy,  no  absorption  by  OH  was  evident  in  the  vitiated 
airflow,  verifying  that  the  OH  concentration  was  below  the  0.2-ppm  detection  limit  of  the  sensor. 
Concentrations  of  NO  were  measured  to  be  200  -  1 100  ppm  for  the  vitiator  conditions  tested. 
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The  results  of  this  study  were  documented  by  T.  N.  Anderson,  R.  P.  Lucht  (both  of  Purdue 
University),  T.  R.  Meyer,  T.  Mathur,  K.  D.  Grinstead,  Jr.  (all  of  ISSI),  J.  R.  Gord,  M.  Gruber, 
and  C.  D.  Carter  (all  of  AFRL)  in  AIAA  Paper  2007-467  that  was  presented  at  the  45th  AIAA 
Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  8-1 1  January  2006  in  Reno,  NV.  The 
paper  is  included  in  the  Appendix. 

2.1.26  Robust  Procedure  for  Analysis  of  Non-Evenly  Spaced  Velocity  Time-Series  Data. 

Laser  Doppler  Velocimetry  (LDV)  is  an  important  tool  for  validation  of  computational  fluid- 
dynamics  (CFD)  models  in  high-enthalpy  bluff-body  flows.  However,  in  high-speed  LDV,  as 
opposed  to  hotwire  anemometry,  data  must  be  unevenly  sampled  in  time  and  cannot  be  analyzed 
using  a  standard  Discrete  Fast  Fourier  Transform  (DFFT).  Data  from  LDV  have  traditionally 
been  processed  with  the  Lomb  Algorithm,  which  is  a  normalized  periodogram  representing  a 
linear  least-squares  approximation  of  the  linear  regression  of  periodic  functions.  This  algorithm 
can  be  computationally  inefficient  because  a  sufficiently  large  number  of  frequencies  must  be 
chosen  to  produce  accurate  results.  In  the  present  effort,  spectral  analysis  with  the  Lomb 
Algorithm  is  compared  with  the  processing  of  data  employing  a  piecewise  interpolation  scheme 
developed  through  the  use  of  MATLAB®.  A  series  of  known  input  signals  is  generated  to 
provide  a  baseline  for  this  comparison.  Successful  implementation  in  the  wake  of  a  bluff-body 
was  achieved.  Such  alternative  schemes  are  straightforward  to  implement,  can  be  easily  tailored 
for  each  flow  application  to  extract  the  relevant  low-  and  high-frequency  modes,  and  may  be 
more  attractive  for  applications  such  as  real-time  spectral  analysis  of  combustion  control.  The 
results  of  this  investigation  were  documented  by  K.  B.  Garwick,  A.  Lynch,  J.  R.  Gord,  B.  V.  Kiel 
(all  of  AFRL)  and  T.  R.  Meyer  (ISSI)  in  AIAA  Paper  2007-1301  that  was  presented  at  the  AIAA 
Meeting  in  Reno.  The  paper  is  included  in  the  Appendix. 

2.1.27  Detection  of  Acetylene  by  ERE-CARS. 

Acetylene  (C2H2)  was  detected  at  low  concentrations  by  ERE-CARS.  Visible  pump  and  Stokes 
beams  were  tuned  into  resonance  with  Q-branch  transitions  in  the  V2  Raman  band  of  acetylene. 

An  ultraviolet  probe  beam  was  tuned  into  resonance  with  the  A  -  X  electronic  transition  of  C2H2, 
resulting  in  significant  electronic-resonance  enhancement  of  the  CARS  signal.  The  signal  was 
found  to  increase  significantly  with  rising  pressure  for  the  pressure  range  0.1-8  bar  at  300  K. 
Collisional  narrowing  of  the  spectra  appeared  to  be  important  at  2  bar  and  above.  A  detection 
limit  of  ~  25  ppm  at  300  K  and  1  bar  was  achieved  for  the  experimental  conditions.  The  signal 
magnitudes  and  the  shape  of  the  C2H2  spectrum  were  essentially  constant  for  UV  probe 
wavelengths  from  233.0  to  238.5  nm,  indicating  that  significant  resonant  enhancement  was 
achieved— even  without  tuning  the  probe  beam  into  resonance  with  a  specific  electronic- 
resonance  transition.  The  results  of  this  study  were  documented  by  N.  Chai,  S.  V.  Naik,  W.  D. 
Kulatilaka,  N.  M.  Laurendeau,  R.  P.  Lucht  (all  of  Purdue  University),  S.  Roy  (ISSI),  and  J.  R. 
Gord  (AFRL)  in  a  paper  that  was  published  in  Applied  Physics  B  Lasers  and  Optics  [Vol.  87,  pp. 
731-737  (June  2007)].  The  paper  is  included  in  the  Appendix. 
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2.1.28  Effects  of  Pressure  Variations  on  ERE-CARS  of  NO. 


The  effects  of  pressure  variations  on  the  ERE-CARS  signal  of  NO  were  studied  at  pressures 
ranging  from  0.1  to  8  bar.  ERE-CARS  signals  were  recorded  in  a  gas  cell  that  was  filled  with  a 
mixture  of  300  ppm  NO  in  N2  buffer  gas  at  room  temperature.  The  ERE-CARS  signal  was 
found  to  increase  with  rising  pressure  up  to  2  bar  and  to  remain  nearly  constant  thereafter.  The 
spectra  recorded  at  different  cell  pressures  were  modeled  using  a  modified  version  of  the  Sandia 
CARSFT  code.  Laser-saturation  effects  were  accounted  for  by  systematically  varying  the 
theoretical  ultraviolet  probe-laser  linewidth.  Excellent  agreement  was  obtained  between  theory 
and  experiment  for  the  pressure-scaling  behavior  of  the  ERE-CARS  signal  of  NO.  This  finding, 
along  with  a  negligible  influence  of  electronic  quenching  on  the  ERE-CARS  signal,  provides 
strong  incentive  for  the  application  of  ERE-CARS  to  measurements  of  NO  concentrations  in 
high-pressure  combustion  environments.  The  results  of  this  investigation  were  documented  by 
W.  D.  Kulatilaka,  N.  Chai,  S.  V.  Naik  (all  of  Purdue  University),  S.  Roy  (ISSI),  N.  M. 
Laurendeau,  R.  P.  Lucht  (both  of  Purdue  University),  J.  P.  Kuehner  (Washington  and  Lee 
University),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Optics  Communications 
[Vol.  274,  pp.  441-446  (June  15,  2007)];  the  paper  is  included  in  the  Appendix  to  this  report. 

2.1.29  Detection  of  Atomic  Hydrogen  in  Flames  Using  ps,  Two-Color,  Two-Photon- 
Resonance  Six- Wave-Mixing  Spectroscopy. 

Two-color,  six-wave-mixing  spectroscopy  techniques  were  investigated  using  ps  lasers  for  the 
detection  of  atomic  hydrogen  in  an  atmospheric-pressure  hydrogen-air  flame.  An  ultraviolet 
laser  at  243  nm  was  two-photon  resonant  with  the  2Si/2  <— <—  1  Si/2  transition,  and  a  visible  probe 
laser  at  656  nm  was  resonant  with  Ha  transitions  (n  =  3  <—  n  =  2).  The  signal  dependence  on  the 
polarization  of  the  pump  laser  was  investigated  for  a  two-beam  polarization-spectroscopy 
experimental  configuration  and  for  a  four-beam  grating  configuration.  A  direct  comparison  of 
the  absolute  signal  and  background  levels  in  the  two  experimental  geometries  demonstrated  a 
significant  advantage  to  using  the  four-beam  grating  geometry  rather  than  the  simpler  two-beam 
configuration.  The  ps  laser  pulses  provided  sufficient  time  resolution  to  investigate  hydrogen 
collisions  in  the  atmospheric-pressure  flame.  Time-resolved,  two-color  laser-induced 
fluorescence  (LIF)  was  used  to  measure  an  n  =  2  population  lifetime  of  1 10  ps,  and  time- 
resolved,  two-color  six-wave-mixing  spectroscopy  was  used  to  measure  a  coherence  lifetime  of 
76  ps.  Based  on  the  collisional  time  scale,  it  is  expected  that  the  six-wave-mixing  signal 
dependence  on  collisions  is  significantly  reduced  with  ps  laser  pulses  when  compared  to  laser- 
pulse  durations  on  the  nanosecond  time  scale.  The  results  of  this  investigation  were  documented 
by  W.  D.  Kulatilaka,  R.  P.  Lucht  (both  of  Purdue  University),  S.  Roy  (ISSI),  J.  R.  Gord  (AFRL), 
and  T.  B.  Settersten  (Sandia  National  Laboratories)  in  a  paper  that  was  published  in  Applied 
Optics  [Vol.  46,  No.  19,  pp.  3921-3927  (1  July  2007)].  The  paper  is  included  in  the  Appendix. 

2.1.30  Theory  of  fs-CARS  Spectroscopy  of  Gas-Phase  Transitions. 

A  theoretical  analysis  of  CARS  spectroscopy  of  gas-phase  resonances  using  fs  lasers  was 
performed.  The  time-dependent  density  matrix  equations  for  the  fs-CARS  process  were 
formulated  and  manipulated  into  a  form  that  was  suitable  for  solution  by  direct  numerical 
integration  (DNI).  The  temporal  shapes  of  the  pump,  Stokes,  and  probe  laser  pulses  were 
specified  as  an  input  to  the  DNI  calculations.  It  was  assumed  that  the  laser  pulse  shapes  were 
70-fs  Gaussians  and  that  the  pulses  were  Fourier-transform  limited.  A  single  excited  electronic 
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level  was  defined  as  an  effective  intermediate  level  in  the  Raman  process,  and  transition 
strengths  were  adjusted  to  match  the  experimental  Raman  polarizability.  The  excitation  of  the 
Raman  coherence  was  investigated  for  different  Q-branch  rotational  transitions  in  the 
fundamental  2330  cm"1  band  of  diatomic  nitrogen,  assuming  that  the  pump  and  Stokes  pulses 
were  temporally  overlapped.  The  excitation  process  was  shown  to  be  virtually  identical  for 
transitions  ranging  from  Q(2)  to  Q(20).  The  excitation  of  the  Raman  coherences  was  also  very 
efficient:  for  laser  irradiances  of  5  x  10  W/m  (corresponding  approximately  to  a  1 00- pJ,  70-fs 
pulse  focused  to  50  pm),  approximately  10%  of  the  population  of  the  ground  Raman  level  was 
pumped  to  the  excited  Raman  level  during  the  impulsive  pump-Stokes  excitation,  and  the 
magnitude  of  the  induced  Raman  coherence  reached  40%  of  its  maximum  possible  value.  The 
theoretical  results  were  compared  with  the  results  of  experiments  where  the  fs-CARS  signal  was 
recorded  as  a  function  of  probe  delay  with  respect  to  the  impulsive  pump-Stokes  excitation.  The 
results  of  this  study  were  documented  by  R.  P.  Lucht,  P.  J.  Kinnius  (both  of  Purdue  University), 
S.  Roy  (ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  the  Journal  of  Chemical 
Physics  [Vol.  127,  pp.  044316-1  -  044316-17  (July  28,  2007)].  The  paper  is  included  in  the 
Appendix. 

2.1.31  Improving  Signal-to-Interference  Ratio  in  Rich  Hydrocarbon-Air  Flames  Using  ps- 
CARS 

Interest  is  growing  in  the  use  of  short-pulse  lasers  for  CARS  to  minimize  non-resonant 
background  (NRB)  contributions  in  a  variety  of  applications.  Using  time-coincident  ps  pump 
and  Stokes  beams  and  a  time-delayed  ps  probe  beam,  we  achieved  a  three-orders-of-magnitude 
reduction  in  NRB  interference  can  be  achieved  in  rich  hydrocarbon-air  flames  while  preserving 
60  -  80%  of  the  CARS  signal.  This  represents  a  significant  improvement  in  signal-to- 
interference  ratio  compared  with  that  from  previous  measurements  in  room-temperature  air  and 
is  attributed  to  reduced  rates  of  collisional  dephasing  and  relaxation  at  flame  temperatures. 
Measurements  within  the  flame  zone  of  a  laminar  flat-flame  burner  were  used  to  investigate  the 
characteristics  of  time-coincident  and  probe-delayed  broadband  ps  N2-CARS  spectra  for  C2H4- 
air  equivalence  ratios  of  0.5  -  1.2.  Up  to  three  ro-vibrational  bands  of  N2  were  excited  with  each 
laser  shot  using  13-ps  pump  and  106-ps  Stokes  beams,  and  the  CARS  signal  was  generated  using 
a  135-ps  probe  beam  delayed  by  165  ps.  The  enhanced  signal-to-interference  ratio  achieved  in 
the  current  work  was  one  to  two  orders  of  magnitude  higher  than  that  previously  obtained  using 
polarization-selection  techniques  without  sensitivity  to  the  effects  of  birefringence  caused  by 
density  gradients  or  test-cell  windows.  Moreover,  the  use  of  a  135-ps  laser  source  in  this  study 
enabled  frequency-domain  “broadband”  CARS  with  sufficient  resolution  to  extract  ro-vibrational 
spectral  features  under  various  flame  conditions.  The  effect  of  probe  delay  and  NRB 
suppression  on  the  characteristics  of  these  broadband  CARS  spectra  was  investigated,  and 
evidence  of  preferential  collision  dephasing  and  relaxation  of  different  ro-vibrational  transitions 
was  not  detected.  This  promising  but  preliminary  result  must  be  investigated  further  in  future 
work.  The  results  of  this  investigation  were  documented  by  T.  R.  Meyer  (Iowa  State 
University),  S.  Roy  (ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Applied 
Spectroscopy  [Vol.  61,  No.  11,  pp.  1135-1 140  (November  2007)].  The  paper  was  featured  on 
the  cover  of  the  November  issue  of  the  journal  and  is  included  in  the  Appendix  to  this  report. 
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2.1.32  Effect  of  Collisions  on  Time-Delayed  ps-CARS  Spectroscopy. 


The  effect  of  collisions  on  measured  temperatures  using  time-delayed  ps-CARS  was 
investigated.  In  ps-CARS  the  probe  beam  is  delayed  with  respect  to  the  pump  and  Stokes  beams 
to  suppress  the  non-resonant  background.  The  results  of  this  study  were  documented  by  J.  R. 
Gord  (AFRL),  P.  Hsu,  and  S.  Roy  (both  of  ISSI)  in  a  paper  that  was  presented  at  the  Laser 
Applications  to  Chemical,  Security,  and  Environmental  Analysis  (LACSEA)  Meeting,  which 
was  held  17-20  March  2008  in  St.  Petersburg,  FL.  The  paper  is  included  in  the  Appendix. 

2.1.33  Fs-CARS  for  High-Bandwidth,  Collision-Free  Temperature  Measurements. 

Fs-laser-based  time-resolved  CARS  spectroscopy  of  nitrogen  was  used  to  measure  temperature 
at  1  kHz.  The  first  few  picoseconds  of  the  time-resolved  CARS  signal  were  free  of  collisions  for 
pressures  up  to  20  bar.  The  results  of  this  investigation  were  documented  by  S.  Roy  (ISSI),  P.  J. 
Kinnius,  R.  P.  Lucht  (both  of  Purdue  University),  and  J.  R.  Gord  (AFRL)  in  an  invited  paper  that 
was  presented  at  the  Laser  Applications  to  Chemical,  Security,  and  Environmental  Analysis 
(LACSEA)  Meeting,  which  was  held  17-20  March  2008  in  St.  Petersburg,  FL.  The  paper  is 
included  in  the  Appendix. 

2.1.34  Insensitivity  of  ERE-CARS  to  Electronic  Quenching. 

Fs-laser-based  time-resolved  CARS  spectroscopy  of  nitrogen  was  used  to  measure  temperature 
at  1  kHz.  It  was  observed  that  the  strong  laser  pulse  helps  in  keeping  both  the  excited-state 
population  and  the  ground-state  coherence  reasonably  high,  even  with  significant  quenching. 

The  results  of  this  study  were  documented  by  A.  K.  Patnaik,  S.  Roy  (both  of  ISSI),  R.  P.  Lucht 
(Purdue  University),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  presented  at  the  Laser 
Applications  to  Chemical,  Security,  and  Environmental  Analysis  (LACSEA)  Meeting,  which 
was  held  17-20  March  2008  in  St.  Petersburg,  FL.  The  paper  is  included  in  the  Appendix. 

2.1.35  Fs-CARS  Measurement  of  Gas-Phase  Species  and  Temperature. 

The  use  of  fs  lasers  for  CARS  measurements  in  gases  was  reviewed,  and  coupling  of  fs  laser 
radiation  with  gas-phase  resonances,  determination  of  temperatures  from  frequency- spread 
dephasing,  and  single-shot  measurements  were  discussed  in  a  presentation  co-authored  by  R.  P. 
Lucht,  R.  J.  Kinnius  (both  of  Purdue  University),  S.  Roy  (ISSI),  and  J.  R.  Gord  (AFRL)  that  was 
made  at  the  Conference  on  Lasers  and  Electro-Optics/Quantum  Electronics  and  Laser  Science 
Conference  (CLEO/QELS  08),  which  was  held  4-9  May  2008  in  San  Jose,  CA.  The  paper  was 
published  in  the  conference  proceedings  and  is  included  in  the  Appendix. 

2.1.36  Perturbative  Theory  and  Modeling  of  ERE-CARS  Spectroscopy  of  NO. 

A  theory  was  developed  for  three-laser  ERE-CARS  spectroscopy  of  NO.  A  vibrational  Q-branch 
Raman  polarization  was  excited  in  the  NO  molecule  by  the  frequency  difference  between  the 
visible  Raman  pump  and  Stokes  beams.  An  ultraviolet  probe  beam  was  scattered  from  the 
induced  Raman  polarization  to  produce  an  ultraviolet  ERE-CARS  signal.  The  frequency  of  the 
ultraviolet  probe  beam  was  selected  to  be  in  electronic  resonance  with  rotational  transitions  in 
the  A  L  <— X  II  (1,0)  band  of  NO.  This  choice  resulted  in  a  resonance  between  the  frequency 
of  the  ERE-CARS  signal  and  transitions  in  the  (0,0)  band.  The  theoretical  model  for  ERE- 
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CARS  NO  spectra  was  developed  in  the  perturbative  limit.  Comparisons  to  experimental  spectra 
were  made  where  either  the  probe  laser  was  scanned  with  a  fixed  Stokes  frequency  or  the  Stokes 
laser  was  scanned  with  a  fixed  probe  frequency.  At  atmospheric  pressure  and  an  NO 
concentration  of  100  ppm,  good  agreement  was  found  between  theoretical  and  experimental 
spectral  peak  locations  and  relative  intensities  for  both  types  of  spectra.  Factors  relating  to 
saturation  in  the  experiments  were  considered,  including  implications  for  the  theoretical 
predictions.  The  results  of  this  investigation  were  documented  by  J.  P.  Kuehner  (Washington 
and  Lee  University),  S.  V.  Naik,  W.  D.  Kulatilaka,  N.  Chi,  N.  M.  Laurendeau  (all  of  Purdue 
University),  R.  P.  Lucht  (Purdue  University  and  Texas  A&M  University),  S.  Roy,  A.  K.  Patnaik 
(both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  the  Journal  of  Chemical 
Physics  [Vol.  128,  pp.  174308-1  -  174308-12  (May  7,  2008)].  The  paper  is  included  in  the 
Appendix. 

2.1.37  Applications  of  Ultrafast  Lasers  for  Optical  Measurements  in  Combusting  Flows. 

Optical  measurement  techniques  are  powerful  tools  for  the  detailed  study  of  combustion 
chemistry  and  physics.  Although  traditional  combustion  diagnostics  based  on  continuous-wave 
and  nanosecond-pulsed  lasers  continue  to  dominate  fundamental  combustion  studies  and 
applications  in  reacting  flows,  revolutionary  advances  in  the  science  and  engineering  of  ultrafast 
[picosecond-  and  femtosecond-pulsed]  lasers  are  driving  the  enhancement  of  existing  diagnostic 
techniques  and  enabling  the  development  of  new  measurement  approaches.  The  ultra-short 
pulses  afforded  by  these  new  laser  systems  provide  unprecedented  temporal  resolution  for 
studies  of  chemical  kinetics  and  dynamics,  freedom  from  collisional-quenching  effects,  and 
tremendous  peak  powers  for  broad  spectral  coverage  and  non-linear  signal  generation.  The  high 
pulse-repetition  rates  of  ultrafast  oscillators  and  amplifiers  allow  previously  unachievable  data- 
acquisition  bandwidths  for  the  study  of  turbulence  and  combustion  instabilities.  The  applications 
of  ultrafast  lasers  for  optical  measurements  in  combusting  flows  and  sprays,  with  emphasis  on 
recent  achievements  and  future  opportunities,  were  reviewed  by  J.  R.  Gord  (AFRL),  T.  R.  Meyer 
(Iowa  State  University),  and  S.  Roy  (ISSI)  in  an  invited  book  chapter,  which  appeared  in  the  first 
volume  of  the  American  Chemical  Society  Series  entitled,  Annual  Review  of  Analytical 
Chemistry  [Vol.  1,  pp.  663-687  (July  2008)].  The  book  chapter  is  included  in  the  Appendix. 

2.1.38  Measurements  of  NO  Concentration  in  Flames  Using  Broadband  Stokes  ERE- 
CARS. 

The  CARS  technique  has  been  applied  successfully  in  a  number  of  applications  for  species- 
concentration  and  temperature  measurements.  These  measurements  were  usually  conducted  for 
major  species  with  concentration  larger  than  0.1%.  The  ERE-CARS  technique  can  enhance  the 
signal  significantly  by  tuning  one  or  more  laser  beams  involved  in  the  CARS  process  into 
resonance  with  suitable  electronic  transitions.  Recently,  visible  narrowband  pump  and  Stokes 
beam  were  utilized  with  a  narrowband  ultraviolet  probe  beam  for  measurements  of  NO 
concentrations  in  flames.  The  frequency  of  the  probe  beam  was  tuned  into  resonance  with  a 
suitable  electronic  transition.  In  previous  narrowband  ERE-CARS  measurements,  the  frequency 
of  the  Stokes  beam  was  scanned  over  Raman  signatures  of  NO  to  acquire  the  ERE-CARS 
spectra.  Single-shot,  broadband  ERE-CARS  measurements  were  made.  The  narrowband  Stokes 
laser  was  replaced  by  a  broadband  dye  laser. 
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In  the  broadband  ERE-CARS  measurements  of  NO,  a  visible  pump  beam  at  532  nm  and 
broadband  Stokes  beam  centered  at  591  nm  were  used  to  excite  numerous  Raman  resonances  in 
the  ground  electronic  state  of  NO.  A  third  ultraviolet  probe  beam  at  236  nm  was  used  to  enhance 
selectively  one  or  two  of  the  induced  Raman  resonances.  Single-shot  spectra  were  acquired 
using  a  1-m  spectrometer  to  disperse  the  signal  and  a  back-illuminated  charge-coupled-device 
(CCD)  camera  to  detect  the  signal.  A  polarization  method  was  used  to  suppress  the  non-resonant 
background.  Single-shot  measurements  were  performed  both  with  the  non-resonant  background 
completely  suppressed  and  with  some  of  the  non-resonant  background  transmitted  in  the  signal 
channel. 

ERE-CARS  spectra  of  NO  were  acquired  in  an  atmospheric-pressure  hydrogen/air  counter- flow 
diffusion  flame.  The  single-shot  detection  limit  in  this  flame  was  found  to  be  ~  10  ppm.  A 
standard  deviation  of  ~  20%  of  the  mean  was  found  by  analyzing  1000  single-laser-shot  spectra 
at  different  flame  locations.  In  measurements  where  some  of  the  non-resonant  background  was 
transmitted,  the  standard  deviation  of  the  ratio  of  the  resonant  to  non-resonant  signal  was  found 
to  be  15%.  NO  concentration  profiles  were  obtained  in  a  series  of  non-premixed  hydrogen  and 
methane  flames  stabilized  within  a  counter-flow  burner  with  a  total  strain  rate  of  20  s'1.  The  NO 
concentration  profiles  were  compared  with  the  results  of  OPPDIF  calculations.  The  results  of 
this  research  were  documented  by  N.  Chai,  A.  Satija,  S.  V.  Naik,  R.  P.  Lucht,  N.  M.  Laurendeau 
(all  of  Purdue  University),  S.  Roy  (ISSI),  and  J.  R.  Gord  (AFRL)  in  a  poster  that  was  presented 
at  the  Work-in-Progress  Poster  Sessions  at  the  32nd  International  Symposium  on  Combustion, 
which  was  held  3-8  August  2008  in  Montreal,  Canada.  The  poster  is  included  in  the  Appendix. 

2.1.39  Theory  of  fs-CARS  Spectroscopy  for  Gas-Phase  Transitions. 

The  use  of  fs  lasers  for  CARS  spectroscopy  of  molecules  in  the  gas  phase  offers  some  significant 
potential  advantages  compared  with  nanosecond  (ns)  CARS;  i.e.,  CARS  as  usually  performed 
with  ns  pump  and  Stokes  lasers.  These  potential  advantages  include  1)  the  capability  of 
performing  real-time  temperature  and  species  measurements  at  data  rates  significantly  >  1  kHz, 
and  2)  the  absence  of  any  effect  of  collisions  in  the  determination  of  temperature  and 
concentration  from  the  fs-CARS  signal.  However,  the  broad  spectral  bandwidth  of  the  fs  laser 
pulses  would  seem  to  preclude  the  acquisition  of  strong  CARS  signals  from  gas-phase  species. 
For  room-air  conditions,  typical  Raman  linewidths  are  0.1  cm'1,  while  the  frequency  bandwidth 
of  a  Fourier- transform-limited  100-fs  laser  pulse  is  150  cm'1.  However,  numerous  frequency 
pairs  exist  within  the  spectral  envelopes  of  the  pump  and  Stokes  lasers  that  can  contribute  to  the 
excitation  of  the  two-photon  Raman  resonance.  Consequently,  the  excitation  of  gas-phase 
Raman  resonances  is  quite  efficient,  as  shown  in  a  time-dependent  density  matrix  analysis  of  the 
interaction  of  100-fs  pump  and  Stokes  pulses  with  gas-phase  N2  Raman  resonances. 

In  the  present  scanned-probe-beam  experiments,  temperature  and  species  concentration  were 
determined  from  the  decay  of  the  CARS  signal  in  the  first  few  picoseconds  (ps)  after  the 
impulsive  pump-Stokes  Raman  pumping.  The  CARS  signal  in  these  initial  few  ps  is  much 
stronger  because  the  numerous  Raman  transitions  contribute  coherently  to  the  signal  since  they 
are  excited  with  the  same  phase  by  the  impulsive  pump-Stokes  excitation.  After  a  few  ps  they 
begin  to  oscillate  out  of  phase  because  of  the  differences  in  the  transition  frequencies  of  the 
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various  Raman  resonances;  we  refer  to  this  phenomenon  as  frequency- spread  dephasing.  The 
frequency-spread  dephasing  time  decreases  with  temperature  because  the  frequency  spread  of 
transitions  that  contribute  to  the  Raman  coherence  increases  with  temperature. 

The  potential  for  real-time  measurements  at  frequencies  of  interest  in  turbulent  flames  is  the 
result  of  the  recent  commercial  availability  of  fs  laser  systems  with  pulse  energies  of  up  to  a  few 
millijoules  and  repetition  rates  of  up  to  20  kHz  and  the  expected  availability  of  commercial 
systems  in  the  near  future  with  repetition  rates  approaching  100  kHz.  We  have  performed  some 
initial  single-pulse  fs-CARS  experiments  with  a  2-ps  chirped  probe  beam.  The  chirped-probe- 
pulse  fs-CARS  signal  beam  was  directed  into  a  spectrometer,  and  the  spectrum  was  recorded  for 
each  laser  shot  on  a  charge-coupled-device  (CCD)  camera.  The  temporal  behavior  of  the  Raman 
coherence  could  then  be  determined  from  the  spectrum  of  the  fs-CARS  signal.  Chirped-probe- 
pulse  experiments  were  performed  for  atmospheric-pressure  nitrogen  in  a  heated  gas  cell  and  for 
mixtures  of  nitrogen  and  carbon  monoxide.  Single-pulse  spectra  with  very  high  signal-to-noise 
ratios  were  acquired  from  atmospheric-pressure  flames.  A  computer  code  for  fitting  the  chirped- 
probe-pulse  spectra  and  determining  temperature  and  species  concentrations  as  fitting  parameters 
is  in  the  early  stages  of  development.  The  results  of  this  investigation  were  documented  by  R.  P. 
Lucht,  P.  J.  Kinnius  (both  of  Purdue  University),  S.  Roy  (ISSI),  and  J.  R.  Gord  (AFRL)  in  a 
poster  that  was  presented  at  the  Work-in-Progress  Poster  Sessions  at  the  32nd  International 
Symposium  on  Combustion,  which  was  held  3-8  August  2008  in  Montreal,  Canada.  The  poster 
is  included  in  the  Appendix. 

2.1.40  Single-Laser-Shot  Detection  of  NO  in  Reacting  Flows  Using  ERE-CARS. 

Single-laser  shot  ERE-CARS  spectra  of  NO  were  generated  using  the  532-nm  output  of  an 
injection-seeded  Nd:YAG  (yttrium  aluminum  garnet)  laser  as  the  pump  beam,  a  broadband  dye 
laser  at  ~  591  nm  as  the  Stokes  beam,  and  a  236-nm  narrowband  ultraviolet  probe  beam.  Single- 
laser-shot  ERE-CARS  spectra  of  NO  were  acquired  in  an  atmospheric-pressure  hydrogen/air 
counterflow  diffusion  flame.  The  single-shot  detection  limit  in  this  flame  was  found  to  be  ~  30 
ppm,  and  the  standard  deviation  of  the  measured  NO  concentration  was  found  to  be  ~  20%  of  the 
mean.  The  results  of  this  study  were  documented  by  N.  Chai,  S.  V.  Naik,  N.  M.  Laurendeau,  R. 
P.  Lucht  (all  of  Purdue  University),  S.  Roy  (ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was 
published  in  Applied  Physics  Letters  [Vol.  93,  pp.  091 1 15-1  -  091 115-3  (September  1,  2008)]. 
The  paper  is  included  in  the  Appendix. 

2.1.41  Collisional  Effects  on  Molecular  Dynamics  in  ERE-CARS. 

The  role  of  collisional  decay  in  the  evolution  of  molecular  coherence  and  excited-state 
population  in  an  ERE-CARS  configuration  was  studied.  A  four-level  model  scheme  was 
proposed,  and  a  density-matrix  equation  was  derived  to  determine  the  system  evolution.  It  was 
shown  that  even  for  significantly  large  collisional  decays,  a  suitable  (rather  strong)  probe-laser 
intensity  prevents  significant  depletion  of  the  excited-state  population  and  enhances  the  ground- 
state  coherence.  A  physical  understanding  was  developed  for  the  reported  insensitivity  [Roy,  et 
al.,  App.  Phys.  Lett.  89,  104105  (2006)]  of  the  ERE-CARS  signal  to  the  rate  of  collisional  decay 
at  the  excited  electronic  level.  The  results  of  this  investigation  were  documented  by  A.  K. 
Patnaik,  S.  Roy,  (both  of  ISSI),  R.  P.  Lucht  (Purdue  University),  and  J.  R.  Gord  (AFRL)  in  a 
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paper  that  was  published  in  Journal  of  Modem  Optics  [Vol.  55,  Nos.  19-20,  pp.  3263-3272  (10- 
20  November  2008)].  The  paper  is  included  in  the  Appendix 

2.1.42  Development  of  Nearly  Transform-Limited,  Low-Repetition-Rate,  ps  OPO. 

A  low-repetition-rate  (10-Hz),  ps  OPG  seeded  at  the  idler  wavelength  with  a  high-power  diode 
laser  was  demonstrated.  The  output  of  the  OPG  at  ~  566  nm  was  amplified  in  dye  cells,  resulting 
in  signal  enhancement  by  more  than  three  orders  of  magnitude.  The  nearly  transform-limited 
beam  at  ~  566  nm  had  a  pulsewidth  of  ~  170  ps,  with  an  overall  output  of  ~  2.3  mJ/pulse.  The 
laser  was  tuned  either  by  tuning  the  non-linear  crystal  or  the  seed-laser  current.  Such  a  simple, 
compact,  high-performance,  tunable  ps  laser  system  has  a  number  of  applications  for  linear  and 
non-linear  spectroscopy.  The  results  of  this  study  were  documented  by  P.  S.  Hsu,  S.  Roy  (both 
of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Optics  Letters  [Vol.  281,  No. 

24,  pp.  6068-6071  (December  15,  2008)].  The  paper  is  included  in  the  Appendix. 
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3.0  SIMULATION  AND  MODEL  DEVELOPMENT  AND  EVALUATION 

3.1  General  Overview 

The  objective  of  this  portion  of  the  program  was  to  develop  and  apply  simulations  and  models 
for  the  investigation  of  advanced-concept  technologies  for  future  propulsion  systems.  The 
models  and  simulations  were  used  to  support  all  the  major  tasks  of  this  program.  A  summary  of 
the  work  accomplished  on  this  task  during  the  program  follows. 

3.1.1  CFD-Based  Global  Chemistry  Predictions  for  Normal  and  Inverse  Laminar  Ethane 
Jet  Diffusion  Flames  under  Oxygen  Enhancement  and  Gravity  Variation. 

Global  calculations  involving  five  species  at  four  different  fuel  compositions  for  ethane -jet- 
diffusion  and  inverse-diffusion  flames  under  earth  gravity  and  microgravity  conditions  were 
made  using  an  axisymmetric,  time-dependent  CFD  code.  Computations  were  compared  with 
experimental  data  obtained  from  NASA  Glenn  Research  Center.  Enhancement  in  oxygen 
resulted  in  increased  flame  temperatures.  No  significant  change  was  observed  in  inverse- 
diffusion-flame  lengths  (based  on  maximum  temperature)  with  oxygen  enhancement  and  gravity 
variation.  The  results  of  this  investigation  were  documented  by  P.  Bhatia  (Purdue  University), 

V.  R.  Katta  (ISSI),  P.  B.  Sunderland  (National  Center  for  Microgravity  Research),  S.  S.  Krishnan 
(Purdue  School  of  Engineering  and  Technology),  and  J.  P.  Gore  (Purdue  University)  in  a  paper 
that  was  presented  at  the  2004  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute,  which  was  held  21-23  March  2004  in  Austin,  TX.  The  paper  is  included 
in  the  Appendix. 

3.1.2  Macro-  vs.  Micro- Vortex/Flame  Interactions  in  Hydrogen  Diffusion  Flames. 

The  validity  of  the  flamelet  theory  was  examined  by  studying  vortex/flame  interactions  in  a 
hydrogen/air  opposing-jet  diffusion  flame.  The  dynamic  changes  to  the  flame  structure  during 
the  interaction  process  were  investigated.  Vortices  were  injected  toward  the  flame  surface  from 
the  air  side.  A  centimeter-size  vortex  was  made  to  interact  with  a  7.0-mm-thick  flame,  and  a 
micron-size  vortex  was  made  to  interact  with  a  2.4-mm-thick  flame.  High  vortex-propagation 
velocities  were  used  for  creating  rapid  flame  extinction  in  both  cases.  While  the  larger  vortex, 
regardless  of  the  vortex-propagation  velocity,  tends  to  create  a  wrinkled,  strained  flame  before 
causing  extinction— representing  a  laminar  flamelet— the  smaller  vortex  tends  to  replace  the  local 
fluid  in  the  flame  zone  with  the  constituent  fluid  and  destroys  the  flame  structure— representing  a 
distributed  reaction  zone.  Since  the  micron-size  vortex  is  larger  than  the  Kolmogorov  length 
scale,  a  portion  of  the  possible  turbulent  processes  (events)  in  a  hydrogen  diffusion  flame  must 
be  viewed  as  distributed  reaction  zones.  The  results  of  this  investigation  were  documented  by  V. 
R.  Katta,  T.  R.  Meyer  (both  of  ISSI),  J.  R.  Gord,  and  W.  M.  Roquemore  (both  of  AFRL)  in  a 
paper  that  was  presented  at  the  2004  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute,  which  was  held  21-23  March  2004  in  Austin,  TX.  The  paper  is  included 
in  the  Appendix. 
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3.1.3  Simulation  of  Polycyclic  Aromatic  Hydrocarbons  (PAHs)  in  Trapped-Vortex 
Combustor  (TVC). 

Residence  time  and  thermo-chemical  environment  are  important  factors  in  determining  the  soot- 
formation  characteristics  of  jet-engine  combustors.  For  understanding  the  chemical  and  physical 
structure  of  the  soot  formed  in  these  combustors,  knowledge  of  flow  dynamics  and  formation  of 
polycyclic  aromatic  hydrocarbons  (PAHs)  is  required.  A  time-dependent  detailed-chemistry 
computational-fluid-dynamics  (CFD)  model  was  developed  for  simulation  of  reacting  flows  in  a 
TVC.  The  axisymmetric  TVC  of  Hsu  et  al.  [J.  Propul.  Power  14(1)  (1998)]  was  modeled  by 
replacing  injection  holes  with  injection  slots.  Ethylene-air  mixtures  were  used  as  fuel.  Several 
calculations  were  made  by  varying  the  equivalence  ratio  and  velocity  of  the  main  flow. 

Unsteady  simulations  revealed  that  the  shear-layer  vortices  established  outside  the  cavity  flow 
enhance  mixing  of  benzene  in  the  wake  region  of  the  afterbody.  However,  in  all  the  cases 
considered  here,  most  of  the  PAH  species  are  produced  in  the  cavity  region.  While  the  fuel-rich 
condition  results  in  lower  amounts  of  PAHs  in  the  cavity  region,  soot  is  produced  in  more 
abundance  in  this  region.  The  results  of  this  investigation  were  documented  by  V.  R.  Katta 
(ISSI),  and  W.  M.  Roquemore  (AFRL)  in  ASME  Paper  No.  GT2004-54165  that  was  presented  at 
the  ASME  Turbo  Expo  2004:  Power  for  Land,  Sea,  and  Air,  which  was  held  14-17  June  2004  in 
Vienna,  Austria.  The  paper,  which  was  published  in  the  Conference  Proceedings,  is  included  in 
the  Appendix. 

3.1.4  Gravity,  Radiation,  and  Coflow  Effects  on  Partially  Premixed  Flames. 

The  objective  of  this  investigation  was  to  characterize  gravity  effects  on  the  structure  of  laminar 
methane-air  partially  premixed  flames  through  detailed  simulations.  The  heat  loss  due  to 
radiation  from  similar  flames  that  were  established  at  various  gravitational  accelerations  and 
coflow  velocities  was  examined.  Radiation  was  modeled  using  the  optically  thin  assumption  that 
provides  a  limited  value  for  the  radiation  heat  transfer.  The  simulations  were  validated  with 
measurements  in  a  representative  1-g  flame.  The  predictions  were  in  good  agreement  with  the 
measured  reaction-zone  topologies  and  temperature  distributions.  The  simulations  show  that 
when  the  gravitational  acceleration  for  a  representative  1-g  partially  premixed  double  flame  is 
instantaneously  decreased  to  zero,  it  is  possible  to  establish  a  nearly  steady  0-g  flame  in  roughly 
2.2  s.  The  overall  effect  of  radiation  on  the  structure  of  the  1-g  flame  is  relatively  insignificant 
compared  with  that  of  the  corresponding  0-g  flame.  As  a  result  of  radiation  effects,  the  heights 
of  both  the  inner  premixed  and  the  outer  non-premixed  reaction  zones  in  the  0-g  double  flame 
increase,  and  the  heat-release-rate  intensity  near  the  premixed  reaction-zone  tip  decreases.  When 
radiation  effects  are  not  included  in  the  simulations,  the  peak  temperatures  are  nearly  the  same 
for  the  1-g  and  0-g  flames.  However,  with  radiation  the  difference  in  these  temperatures  is 
significant.  The  decrease  in  the  peak  temperature  due  to  radiation  for  the  0-g  flame  is  nearly  five 
times  larger  than  for  the  1-g  flame.  The  value  of  the  radiation  fraction  for  0-g  flames  without 
coflow  can  be  as  large  as  50%,  although  it  drops  significantly  in  the  presence  of  a  coflow.  While 
the  flow  fields  upstream  of  the  inner  premixed  reaction  zone  are  nearly  identical  for  1-g  and  0-g 
double  flames,  they  are  markedly  different  in  the  regions  between  the  two  reaction  zones  as  well 
as  downstream  of  the  outer  non-premixed  reaction  zone.  The  maximum  flame  temperatures  and 
local  heat-release  rates  increase  as  the  gravitational  acceleration  increases,  while  the  radiation 
fractions  and  inner  flame  heights  decrease.  The  flickering  frequency  also  increases  from  14.7  Hz 
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at  1-g  to  41.4  Hz  at  10-g  and  follows  the  correlation  St  a  Fr'0'57  that  is  in  accord  with  a  previous 
compilation  of  normal  gravity  data.  The  radiation  Damkohler  number  is  inversely  proportional 
to  the  Froude  number.  The  radiation  fraction  decreases  with  increasing  coflow,  and  the 
differences  between  the  maximum  flame  temperatures  and  heat-release  rates  for  1-g  and  0-g 
flames  become  less  pronounced.  Results  for  triple  flames  are  in  accord  with  those  for  double 
flames.  The  results  of  this  study  were  documented  by  X.  Qin  (Princeton  University),  I.  K.  Puri, 

S.  K.  Aggarwal  (both  of  the  University  of  Illinois  at  Chicago),  and  V.  R.  Katta  (ISSI)  in  a  paper 
that  was  published  in  Physics  of  Fluids  [16(8),  2963-2974  (August  2004)].  The  paper  is  included 
in  the  Appendix. 

3.1.5  Effect  of  Diluents  on  Lifted  Partially  Premixed  Flames  in  Normal  and  Microgravity: 

Numerical  Investigation. 

The  effect  of  fuel-stream  dilution  on  the  liftoff  characteristics  of  partially  premixed  flames 
(PPFs)  under  1-  and  0-g  conditions  was  investigated.  Lifted  methane-air  PPFs  were  established 
in  axisymmetric  coflowing  jets  using  different  diluents  and  dilution  levels.  A  time-accurate, 
implicit  algorithm  that  employs  a  detailed  description  of  the  chemistry  and  includes  radiation 
effects  was  used  for  the  simulations.  The  predictions  were  validated  through  a  comparison  of  the 
flame-reaction-zone  topologies  and  liftoff  heights.  The  effects  of  diluents  and  gravity  on  the 
flame  liftoff  height,  topology,  and  base  structure  were  characterized.  The  predominantly  inert 
agents  CO2  and  N2  were  considered  because  of  their  flame-suppressant  characteristics.  Results 
indicated  that  under  identical  conditions  a  lifted  0-g  PPF  is  stabilized  closer  to  the  burner  than  a 
1-g  flame,  and  the  CO2  dilution  is  more  effective  in  detaching  the  flame  from  the  burner  than  the 
N2  dilution.  Additionally,  the  1-g  lifted  flames  exhibit  well-organized  oscillations  due  to 
buoyancy-induced  instability,  while  the  corresponding  0-g  flames  exhibit  steady-state  behavior. 
The  results  of  this  study  were  documented  by  A.  M.  Briones,  S.  K.  Aggarwal  (both  of  the 
University  of  Illinois  at  Chicago)  and  V.  R.  Katta  (ISSI)  in  a  paper  that  was  presented  at  the  4th 
Joint  Meeting  of  the  U.  S.  Sections  of  the  Combustion  Institute,  which  was  held  20-23  March 
2005  in  Philadelphia,  PA.  The  paper  is  included  in  the  Appendix. 

3.1.6  Numerical  Studies  on  Ultra-Lean  Methane  Premixed  Flames. 

Lean  combustion  has  potential  advantages  in  limiting  NOx  and  particulate  emissions  and  in 
improving  fuel-consumption  efficiency.  The  major  difficulty  in  achieving  and  sustaining  lean 
combustion  in  aircraft  engines  is  associated  with  the  flame-stability  problem.  A  numerical  study 
was  performed  on  a  counterflow-premixed-flame  system  in  an  attempt  to  understand  the  stability 
of  the  ultra-lean  methane/air  mixture.  A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  was  used  for  the  two-dimensional  simulation  of  premixed  flames 
associated  with  this  opposing-jet  burner.  Sub-limit  lean  methane/air  flames  were  supported  in 
this  burner  by  the  products  generated  by  a  lean  hydrogen/air  premixed  flame.  A  detailed 
chemical-kinetics  model  GRI-V1.2  (developed  by  the  Gas  Research  Institute)  was  used  for 
simulating  the  double-flame  structure  formed  between  the  methane/air  and  hydrogen/air 
mixtures.  Extinction  of  the  methane  flame  was  obtained  by  increasing  the  applied  stretch  rate  on 
both  of  the  flames.  Numerical  results  were  compared  with  experimental  data.  The  role  of 
radicals  diffusing  from  the  stable  hydrogen  flame  in  stabilizing  the  unstable  lean  methane  flame 
was  studied.  The  results  of  this  investigation  were  documented  by  V.  R.  Katta  (ISSI),  Z.  Cheng, 
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and  R.  W.  Pitz  (both  of  Vanderbilt  University)  in  a  paper  that  was  presented  at  the  4th  Joint 
Meeting  of  the  U.  S.  Sections  of  the  Combustion  Institute,  which  was  held  20-23  March  2005  in 
Philadelphia,  PA.  The  paper  is  included  in  the  Appendix. 

3.1.7  Effect  of  Nitromethane  on  Soot  Formation  in  Heptane  Jet  Diffusion  Flame. 

Residence  time  and  thermo-chemical  environment  are  important  factors  in  the  soot-formation 
processes  of  jet  diffusion  flames.  For  understanding  the  chemical  and  physical  structure  of  the 
soot  formed  in  jet  flames,  knowledge  of  the  flow  dynamics  of  diffusion  flames  is  required.  The 
UNICORN  model  was  used  for  the  simulation  of  heptane/air  unsteady  jet  diffusion  flames.  A 
detailed  chemical-kinetics  model  consisting  of  up  to  197  species  and  2800  elementary-reaction 
steps  was  incorporated  into  UNICORN  for  the  investigation  of  PAH  formation  in  heptane 
flames.  A  simple  soot  model  based  on  two  conservation  equations  and  acetylene  concentration 
was  used  for  estimating  soot  production  in  these  flames.  The  effect  of  nitromethane  on  the  PAH 
species  and  soot  formed  in  these  flames  was  investigated  by  incorporating  nitromethane 
chemistry.  Small  amounts  of  nitromethane  were  added  to  the  fuel  jet.  The  results  of  this  study 
were  documented  by  V.  R.  Katta  (ISSI)  and  W.  M.  Roquemore  (AFRL)  in  a  paper  that  was 
presented  at  the  4th  Joint  Meeting  of  the  U.  S.  Sections  of  the  Combustion  Institute,  which  was 
held  20-23  March  2005  in  Philadelphia,  PA.  The  paper  is  included  in  the  Appendix. 

3.1.8  CFD-Based  Global-  and  Detailed-Chemistry  Predictions  for  Inverse,  Laminar, 
Ethane  Jet  Diffusion  Flames  Under  Oxygen  Enhancement  and  Gravity  Variation. 

Global-chemistry  calculations  (involving  five  species)  and  detailed-chemistry  calculations 
(involving  99  species,  including  PAH  and  1066  reactions)  at  four  oxidizer  compositions  (21,  30, 
50,  and  100%  O2  mole  fraction  in  N2)  were  made  for  ethane  inverse  jet  diffusion  flames  in  earth 
gravity  and  in  microgravity  conditions  using  an  axisymmetric,  time-dependent  computational- 
fluid-dynamics  code.  Computations  were  compared  with  experimental  photographs  of 
microgravity  and  1-g  flames.  Enhancement  in  oxygen  resulted  in  increased  flame  temperatures. 
Calculations  reveal  that  oxygen  enhancement  causes  an  increase  in  PAH  CO,  and  C2H2  emission 
for  earth-gravity  inverse  diffusion  flames  and  a  decrease  for  microgravity  inverse  diffusion 
flames.  However,  the  maximum  parts  per  mission  (PPM)  (by  mass)  and  the  flame  width,  in 
general,  increase  with  oxygen  enhancement  and  gravity  reduction.  The  results  of  this 
investigation  were  documented  by  P.  Bhatia  (Purdue  University),  V.  R.  Katta  (ISSI),  S.  S. 
Krishnan  (Purdue  University),  P.  B.  Sunderland  (University  of  Maryland),  and  J.  P.  Gore 
(Purdue  University)  in  a  paper  that  was  presented  at  the  4th  Joint  Meeting  of  the  U.  S.  Sections  of 
the  Combustion  Institute,  which  was  held  20-23  March  2005  in  Philadelphia,  PA.  The  paper  is 
included  in  the  Appendix. 

3.1.9  Studies  on  Soot  Formation  in  Model  Gas-Turbine  Combustor. 

Residence  time  and  thermo-chemical  environment  are  important  factors  in  the  soot-formation 
process  in  combustors,  especially  those  that  employ  swirl  for  flame  stabilization.  For 
understanding  the  chemical  and  physical  structure  of  the  soot  formed  in  these  combustors, 
knowledge  on  flow  dynamics  and  formation  of  polycyclic  aromatic  hydrocarbons  (PAHs)  is 
required.  A  time-dependent,  detailed-chemistry  CFD  model  was  developed  for  the  simulation  of 
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the  reacting  flows  in  a  model  swirl-stabilized  combustor.  While  commercial  JP-8  fuel  was 
employed  in  the  experiments,  a  six-component  surrogate  mixture  was  used  in  the  calculations  for 
mimicking  the  JP-8-fuel  combustion.  Detailed  chemical  kinetics  were  used  for  simulation  of 
combustion  as  well  as  formation  of  PAH  species.  Several  calculations  were  made  for  different 
equivalence  ratios  that  were  obtained  by  varying  the  fuel  jet  velocity  and  by  maintaining  the 
airflow  unaltered.  Turbulent- flow  simulations  revealed  that  two  recirculation  zones  that  are 
separated  by  the  air  jet  establish  in  the  swirl-stabilized  combustor.  Stabilization  of  flames 
between  the  air  jets  and  the  recirculation  zones  depends  on  the  equivalence  ratio.  For  the  highly 
fuel-lean  cases  ((()  =  0.65),  the  flame  is  stabilized  between  the  air  jet  and  the  central  recirculation 
zone;  for  the  fuel-rich  cases,  the  flame  is  stabilized  between  the  air  jets  and  the  comer 
recirculation  zone.  However,  these  two  flames  appear  to  coexist  for  slightly  fuel-lean  cases  = 
0.85).  The  predicted  OH-concentration  fields  were  compared  with  the  OH  images  obtained 
using  the  PLIF  technique.  The  results  of  probe  measurements  made  in  the  exhaust  products  were 
also  compared.  The  results  of  this  study  were  documented  by  V.  R.  Katta,  T.  R.  Meyer  (both  of 
ISSI),  C.  Montgomery  (Reaction  Engineering  International),  and  W.  M.  Roquemore  (AFRL)  in 
AIAA  Paper  2005-3777  that  was  presented  at  the  41st  AIAA/ASME/SAE/ASEE  Joint  Propulsion 
Conference  and  Exhibit,  which  was  held  10-13  July  2005  in  Tucson,  AZ.  The  paper  is  included 
in  the  Appendix. 

3.1.10  Micro-Vortex/Flame  Interactions  and  Their  Implications  in  Turbulent-Flame 
Modeling. 

Laminar  flamelet  theory  is  often  used  for  representing  the  structure  of  a  turbulent  diffusion 
flame.  The  limitations  of  such  representation  were  examined  by  studying  various  vortex/flame 
interactions  in  a  hydrogen/air  opposing-jet  diffusion  flame.  Vortices  were  injected  from  the  air 
side  toward  the  flat  flame  that  formed  between  the  fuel  and  air  jets.  A  centimeter-size  vortex 
was  made  to  interact  with  a  7.0-mm-thick  flame,  and  a  micron-size  vortex  was  made  to  interact 
with  a  2.4-mm-thick  flame.  Sufficiently  high  vortex-propagation  velocities  were  used  for 
creating  flame  extinction  in  both  cases.  While  the  larger  vortices,  irrespective  of  their 
propagation  velocity,  tend  to  create  a  wrinkled,  strained  flame  before  causing  extinction- 
representing  a  laminar  flamelet— the  small  vortices  tend  to  replace  the  local  fluid  in  the  flame 
zone  with  the  constituent  fluid  and  destroy  the  flame  structure— representing  a  distributed 
reaction  zone.  Since  the  micron-size  vortex  is  larger  than  the  Kolmogorov  length  scale,  a  portion 
of  the  possible  turbulent  processes  (events)  in  a  hydrogen  diffusion  flame  must  be  viewed  as 
distributed  reaction  zones.  The  results  of  this  investigation  were  documented  by  V.  R.  Katta,  T. 
R.  Meyer  (both  of  ISSI),  J.  R.  Gord,  and  W.  M.  Roquemore  (both  of  AFRL)  in  a  paper  that  was 
presented  at  the  2005  Technical  Meeting  of  the  Eastern  States  Section  of  the  Combustion 
Institute,  which  was  held  13-15  November  2005  in  Orlando,  FL.  The  paper  was  published  in  the 
conference  proceedings  and  is  included  in  the  Appendix. 

3.1.11  Numerical  Investigation  of  Flame  Liftoff,  Stabilization,  and  Blowout. 

The  effects  of  fuel-stream  dilution  on  the  liftoff,  stabilization,  and  blowout  characteristics  of 
laminar  non-premixed  flames  (NPFs)  and  partially  premixed  flames  (PPFs)  were  investigated. 
Lifted  methane-air  flames  were  established  in  axisymmetric  coflowing  jets.  Because  of  their 
flame-suppression  characteristics,  two  predominantly  inert  agents,  CO2  and  N2,  were  used  as 
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diluents.  A  time-accurate  implicit  algorithm  that  employs  a  detailed  description  of  the  chemistry 
and  includes  radiation  effects  was  used  for  the  simulations.  The  predictions  were  validated  using 
measurements  of  the  reaction-zone  topologies  and  liftoff  heights  of  both  NPF  and  PPF.  While  an 
undiluted  PPF  was  stabilized  at  the  burner  rim,  characterized  by  significant  radical  destruction 
and  heat  loss  to  the  burner,  the  corresponding  undiluted  NPF  was  lifted  and  stabilized  in  a  low- 
velocity  region  extending  from  the  wake  of  the  burner.  Detailed  comparison  of  diluted  NPF  and 
PPF  revealed  that  the  base  structures  of  the  two  flames  are  similar  and  exhibit  a  double-flame 
structure  in  the  near-field  region,  where  the  flame  stabilization  depends  on  a  balance  between  the 
reaction  rate  and  the  scalar  dissipation  rate;  this  could  also  be  interpreted  as  a  balance  between 
the  edge-flame  speed  undergoing  its  local  scalar  dissipation  rate  and  the  local  flow  velocity.  As 
diluent  concentration  was  increased,  the  flames  became  weaker,  moved  downstream  along  the 
stoichiometric  mixture-fraction  line,  and  stabilized  at  a  location  where  they  could  find  a  local 
flow  field  that  had  a  lower  scalar  dissipation  rate.  Further  increase  of  the  diluent  concentration 
moved  the  flames  farther  downstream  into  the  far- field  region,  where  both  the  NPF  and  PPF 
exhibited  a  triple-flame  structure  and  the  flame  stabilization  mechanism  also  involved  a  balance 
between  the  triple-flame  speed  and  local  flow  velocity.  The  PPFs,  however,  shifted  to  a  higher 
liftoff  height  and  blew  out  at  a  lower  diluent  concentration  than  the  NPF,  which  can  withstand 
larger  amounts  of  dilution.  In  addition,  both  NPF  and  PPF  were  stabilized  at  lower  liftoff  heights 
and  blew  out  at  a  lower  diluent  concentration  when  diluted  with  N2  as  opposed  to  CO2.  The 
observed  effects  of  fuel-stream  dilution  and  partial  premixing  of  flame  liftoff  and  blowout  can  be 
explained  using  existing  flame-stabilization  theories.  The  results  of  this  investigation  were 
documented  by  A.  M.  Briones,  S.  K.  Aggarwal  (both  of  the  University  of  Illinois  at  Chicago), 
and  V.  R.  Katta  (ISSI)  in  a  paper  that  was  published  in  Physics  of  Fluids  [Vol.  1 8,  pp. 

043603-1  -  043603-13  (April  2006)].  The  paper  is  included  in  the  Appendix. 

3.1.12  Trimethylphosphate  (TMP)  as  Soot-Reducing  Additive  -  Numerical  Study  of  Jet 
Flames. 

Doping  of  organophosphorus  compound  into  flames  produces  phosphor-bearing  species,  which 
are  known  to  recombine  radicals  such  as  H,  O,  and  OH  catalytically  and,  thereby,  reduce  the 
chemical  activity  in  the  flame  zone.  While  such  a  scenario  for  decreasing  chemical  activity  is 
being  used  for  inhibiting  flames,  the  possibility  of  its  application  for  reducing  soot  in  flames 
must  be  explored.  A  time-dependent,  axisymmetric  mathematical  model  known  as  UNICORN 
was  used  for  studying  the  effects  of  TMP  on  soot  production  in  various  flames.  A  detailed 
chemical-kinetics  model  consisting  of  238  species  and  3178  elementary  reaction  steps  was 
incorporated  into  UNICORN  for  the  simulation  of  heptane  flames  doped  with  TMP.  Using  the 
same  code  TMP-doped  ethane  and  propane  flames  were  also  simulated.  The  effects  of  TMP  in 
coaxial  diffusion  and  premixed  jet  flames  were  investigated  by  varying  the  amount  of  additive  in 
the  fuel  jet.  Premixed  flames  were  found  to  be  more  sensitive  to  the  presence  of  TMP.  As 
expected,  the  burning  velocity  of  the  fuel  was  significantly  reduced.  However,  an  increase  in 
soot  production  was  also  observed.  In  contrast,  TMP  was  less  effective  in  diffusion  flames  but 
decreased  soot  when  a  sufficient  amount  was  added.  The  stability  of  the  diffusion  flame  was  not 
affected  significantly  by  the  presence  of  TMP  in  the  fuel  jet.  The  contrasting  behavior  of  TMP 
in  premixed  and  diffusion  flames  was  similar  in  methane,  propane,  and  heptane  flames.  The 
results  of  this  investigation  were  documented  by  V.  R.  Katta  (ISSI)  and  W.  M.  Roquemore 
(AFRL)  in  a  paper  that  was  presented  at  the  2006  Technical  Meeting  of  the  Central  States 
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Section  of  the  Combustion  Institute,  which  was  held  21-23  May  2006  in  Cleveland,  OH.  The 
paper  was  published  in  the  Conference  Proceedings  and  is  included  in  the  Appendix. 

3.1.13  Effects  of  H2-Enrichment  on  Flame-Propagation  Characteristics  of  Methane- Air 
Flames. 

Lean  burning  of  hydrocarbon  yields  exceptionally  low  pollutant  emissions  and  superior 
combustion  characteristics.  For  most  hydrocarbon  fuels,  however,  burning  in  the  lean  regime 
results  in  stability  problems  because  of  lean  flammability  limits.  Hydrogen  is  an  alternative  fuel. 
The  use  of  pure  hydrogen,  however,  in  a  practical  combustor  is  limited  because  of  problems 
related  to  storage,  low  volumetric-heating  value,  and  flashback  that  make  the  use  of  pure 
hydrogen  very  difficult  and  dangerous.  For  this  reason,  a  hydrogen-hydrocarbon  fuel  blend  may 
be  a  practical  solution.  Previous  investigations  have  focused  mainly  on  studying  the  effects  of 
adding  hydrogen  to  hydrocarbon  flames  using  simplified  configurations  (e.g.,  counterflow  one¬ 
dimensional  flames  and  freely  propagating  flames).  However,  for  most  combustors,  flames  are 
exposed  to  both  hydrodynamic  and  curvature-induced  stretch  and  oscillations  that  drastically 
affect  their  flammability  and  emission  characteristics.  In  the  present  investigation  methane-air 
flames  were  established  on  axisymmetric  co flowing  jets,  with  the  fuel-air  mixture  introduced 
through  the  inner  burner  and  air  introduced  through  the  coannular  burner.  The  effect  of  H2- 
enrichment  on  flame  propagation  was  investigated  for  a  wide  range  of  conditions.  A  time- 
accurate,  implicit  algorithm  that  employs  a  detailed  description  of  the  flame  chemistry  (GRI- 
Mech  1.2)  and  includes  radiation  effects  was  utilized  for  the  simulations.  The  addition  of 
hydrogen  affected  both  the  flame-propagation  characteristics  through  preferential-diffusion 
instability  and  the  inherent  high  flame  speed.  The  results  of  this  study  were  documented  by  A. 
M.  Briones,  S.  K.  Aggarwal  (University  of  Illinois  at  Chicago),  and  V.  R.  Katta  (ISSI)  in  a  paper 
that  was  presented  at  the  2006  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute,  which  was  held  21-23  May  2006  in  Cleveland,  OH.  The  paper  was 
published  in  the  Conference  Proceedings  and  is  included  in  the  Appendix. 

3.1.14  Hysteresis  in  Counterflow  Premixed  Flame  System. 

The  response  to  stretch  of  the  counterflow  flame  system  that  is  established  between  lean- 
methane-air  and  lean-hydrogen-air  streams  was  investigated.  The  two-dimensional  model 
known  as  UNICORN  was  used.  Detailed  measurements  for  temperature  and  species 
concentrations  were  made  along  the  centerline.  Numerical  simulations  have  identified  the 
hysteresis  property  of  this  flame  system;  this  was  later  confirmed  by  experiments.  For  the  given 
flow  conditions,  the  flame  system  can  have  more  than  one  stable  operating  mode;  however,  the 
actual  operating  mode  depends  on  the  manner  in  which  the  flow  conditions  were  obtained.  In  an 
attempt  to  understand  such  hysteresis  behavior  of  counteflow  flames,  simulations  were 
performed  by  increasing  and  decreasing  the  stretch  rates.  When  the  stretch  rate  on  the  flame 
system  was  increased,  the  flame  transitioned  from  a  double-flame  to  a  single-flame  structure 
because  of  the  aerodynamic-cooling  process.  When  the  stretch  rate  was  decreased,  the  flame  did 
not  transition  back  to  its  double-flame  structure  because  of  stretch  effects  on  molecular 
diffusion— leading  to  hysteresis.  Flames  established  with  various  lean-methane-air  mixtures  were 
studied  for  determining  the  range  for  possessing  hysteresis.  It  was  found  that  the  flame  system 
exhibits  hysteresis  only  for  methane-air  mixtures  leaner  than  (j)  =  0.811.  However,  for 
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0.811  >  (()  >  0.74,  a  decrease  in  stretch  increases  the  flame  temperature  because  of  a  decrease  in 
stretch-induced  cooling  and  eventually  returns  the  flame  structure  to  a  double-flame  one.  In  this 
narrow  range  of  §  (0.74  -  0.81 1),  hysteresis  in  counterflow  premixed  flames  is  temporary,  which 
establishes  a  hysteresis  loop  with  respect  to  stretch  rate.  The  results  of  this  investigation  were 
documented  by  V.  R.  Katta  (ISSI),  S.  Hu,  P.  Wang,  R.  W.  Pitz  (all  of  Vanderbilt  University),  W. 
M.  Roquemore,  and  J.  Gord  (both  of  AFRL)  in  a  paper  that  was  presented  at  the  2006  Technical 
Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  which  was  held  21-23  May 
2006  in  Cleveland,  OH.  The  paper  was  published  in  the  Conference  Proceedings  and  is  included 
in  the  Appendix. 

3.1.15  Comparison  of  Chemical-Kinetics  Models  for  JP-8  Fuel  in  Predicting  Premixed  and 
Non-premixed  Flames. 

CFD-based  predictions  were  made  for  an  opposed-jet  non-premixed  flame  and  laminar  non- 
premixed  and  premixed  coaxial  jet  flames  that  bum  vaporized  JP-8  fuel.  Results  were  obtained 
for  four  published  chemical-kinetic  mechanisms  for  JP-8.  The  first  is  identified  as  the  Violi- 
Small  Mechanism  (161  species  and  1538  reactions);  the  second  is  the  Violi-Large  Mechanism 
(216  species  and  9654  reactions);  the  third  is  the  Zhang  Mechanism  (208  species  and  2186 
reactions);  and  the  fourth  is  the  Mawid  Mechanism  (226  species  and  3230  reactions).  Three 
surrogate  fuels  are  associated  with  the  Mawid  Mechanism.  Differences  and  similarities  in 
laminar  flame  structure  and  stability,  resulting  from  calculations  using  the  four  JP-8  mechanisms, 
were  found.  Calculations  with  the  Violi-Small  and  Violi-Large  Mechanisms  predicted  extinction 
strain  rates  that  were  within  90%  of  published  measurement  results.  The  flames  obtained  with 
the  Zhang  Mechanism  were  found  to  be  the  most  difficult  to  extinguish  and  those  obtained  with 
the  Mawid  Mechanism  to  be  the  easiest  to  extinguish.  Calculations  with  the  Zhang  Mechanism 
yielded  the  highest  stability  for  the  non-premixed  jet  flame  and  the  highest  flame  velocity  for  the 
stoichiometric  mixture  of  JP-8  and  air  in  the  premixed  jet  flame.  The  Mawid  Mechanism 
resulted  in  coaxial  non-premixed  jet  flames  that  were  more  stable  than  those  obtained  with  the 
Violi  Mechanisms,  and  yet  the  flame  velocities  predicted  by  the  Mawid  Mechanism  for  the 
premixed  jet  flame  were  lower  than  those  predicted  by  the  Violi  Mechanisms.  Calculations  with 
the  Mawid  Mechanism  using  surrogate  mixtures  one  and  three  resulted  in  very  different  limiting 
strain  rates  for  the  opposed-jet  flame;  however,  for  the  premixed  jet  flame,  the  computed  flame 
velocities  were  nearly  the  same  for  these  mixtures.  Numerical  experiments  were  also  performed 
in  an  attempt  to  understand  the  sensitivity  of  the  parent  compounds  used  in  the  Mawid 
Mechanism  for  possible  changes  in  their  concentrations.  Direct  comparisons  of  calculations  and 
experimental  results  were  very  limited  because  published  data  on  these  simple  laboratory  flames 
that  bum  JP-8  are  almost  non-existent.  Indeed,  the  hope  is  that  these  predictions  will  stimulate 
experiments  to  aid  in  obtaining  suitable  kinetic  mechanisms  for  JP-8  flames.  The  results  of  this 
investigation  were  documented  by  V.  R.  Katta  (ISSI),  M.  Mawid  (Engineering  Research  and 
Analysis  Corporation),  B.  Sekar,  E.  Corporan,  J.  Zelina,  W.  M.  Roquemore  (all  of  AFRL),  and 
C.  J.  Montgomery  (Reaction  Engineering  International)  in  a  ALAA  Paper  2006-4745  that  was 
presented  at  the  42nd  ALAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  which 
was  held  9-12  July  2006  in  Sacramento,  CA.  The  paper  is  included  in  the  Appendix. 
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3.1.16  Numerical  Studies  on  Soot  Mitigation  in  Model  Gas-Turbine  Combustor. 

A  time-dependent,  detailed-chemistry  CFD  model  was  developed  for  evaluation  of  the 
performance  of  a  soot-reducing  additive  in  a  model  swirl-stabilized  combustor.  While 
commercial  JP-8  fuel  was  used  in  the  experiments,  a  six-component  surrogate  mixture  was  used 
in  the  calculations  for  mimicking  the  JP-8-fuel  combustion.  Di-tertiary-butyl-peroxide  (DTBP) 
additive,  which  is  known  for  improving  the  ignition  characteristics  of  hydrocarbon  fuels,  was 
tested  for  its  ability  to  reduce  soot.  Detailed  chemical  kinetics  were  used  for  simulation  of  JP- 
8+DTBP  combustion  and  the  consequent  formation  of  PAH  species.  Calculations  were  made  for 
different  equivalence  ratios  that  were  obtained  through  varying  the  fuel  jet  velocity  while 
maintaining  the  airflow  unaltered.  Turbulent-flow  simulations  with  the  base  JP-8  fuel  revealed 
that  a  significant  amount  of  soot  was  formed  for  fuel-rich  conditions,  while  negligible  or  no  soot 
was  formed  for  equivalence  ratios  >  0.8.  Addition  of  DTBP  for  the  fuel-rich  operating 
conditions  resulted  in  only  a  marginal  decrease  in  the  amount  of  soot  formed.  Its  effect  on  fuel- 
lean  operation  of  the  combustor  was  also  found  to  be  negligible.  However,  DTBP  appeared  to  be 
more  effective  in  reducing  soot  when  the  combustor  was  operating  in  the  neighborhood  of 
stoichiometric  conditions.  Consistent  with  these  results,  calculations  made  for  a  simple  jet 
diffusion  flame  also  revealed  that  DTBP  had  no  effect  on  soot  formation  when  it  was  added  to 
the  fuel  jet.  The  results  of  this  study  were  documented  by  V.  R.  Katta,  T.  R.  Meyer  (both  of 
ISSI),  C.  J.  Montgomery  (Reaction  Engineering  International),  and  W.  M.  Roquemore  (AFRL) 
in  ALAA  Paper  2006-5095  that  was  presented  at  the  42nd  AIAA/ASME/SAE/ASEE  Joint 
Propulsion  Conference  and  Exhibit,  which  was  held  9-12  July  2006  in  Sacramento,  CA.  The 
paper  is  included  in  the  Appendix. 

3.1.17  Numerical  Study  of  Evolution  of  Strongly  Forced,  Axisymmetric,  Laminar  Cold- 
Flow  Jets. 

Periodic  jet  forcing  presents  interesting  opportunities  for  jet  mixing  in  a  variety  of  applications. 

In  this  study  simulations  were  performed  to  study  the  effect  of  high-amplitude  forcing  on  laminar 
jets  (Re  =  100)  with  net  mass  flux.  For  the  cases  presented,  the  effects  of  simulating  the  internal 
nozzle  were  examined,  and  assumptions  about  the  nozzle  flow  were  shown  to  have  a  significant 
effect  on  the  downstream  flow  evolution.  Studies  were  performed  on  strongly  forced 
axisymmetric  jets  in  two  geometries:  1)  jets  issuing  perpendicularly  from  a  flat  wall  and  2)  jets 
issuing  from  a  straight  tube  (nozzle).  The  amplitude  and  frequency  of  the  forcing  function  were 
varied  to  study  vortex  creation  and  the  subsequent  evolution  downstream  of  the  jet.  For 
example,  cases  in  which  the  peak  jet  velocity  was  three  to  four  times  the  mean  jet  velocity  were 
examined.  The  near-nozzle  region  was  of  particular  interest  because  of  the  strong  mixing 
processes  that  occur  there.  Modification  of  the  creation  of  downstream  large-scale  vertical 
structures  by  nozzle  flow  processes  was  examined.  An  interesting  result  of  this  study  was  the 
fact  that  the  strongest  forcing  cases  possess  some  striking  similarities  to  synthetic  jets.  For  such 
cases  the  flow -reversal  processes  at  the  jet  exit  plane  were  investigated.  The  results  of  this  study 
were  documented  by  V.  V.  Barve,  O.  A.  Ezekoye,  N.  T.  Clemens  (University  of  Texas  at 
Austin),  and  V.  R.  Katta  (ISSI)  in  a  paper  that  was  published  in  the  AIAA  Journal  [Vol.  44,  No. 

8,  pp.  1742-1752  (August  2006)].  The  paper  is  included  in  the  Appendix. 
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3.1.18  Characteristics  of  Propagating  H2-Enriched  CH4-Air  Flames. 


The  effects  of  H2  enrichment  on  the  propagation  of  laminar  CH4-air  triple  flames  in 
axisymmetric  coflo wing  jets  were  investigated  numerically.  A  comprehensive,  time-dependent 
computational  model  that  employs  a  detailed  description  of  chemistry  and  transport  was  used  to 
simulate  the  transient-ignition  and  flame-propagation  phenomena.  Flames  were  ignited  in  a  jet¬ 
mixing  layer  far  downstream  of  the  burner.  Following  ignition,  a  well-defined  triple  flame  was 
formed  that  propagated  upstream  with  nearly  constant  flame-displacement  speed  toward  the 
burner  along  the  stoichiometric-mixture  fraction  line.  As  the  flame  approached  the  burner,  it 
transitioned  to  a  double  flame  and,  subsequently,  to  a  burner-stabilized  non-premixed  flame. 
Predictions  were  validated  using  measurements  of  the  flame-displacement  speed.  Detailed 
simulations  were  used  to  examine  the  effects  of  H2  enrichment  on  the  propagation  characteristics 
of  CH4-air  triple  flames.  As  H2  concentration  in  the  fuel  blend  was  increased,  the  flame 
displacement  and  propagation  speeds  increased  progressively  as  a  result  of  the  enhanced 
chemical  reactivity,  diffusivity,  and  preferential  diffusion  caused  by  H2  addition.  Also  the 
flammability  limits  associated  with  the  triple  flames  were  progressively  extended  with  the 
increase  in  H2  concentration.  The  flame  structure  and  flame  dynamics  were  also  markedly 
modified  by  H2  enrichment,  which  substantially  increases  the  flame  curvature  and  mixture- 
fraction  gradient  as  well  as  the  hydrodynamic  and  curvature-induced  stretch  near  the  triple  point. 
For  all  of  the  H2-enriched  methane-air  flames  investigated,  a  negative  correlation  was  found 
between  flame  speed  and  stretch,  with  the  flame  speed  decreasing  almost  linearly  with  stretch; 
this  is  consistent  with  the  findings  of  previous  studies.  The  effect  of  H2  addition  is  a 
modification  of  the  flame  sensitivity  to  stretch  since  it  decreases  the  Markstein  number  (Ma)  and 
increases  the  flame  tendency  toward  diffusive  thermal  instability  (i.e.,  Ma  — »  0).  These  results 
are  consistent  with  previously  reported  experimental  results  for  outwardly  propagating  spherical 
flames  that  are  burning  a  mixture  of  natural  gas  and  hydrogen.  The  results  of  this  study  were 
documented  by  A.  M.  Briones,  S.  K.  Aggarwal  (both  of  the  University  of  Illinois  at  Chicago), 
and  V.  R.  Katta  (ISSI)  in  AIAA  Paper  2007-180  that  was  presented  at  the  AIAA  Meeting  in 
Reno.  The  paper  is  included  in  the  Appendix. 

3.1.19  Investigations  on  Double-State  Behavior  of  Counterflow  Premixed  Flame  System. 

The  counterflow  flame  system  established  between  lean-methane-air  and  lean-hydrogen-air 
streams  was  investigated  experimentally  and  numerically.  A  two-dimensional  model  known  as 
UNICORN  was  used  for  the  simulation.  Detailed  measurements  of  temperature  and  species 
concentrations  were  made  along  the  centerline  using  Raman  spectroscopy.  A  double-state 
behavior  for  this  flame  system  was  identified  in  the  numerical  simulations  and  later  confirmed 
through  experiments.  For  the  given  flow  conditions,  the  flame  system  can  have  either  a  single¬ 
flame  or  a  double-flame  structure,  depending  on  the  manner  in  which  those  conditions  were 
achieved.  Detailed  comparisons  of  the  measurement  results  and  calculations  for  the  two  flame 
structures  were  made.  Calculations  for  various  lean  methane-air  mixtures  and  stretch  rates  were 
performed  in  an  attempt  to  understand  the  double-state  behavior  of  counterflow  premixed 
flames.  It  was  found  that  the  flame  system  exhibits  double-state  behavior  only  for  leaner  (<|)ch4  < 
0.74)  methane-air  mixtures.  The  aerodynamic  and  chemical  structures  of  the  flames  in  different 
stretch-rate  regimes  were  analyzed.  When  the  stretch  rate  on  the  flame  system  was  increased, 
the  flame  transitioned  from  a  double-flame  to  a  single-flame  structure  as  a  result  of  the 
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aerodynamic-cooling  process.  When  the  stretch  rate  was  decreased,  the  flame  did  not  transition 
back  to  the  double-flame  structure  as  a  result  of  the  effects  of  stretch  on  molecular  diffusion. 
However,  for  (<|)ch4  <  0.81),  a  decrease  in  stretch  rate  increased  the  flame  temperature  because  of 
a  lack  of  stretch- induced  cooling  and  returned  the  flame  structure  to  a  double-flame  one.  For  a 
narrow  range  of  equivalence  ratios  (0.74  -  0.81),  counterflow  premixed  flames  exhibit  a 
hysteresis  property.  The  results  of  this  investigation  were  documented  by  V.  R.  Katta  (ISSI),  S. 
Hu,  P.  Wang,  R.  W.  Pitz  (all  of  Vanderbilt  University),  W.  M.  Roquemore,  and  J.  R.  Gord  (both 
of  AFRL)  in  a  paper  that  was  published  in  Proceedings  of  the  Combustion  Institute  [Vol.  3 1 ,  pp. 
1055-1066  (January  2007)].  The  paper  is  included  in  the  Appendix. 

3.1.20  Predictions  on  Sooting  Behavior  of  Recirculation-Zone-Supported  Flames. 

The  primary  and  secondary  recirculation  zones,  which  are  formed  between  the  fuel  and  oxidizer 
jets  of  a  centerbody  burner,  transport  fuel  across  the  centerbody  to  the  oxidizer  jet  and  establish  a 
flame  that  is  anchored  to  the  rim  of  the  centerbody.  Experimentally  it  was  found  that  the  sooting 
characteristics  of  a  centerbody  burner  change  dramatically  when  the  operating  conditions  are 
altered  systematically.  A  time-dependent,  axisymmetric,  detailed-chemistry  CFD  model  was 
developed  for  studies  of  soot  in  a  46-mm-diameter  centerbody  burner.  Combustion  and  PAH 
formation  were  simulated  using  Wang-Frenklach  (99  species  and  1066  reactions)  and  NIST  (197 
species  and  2800  reactions)  mechanisms.  Soot  was  simulated  using  a  two-equation  model  of 
Linstedt.  Calculations  were  performed  for  different  flow  conditions  under  which  the 
concentration  of  ethylene  was  reduced  gradually  without  altering  the  fuel  and  oxidizer  flow  rates. 
Numerical  experiments  were  performed  for  determining  the  effect  of  soot  radiation  on  flame 
structure.  Flame  weakening  in  the  transition  region  of  the  leading  and  trailing  flame  sections  was 
found  to  result  from  soot  radiation.  Amazingly  similar  flame  and  soot  structures  were  obtained 
with  the  two  chemical-kinetics  mechanisms  considered.  The  results  of  this  investigation  were 
documented  by  V.  R.  Katta  (ISSI)  and  W.  M.  Roquemore  (AFRL)  in  Paper  No.  D37  that  was 
presented  at  the  5th  U.  S.  Combustion  Meeting,  which  was  held  25-28  March  2007  in  San  Diego, 
CA.  The  paper  is  included  in  the  Appendix. 

3.1.21  Experimental  and  Numerical  Studies  of  Centerbody  Flames. 

A  preliminary  evaluation  was  conducted  of  a  centerbody  burner  as  a  tool  for  developing  and 
evaluating  soot  models.  The  burner  consists  of  a  46-mm-diameter  disk  symmetrically  located  in 
an  80-mm-diameter  annular  quartz  duct.  A  7.6-mm-diameter  fuel  jet  is  located  at  the  center  of 
the  disk.  A  mixture  of  air  and  excess  nitrogen  is  supplied  to  the  annular  duct  at  a  flow  rate  of  250 
SLPM.  Ethylene  fuel,  mixed  with  nitrogen,  is  supplied  to  the  central  luel  jet  at  a  flow  rate  of  3.4 
SLPM.  The  three  flames  studied  had  the  same  air  and  fuel  velocity  (1.2  m/s)  and  similar  vortex 
characteristics.  Different  sooting-flame  characteristics  were  achieved  by  varying  the  N2  dilution 
in  the  fuel  and  air.  For  example,  with  no  N2  dilution  almost  the  entire  surface  of  the  flame  was 
sooting.  The  two  flames  with  N2  dilution  had  donut-  and  ring-shaped  sooting  structures.  All  three 
of  the  flames  had  the  interesting  characteristic  that  the  soot  path  lines  had  spiraling  trajectories 
that  terminated  at  the  center  of  the  recirculation  zone.  Simulations,  using  a  two-dimensional, 
CFD-based  code  (UNICORN),  correctly  estimated  the  structures  of  the  recirculation  and  flame 
zones.  Also,  reasonable  estimates  were  obtained  for  the  global  structure  of  the  unusual  sooting 
surfaces  of  the  three  flames,  which  is  somewhat  surprising  considering  the  rudimentary  soot 
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model  used  in  UNICORN.  However,  the  soot  model  was  not  sufficiently  developed  to  capture 
the  spiral  trajectories  of  the  soot  particles.  The  spiraling  path  lines  were  correctly  estimated 
using  a  particle-tracing  program  and  flow- field  data  from  UNICORN.  Other  computational 
experiments  were  conducted  that  provided  insight  into  the  interesting  sooting  characteristics  of 
these  flames.  The  results  of  this  study  were  documented  by  M.  Roquemore  (AFRL),  V.  Katta 
(ISSI),  V.  Belovich,  R.  Pawlik,  A.  Lynch,  J.  Miller  (all  of  AFRL),  S.  Stouffer,  G.  Justinger  (both 
of  UDRI),  J.  Zelina  (AFRL),  S.  Roy  (ISSI),  and  J.  Gord  (AFRL)  in  Paper  No.  D36  that  was 
presented  at  the  5th  U.  S.  Combustion  Meeting,  which  was  held  25-28  March  2007  in  San  Diego, 
CA.  The  paper  is  included  in  the  Appendix. 

3.1.22  Can  Non-premixed  Stretched  Flames  Become  Infinitely  Thin? 

A  numerical  study  was  performed  for  determining  the  minimum  possible  thickness  for  a  non- 
premixed  hydrogen-air  flame.  The  flat  flame  formed  between  the  counterflowing  fuel  and  the  air 
jets  was  stretched  through  increasing  jet  velocities.  A  time-dependent  model,  known  as 
UNICORN,  that  incorporates  13  species  and  74  reactions  among  the  constituent  species  was 
used  for  the  simulation  of  the  opposed-jet  hydrogen-air  non-premixed  flame.  Numerical 
experiments  were  conducted  through  changing  the  reaction  rates.  It  was  found  that  a  non- 
premixed  flame  can  only  be  stretched  to  a  minimum  thickness  prior  to  its  extinction.  Contrary  to 
the  flamelet  description  for  laminar  stretched  flames,  the  reaction-zone  thickness  for  a  hydrogen- 
air  non-premixed  flame  can  asymptotically  reach  a  value  in  the  range  0.5  -1.0  mm,  depending 
on  the  radical  species  used  for  measuring  the  thickness.  This  finding  has  an  important  bearing 
on  turbulence  modeling  based  on  flamelet  theory.  The  results  of  this  study  were  documented  by 
V.  R.  Katta  (ISSI),  W.  M.  Roquemore,  and  J.  R.  Gord  (both  of  AFRL)  in  a  paper  that  was 
presented  at  the  21st  International  Colloquium  on  the  Dynamics  of  Explosions  and  Reactive 
Systems  (ICDERS),  which  was  held  23-27  July  2007  in  Poitiers,  France.  The  paper  was 
published  in  the  Conference  Proceedings  and  is  included  in  the  Appendix. 

3.1.23  Evaluation  of  Chemical-Kinetics  Models  for  Heptane  Combustion. 

CFD-based  predictions  were  obtained  for  non-premixed  and  premixed  flames  burning  vaporized 
heptane  fuel.  Three  chemical-kinetics  models  were  incorporated  into  a  time-dependent,  two- 
dimensional,  detailed-chemistry  CFD  model  known  as  UNICORN.  The  first  mechanism  was  the 
San  Diego  (SD)  mechanism  (52  species  and  544  reactions);  the  second  was  the  Lawrence 
Livermore  National  Laboratory  (LLNL)  mechanism  (160  species  and  1540  reactions);  and  the 
third  was  the  National  Institute  of  Standards  and  Technology  (NIST)  mechanism  (197  species 
and  2926  reactions).  Numerical  models  were  validated  through  simulating  an  opposing-jet  non- 
premixed  flame  that  had  been  previously  studied  experimentally.  Models  were  also  tested  for 
their  accuracies  in  predicting  strain-induced  extinction  and  autoignition.  Compared  to  traditional 
one-dimensional  models  for  opposing-jet  flames,  two-dimensional  simulations  were  found  to 
yield  results  closer  to  the  experimental  values.  All  three  mechanisms  were  reasonably  close  in 
predicting  co-axial  jet  non-premixed  and  premixed  flames.  The  SD  mechanism  was  found  to  be 
slightly  stiffer  than  the  other  two,  especially  in  solving  for  premixed  combustion.  While  LLNL 
kinetics  resulted  in  a  steady  Bunsen-type  premixed  flame,  SD  and  NIST  mechanisms  yielded 
cellular-type  flame  structures  for  the  same  flow  conditions.  The  results  of  this  investigation  were 
documented  by  V.  R.  Katta  (ISSI)  and  W.  M.  Roquemore  (AFRL)  in  AIAA  Paper  2008-1015  for 
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presentation  at  the  46th  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  will  be  held  7-10 
January  2008  in  Reno,  NV.  The  paper  is  included  in  the  Appendix. 

3.1.24  Comparison  of  Chemical-Kinetics  Mechanisms  through  Predicting  Non-premixed 
Ethylene  Jet  Flame. 

Since  detailed  chemical-kinetics  mechanisms  are  usually  developed  and  validated  through 
simulation  of  zero-  and  one-dimensional  flames,  their  performance  in  predicting  a  multi¬ 
dimensional  flame  must  be  tested  prior  to  their  use  in  a  combustor  design.  The  predictive 
capabilities  of  various  detailed  chemical-kinetics  mechanisms  for  ethylene-air  combustion  were 
investigated  through  simulation  of  a  non-premixed  jet  flame.  A  time-dependent,  axisymmetric 
mathematical  model  was  used  for  flame  simulation.  Five  detailed  chemical-kinetics  models, 
namely,  1)  the  Wang-Frenklach  Mechanism  (99  species  and  1066  reactions),  2)  the  Wang-Colket 
Mechanism  (171  species  and  2002  reactions),  3)  the  San  Diego  (SD)  Mechanism  (52  species  and 
544  reactions),  4)  the  NIST  Mechanism  (197  species  and  2926  reactions),  and  5)  the  LLNL 
Mechanism  (160  species  and  1540  reactions)  were  considered.  A  two-equation  soot  model  was 
used  in  conjunction  with  the  detailed-chemistry  models  for  simulation  of  sooty  ethylene  flames. 
Calculations  were  made  with  and  without  soot  for  identifying  the  impact  of  the  soot  model  on  the 
chemistry  models  and  vice  versa.  It  was  found  that  all  of  the  five  chemistry  models  predicted  a 
non-premixed  jet  flame  equally  well  when  soot  was  not  considered.  However,  when  soot  was 
included,  the  predictions  diverged,  with  the  San  Diego  Mechanism  yielding  results  that  were 
closest  to  those  of  the  experiment.  The  results  of  this  investigation  were  documented  by  V.  R. 
Katta  (ISSI),  W.  M.  Roquemore  (AFRL),  and  R.  J.  Santoro  (Pennsylvania  State  University)  in  a 
paper  that  was  presented  at  the  2008  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute,  which  was  held  20-23  April  2008  in  Tuscaloosa,  AL.  The  paper  was 
published  in  the  Conference  Proceedings  and  is  included  in  the  Appendix. 

3.1.25  Effects  of  H2  Enrichment  on  Propagation  Characteristics  of  CELrAir  Triple  Flames. 

The  effects  of  H2  enrichment  on  the  propagation  of  laminar  CH4-air  triple  flames  in 
axisymmetric  coflowing  jets  were  investigated  numerically.  A  comprehensive,  time-dependent 
computational  model  that  employs  a  detailed  description  of  chemistry  and  transport  was  used  to 
simulate  the  transient  ignition  and  flame  propagation  phenomena.  Flames  were  ignited  in  a  jet¬ 
mixing  layer  far  downstream  of  the  burner.  Following  ignition,  a  well-defined  triple  flame  was 
formed  that  propagated  upstream  along  the  stoichiometric  mixture-fraction  line  with  a  nearly 
constant  displacement  velocity.  As  the  flame  approached  the  burner,  it  transitioned  to  a  double 
flame  and,  subsequently,  to  a  burner-stabilized  non-premixed  flame.  Predictions  were  validated 
using  measurements  of  the  displacement  flame  velocity.  As  the  H2  concentration  in  the  fuel 
blend  was  increased,  the  displacement  flame  velocity  and  local  triple-flame  speed  increased 
progressively  because  of  the  enhanced  chemical  reactivity,  diffusivity,  and  preferential  diffusion 
caused  by  H2  addition.  Furthermore,  the  flammability  limits  associated  with  the  triple  flames 
were  progressively  extended  with  the  increase  in  H2  concentration.  The  flame  structure  and 
flame  dynamics  were  also  markedly  modified  by  H2  enrichment,  which  substantially  increased 
the  flame  curvature  and  mixture-fraction  gradient  as  well  as  the  hydrodynamic  and  curvature- 
induced  stretch  near  the  triple  point.  For  all  of  the  H2-enriched  methane-air  flames  investigated 
in  this  study,  a  negative  correlation  was  found  between  flame  speed  and  stretch,  with  the  flame 
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speed  decreasing  almost  linearly  with  stretch,  which  is  consistent  with  the  results  of  previous 
studies.  The  H2  addition  also  modified  the  flame  sensitivity  to  stretch,  as  it  decreased  the 
Markstein  number  (Ma),  implying  an  increased  tendency  toward  diffusive-thermal  instability 
(i.e.,  Ma  — »  0).  These  results  are  consistent  with  the  previously  reported  experimental  results  for 
outwardly  propagating  spherical  flames  that  bum  a  mixture  of  natural  gas  and  hydrogen.  The 
results  of  this  study  were  documented  by  A.  M.  Briones,  S.  K.  Aggarwal  (both  of  the  University 
of  Illinois  at  Chicago),  and  V.  R.  Katta  (ISSI)  in  a  paper  that  was  published  in  Combustion  and 
Flame  [Vol.  153,  pp.  367-383  (May  2008)].  The  paper  is  included  in  the  Appendix. 

3.1.26  Numerical  Studies  on  Cavity-Inside-Cavity-Supported  Flames  in  Ultra-Compact 
Combustors. 

Cavities  are  incorporated  in  the  designs  of  future  gas-turbine  combustors  to  provide  flame 
stability  and,  thereby,  improve  the  lean-blowout  characteristics.  Recently,  a  Cavity-Inside- 
Cavity  (CIC)  design  was  proposed  for  the  Air  Force  Research  Laboratory’s  Ultra  Compact 
Combustor  (UCC).  Numerical  studies  were  performed  to  aid  the  understanding  of  the  dynamics 
of  CIC-supported  flames.  The  complex  CIC  that  was  used  in  the  actual  hardware  was  simplified 
to  make  it  amenable  to  two-dimensional  models.  Calculations  were  performed  for  the  modified 
CIC  using  a  two-dimensional,  unsteady  reacting-flow  code  known  as  UNICORN.  Direct 
numerical  simulations  and  calculations  using  the  k-s  turbulence  model  were  performed.  A  fast, 
global-chemistry  model  was  used  for  studying  the  flame  dynamics  inside  and  in  the  wake  region 
of  the  CIC.  Calculations  were  performed  for  several  CIC  geometries  that  were  generated 
through  variation  of  the  width  of  the  cavity.  The  design  CIC  was  found  to  be  oversized  for  the 
secondary  (circumferential)  airflow  used  in  UCCs.  A  detailed-chemistry  model  was  also  used  to 
aid  the  understanding  of  the  blowout  characteristics  of  the  CIC-supported  flames.  The  results  of 
this  investigation  were  documented  by  V.  R.  Katta  (ISSI),  J.  Zelina,  and  W.  M.  Roquemore  (both 
of  AFRL)  in  a  paper  that  was  presented  at  the  53rd  ASME  International  Gas  Turbine  and 
Aeroengine  Congress  and  Exposition,  which  was  held  9-13  June  2008  in  Berlin,  Germany.  The 
paper  was  published  in  Proceedings  of  ASME  Turbo  Expo  ‘08:  Power  for  Land,  Sea  and  Air  and 
is  included  in  the  Appendix. 

3.1.27  Stability  of  Lifted  Flames  in  Centerbody  Burner. 

The  centerbody  burner  was  designed  with  the  objective  of  understanding  the  coupled  processes 
of  soot  formation,  growth,  and  bum-off  through  decoupling  them  using  recirculation  zones. 
Experimentally  it  was  found  that  the  sooting  characteristics  of  the  centerbody  burner  could 
change  dramatically  with  changes  in  operating  conditions.  One  of  the  interesting  operating 
regimes  in  which  the  flame  lifts  off  and  forms  a  column  of  soot  was  identified  when  oxygen  in 
the  oxidizer  stream  was  sufficiently  reduced.  Numerical  studies  were  performed  to  aid  the 
understanding  of  the  lifted  flames  of  the  centerbody  burner.  A  time-dependent,  axisymmetric, 
detailed-chemistry  CFD  model  (UNICORN)  was  used.  Combustion  and  PHA  formation  were 
modeled  using  the  Wang-Frenklach  (99  species  and  1066  reactions)  Mechanism,  and  soot  was 
simulated  using  a  two-equation  model  of  Lindstedt.  Calculations  reasonably  predicted  the 
structure  of  the  lifted  flame.  The  predicted  flame  lift-off  height  matched  well  with  that  of  the 
experiment.  Recirculation  zones  were  formed  between  the  flame  base  and  the  centerbody 
transport  fuel,  and  its  lighter  fragments  formed  in  the  lifted- flame  region  toward  the  face  of  the 
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centerbody.  Mixing  of  oxygen  and  fuel  and  its  fragments  between  the  flame  base  and 
centerbody  established  a  premixed  flame  in  the  flame-base  region.  Numerical  studies  were 
conducted  by  increasing  and  decreasing  the  coannular  flow  velocity  to  determine  the  stability  of 
the  lifted  flames.  The  results  of  this  study  were  documented  by  V.  R.  Katta  (ISSI)  and  W.  M. 
Roquemore  (AFRL)  is  a  paper  that  was  presented  at  the  2008  Technical  Meeting  of  the  Central 
States  Section  of  the  Combustion  Institute,  which  was  held  20-23  April  2008  in  Tuscaloosa,  AL. 
The  paper  was  published  in  the  Conference  Proceedings  and  is  included  in  the  Appendix. 

3.1.28  Calculation  of  Multi-dimensional  Flames  Using  Large  Chemical  Kinetics. 

A  time-dependent,  two-dimensional,  detailed-chemistry  CFD  model  known  as  UNICORN  is 
used  for  solving  complex  flame  problems.  Unique  features  were  incorporated  into  UNICORN 
for  handling  extremely  large  chemical  kinetics  with  ease  and  efficiency.  A  sub-mixture  concept 
was  used  for  evaluating  transport  properties.  This  concept  increased  the  computational  speed  by 
a  factor  of  five  for  a  208-species  mechanism  and  is  expected  to  have  even  higher  efficiency  with 
larger  mechanisms.  An  implicit  treatment  for  certain  reaction-rate  terms  was  applied  during  the 
solution  of  species-conservation  equations.  Moving  the  reaction-rate  source  terms  to  the  left- 
hand  side  of  the  partial  differential  equations  eased  the  stiffness  problem  that  is  typically 
associated  with  combustion  chemical  kinetics.  Computational  speeds  were  further  improved  in 
UNICORN  by  completely  integrating  the  chemical-kinetics  mechanisms  with  the  solution 
algorithm.  A  software-generated  CFD  approach  was  used  to  avoid  the  tedious  and  near¬ 
impossible  task  of  manually  integrating  a  large  chemical-kinetics  mechanism  into  a  CFD  code. 
Several  calculations  were  performed  to  demonstrate  the  abilities  of  the  UNICORN  code. 
Chemical-kinetics  mechanisms  up  to  366  species  and  3700  reaction  steps  were  incorporated,  and 
simulations  for  unsteady  multi-dimensional  flames  were  performed  on  personal  computers. 
Making  use  of  the  robustness  and  efficiency  of  the  UNICORN  code,  detailed  chemical 
mechanisms  developed  for  JP-8  fuel  were  tested  for  their  accuracy,  and  a  parametric  study  on  the 
role  of  parent  species  of  a  surrogate  mixture  in  predicting  flame  extinguishment  was  performed. 
Ease  of  changing  chemical  kinetics  in  the  UNICORN  code  was  demonstrated  through 
investigation  of  the  effects  of  additives  in  JP-8  fuel.  The  results  of  this  study  were  documented 
by  V.  R.  Katta  (ISSI)  and  W.  M.  Roquemore  (AFRL)  in  a  paper  that  was  published  in  the  AIAA 
Journal  [Vol.  46,  No.  7,  pp.  1640-1650  (July  2008)].  The  paper  is  included  in  the  Appendix. 

3.1.29  Asymmetric  Expansion  of  Detonation  Wave  in  an  Array  of  Tubes. 

In  the  development  of  Pulse  Detonation  Engines,  one  of  the  important  design  criteria  is  reliable 
transition  of  detonation  generated  in  the  ignition  tube  into  a  larger  main  tube  in  the  shortest 
possible  distance.  It  was  thought  that  asymmetrically  aligning  the  ignition  and  main  tubes  would 
enhance  detonation  transition.  An  exploratory  numerical  study  was  conducted  to  aid  the 
understanding  of  detonation  expansion  in  asymmetrically  joined  tube  assemblies.  A  CFD  code 
based  on  flux-corrected  transport  was  used  for  the  simulation  of  a  two-dimensional  detonation 
wave  formed  from  a  pair  of  ignition  sources  in  a  smaller  ignition  tube  and  expanded  into  a  larger 
main  tube.  Numerous  geometries  obtained  by  varying  the  tube  size  and  offset  (asymmetry)  were 
investigated.  It  was  found  that  expansion  of  detonation  destroys  its  cellular  structure  and 
generates  strong  triple-shock  points  near  the  walls.  Asymmetric  expansion  creates  triple-shock 
points  that  are  stronger  than  those  generated  in  symmetric  expansion.  Interaction  of  strong 
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triple-shock  points  with  walls  often  leads  to  galloping  detonations.  For  severe  expansion  ratios, 
a  symmetric  configuration  resulted  in  a  deflagration  wave  (failed  detonation),  while  asymmetric 
configurations  yielded  successful  detonation  transition  from  ignition  tube  to  main  tube.  The 
results  of  this  investigation  were  documented  by  V.  R.  Katta  (ISSI)  in  a  paper  that  was  presented 
at  the  44th  AIAA/ASME/SAE/  ASEE  Joint  Propulsion  Conference  and  Exhibit,  which  was  held 
21-23  July  2008  in  Hartford,  CT.  The  paper  is  included  in  the  Appendix. 
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4.0  FUNDAMENTAL  EXPERIMENTS 


4.1  General  Overview 

The  objective  of  this  portion  of  the  program  was  to  design  and  conduct  fundamental  experiments 
that  would  aid  the  understanding  of  all  processes  required  for  advanced  propulsion  systems.  This 
effort  required  a  close  coupling  of  numerical  and  experimental  studies  and  was,  thus,  performed 
by  a  multi-disciplinary  team.  A  summary  of  the  work  accomplished  on  this  task  during  the 
program  follows. 

4.1.1  Dynamics  of  Vortex-Flame  Interactions  and  Implications  for  Turbulent 
Combustion. 

Vortex- flame  interactions  are  used  to  study  the  dynamics  of  unsteady  laminar  flamelet  burning  in 
non-premixed  gaseous  and  two-phase  flows.  Such  interactions  provide  a  tractable  numerical  and 
experimental  regime  in  which  turbulent-like  phenomena  can  be  evaluated.  A  number  of 
fundamental  parameters  were  explored  that  have  implications  for  the  study  of  turbulent 
combustion,  including  scalar  dissipation,  unsteady  flame  thickness,  unsteady  strain  rate,  and  a 
new  parameter  recently  proposed  to  characterize  local  extinction.  Particular  attention  was  paid 
to  time-dependent  (dynamic)  phenomena  such  as  unsteadiness  and  flame  movement  that  may 
play  a  significant  role  in  turbulent-combustion  modeling  and  validation.  Results  indicated  that  a 
variety  of  features  can  result  in  non-idealized  flamelet  behavior  in  near-unity  Lewis-number 
flames.  The  sensitivity  of  mixture-fraction-state  relationships  to  vortex-flame  effects  was 
analyzed  and  discussed.  The  results  of  this  study  were  documented  by  T.  R.  Meyer,  V.  R.  Katta, 
M.  S.  Brown  (all  of  ISSI),  J.  R.  Gord,  W.  M.  Roquemore  (both  of  AFRL),  A.  Lemaire,  K. 
Zahringer,  and  J.  C.  Rolon  (all  of  Ecole  Centrale  Paris)  in  AIAA  Paper  2003-4633  that  was 
presented  at  the  39th  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  which 
was  held  20-23  July  2003  in  Huntsville,  AL.  The  paper  is  included  in  the  Appendix. 

4.1.2  Vortex-Induced  Extinction  of  Non-Premixed  Counterflow  Flames. 

In  an  experimental  study,  unsteady- strain-rate  effects  on  the  extinction  process  of  a  laminar 
strained  two-phase  flame  during  the  flame/vortex  interaction  were  examined  through 
simultaneous  investigation  of  the  flow  field  by  Particle  Imaging  Velocimetry  (PIV)  and  the 
reaction  zone  by  PLIF  of  the  CH  radical.  The  influence  on  the  aerodynamic  extinction  limits  for 
various  vortex  parameters  and  different  single-  and  two-phase  flames  was  examined.  The  effect 
of  different  flames  on  the  vortex  flow  was  also  investigated.  The  results  of  this  study  were 
documented  by  A.  Lemaire,  K.  Zahringer  (both  of  Ecole  Centrale  Paris),  T.  Meyer  (ISSI),  J. 

Gord  (AFRL),  and  J.  C.  Rolon  (Ecole  Centrale  Paris)  in  a  paper  that  was  presented  at  the 
European  Combustion  Meeting,  which  was  held  18-21  October  2003  in  Orleans,  France.  The 
paper  is  included  in  the  Appendix. 
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4.1.3  PIV/  PLIF  Investigation  of  Two-Phase  Vortex-Flame  Interactions:  Effects  of 
Vortex  Size  and  Strength. 

The  evolution  of  flame-surface  area  and  the  rate  of  CH-layer  extinction  were  measured  during 
the  interaction  of  a  two-phase  counterflow  diffusion  flame  with  fuel-side  vortices  of  varying  size 
and  strength.  PLIF  of  CH  was  used  to  mark  the  flame  front,  and  PIV  was  used  to  measure  the 
strain-rate  field  at  various  phases  of  the  interaction  process.  Vortices  of  similar  initial  circulation 
but  differing  in  size  showed  widely  disparate  peak  strain  rates  and  CH  decay  rates  because  of 
varying  levels  of  flame-induced  vortex  dissipation.  Vortex  size  was  also  found  to  have  a 
significant  effect  on  flame-surface-area  evolution  during  and  after  extinction,  with  the  presence 
of  droplets  playing  a  major  role  in  the  latter.  Implications  of  these  results  for  the  fundamental 
understanding  of  vortex-flame  interactions  were  considered.  The  results  of  this  investigation 
were  documented  by  A.  Lemaire  (Ecole  Centrale  Paris),  T.  R.  Meyer  (ISSI),  K.  Zahringer  (Ecole 
Centrale  Paris),  J.  R.  Gord  [Air  Force  Research  Laboratory  (AFRL)],  and  J.  C.  Rolon  (Ecole 
Centrale  Paris)  in  a  paper  that  was  published  in  Experiments  in  Fluids  [Vol.  36,  pp.  36-42 
(January  2004)].  The  paper  is  included  in  the  Appendix  to  this  report. 

4.1.4  Simultaneous  PLIF/PIV  Investigation  of  Vortex-Induced  Annular  Extinction  in  H2- 
Air  Counterflow  Diffusion  Flames. 

High-temporal-resolution  measurements  of  scalars  and  velocity  were  used  to  study  vortex- 
induced  annular  (off-centerline)  flame  extinction  during  the  interaction  of  a  propagating  vortex 
with  an  initially  stationary  counterflow  hydrogen-air  diffusion  flame.  Such  an  extinction  process 
differs  from  classical  one-dimensional  descriptions  of  strained  flamelets  in  that  it  captures  the 
effects  of  flame  curvature  as  well  as  dynamic  strain.  PLIF  measurements  of  the  hydroxyl  radical 
(OH)  were  used  to  track  flame  development,  and  simultaneous  PIV  was  used  to  characterize  the 
two-dimensional  flow  field.  Measurements  revealed  differences  in  local  and  normal  strain-rate 
profiles  along  and  across  the  reaction  zone  and  indicated  that  vortex-induced  curvature  in  the 
annular  region  may  initiate  the  extinction  process.  In  addition,  the  effect  of  local  flame 
extinction  on  vortex  evolution  and  dissipation  was  determined  from  measured  vorticity  data. 

The  results  of  this  study  were  documented  by  T.  R.  Meyer  (ISSI),  G.  J.  Fiechtner  (Sandia 
National  Laboratories),  S.  P.  Gogineni  (ISSI),  J.  C.  Rolon  (Ecole  Central  Paris),  C.  D.  Carter, 
and  J.  R.  Gord  (both  of  AFRL)  in  a  paper  that  was  published  in  Experiments  in  Fluids  [Vol.  36, 
pp.  259-267  (February  2004)].  This  paper  is  included  in  the  Appendix. 

4.1.5  Influence  of  Spray-Flame  Structure  on  Soot  Formation  in  Gas-Turbine 
Combustors. 

Simultaneous  measurements  of  OH  PLIF  and  laser-induced  incandescence  (LII)  were  used  to 
characterize  the  flame  structure  and  soot-formation  process  in  the  reaction  zone  of  a  swirl- 
stabilized,  liquid-fueled  gas-turbine  combustor.  Studies  were  performed  at  atmospheric  pressure 
with  heated  inlet  air  and  overall  equivalence  ratios  ranging  from  0.5  to  1.15.  At  low  equivalence 
ratios  (cp  <  0.8),  large-scale  structures  entrain  rich  pockets  of  fuel  and  air  deep  into  the  flame 
layer;  at  higher  equivalence  ratios,  these  pockets  grow  in  size  and  prominence,  escape  the  OH- 
oxidation  zone,  and  serve  as  sites  for  soot  inception.  The  results  of  this  investigation  were 
documented  by  T.  R.  Meyer,  S.  Roy,  S.  P.  Gogineni  (all  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a 
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paper  that  was  presented  at  the  2004  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute,  which  was  held  21-23  March  2004  in  Austin,  TX.  The  paper  is  included 
in  the  Appendix. 

4.1.6  Extinction  Criterion  for  Unsteady,  Opposing-Jet  Diffusion  Flames. 

Dynamic  flames  are  known  to  survive  at  strain  rates  that  are  much  higher  than  those  associated 
with  steady-state  flames.  A  numerical  and  experimental  investigation  was  performed  to  aid  the 
understanding  of  the  extinction  process  associated  with  unsteady  flames.  Spatially  locked 
unsteady  flames  in  an  opposing-jet-flow  burner  were  established  and  stretched  by  simultaneously 
driving  one  vortex  from  the  air  side  and  another  from  the  fuel  side.  Changes  in  the  structure  of 
the  flame  during  its  interaction  with  the  incoming  vortices  and  with  the  instability-generated 
secondary  vortices  were  investigated  using  a  time-dependent  Computational-Fluid-Dynamics- 
with-Chemistry  (CFDC)  code  known  as  UNICORN.  The  combustion  process  was  simulated 
using  a  detailed-chemical-kinetics  model  that  incorporates  13  species  and  74  reactions.  Slow- 
moving  vortices  produce  a  wrinkled  but  continuous  flame,  while  fast-moving  vortices  create  a 
locally  quenched  flame  with  its  edge  wrapped  around  the  merged  vortical  structures.  In  an 
attempt  to  characterize  the  observed  quenching  process,  five  variables— namely,  air-side,  fuel- 
side,  and  stoichiometric  strain  rates  and  maximum  and  stoichiometric  scalar  dissipation  rates— 
were  investigated.  It  was  found  that  these  characteristic  parameters  cannot  be  used  to  describe 
the  quenching  process  associated  with  unsteady  flames.  The  flow  and  chemical  non-equilibrium 
states  associated  with  the  unsteady  flames  are  responsible  for  changes  in  the  extinction  values  of 
these  traditional  characteristic  variables.  However,  even  though  the  quenching  values  of  the 
scalar  dissipation  rates  increase  with  the  velocity  of  the  incoming  vortices,  the  variations  are 
much  smaller  than  those  observed  in  the  strain  rates.  It  is  proposed  that  a  variable  that  is 
proportional  to  the  air-side  strain  rate  and  inversely  proportional  to  the  rate  of  change  in  the 
flame  temperature  can  be  used  to  characterize  the  unsteady  quenching  process  uniquely.  The 
results  of  this  study  were  documented  by  V.  R.  Katta,  T.  R.  Meyer,  M.  S.  Brown  (all  of  ISSI),  J. 

R.  Gord,  and  W.  M.  Roquemore  (both  of  AFRL)  in  a  paper  that  was  published  in  Combustion 
and  Flame  [Vol.  137,  pp.  198-221  (April  2004)].  The  paper  is  included  in  the  Appendix. 

4.1.7  OH  PLIF  and  Soot-Volume-Fraction  Imaging  in  Reaction  Zone  of  Liquid-Fueled, 
Model  Gas-Turbine  Combustor. 

Simultaneous  measurements  of  OH  PLIF  and  laser-induced  incandescence  (LII)  were  used  to 
characterize  the  flame  structure  and  soot-formation  process  in  the  reaction  zone  of  a  swirl- 
stabilized,  JP-8-fueled,  model  gas-turbine  combustor.  Studies  were  performed  at  atmospheric 
pressure  with  heated  inlet  air  and  primary-zone  equivalence  ratios  from  0.55  to  1.3.  At  low 
equivalence  ratios  (<])  <  0.9),  large-scale  structures  entrained  rich  pockets  of  fuel  and  air  deep  into 
the  flame  layer;  at  higher  equivalence  ratios,  these  pockets  grew  in  size  and  prominence,  escaped 
the  OH-oxidation  zone,  and  served  as  sites  for  soot  inception.  Data  were  used  for  visualizing 
soot  development  as  well  as  for  qualitative  tracking  of  changes  in  overall  soot  volume  fraction  as 
a  function  of  fuel-air  ratio  and  fuel  composition.  The  utility  of  the  OH-PLIF  and  LII 
measurement  system  for  test-rig  diagnostics  was  further  demonstrated  for  the  study  of  soot- 
mitigating  additives.  The  results  of  this  investigation  were  documented  by  T.  R.  Meyer,  S.  Roy, 

S.  P.  Gogineni  (all  of  ISSI),  V.  M.  Belovich,  E.  Corporan,  and  J.  R.  Gord  (all  of  AFRL)  in 
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ASME  Paper  No.  GT2004-54318  that  was  presented  at  the  ASME  Turbo  Expo  2004:  Power  for 
Land,  Sea,  and  Air,  which  was  held  14-17  June  2004  in  Vienna,  Austria.  The  paper  was 
published  in  the  conference  proceedings  and  is  included  in  the  Appendix.  Dr.  Gogineni  served 
as  Session  Co-organizer  and  Session  Chair  for  this  meeting. 

4.1.8  Temperature  and  CO2  Concentration  Measurements  in  Exhaust  Stream  of  Liquid- 
Fueled  Combustor  Using  Dual-Pump  CARS  Spectroscopy. 

Single-shot,  dual-pump  CARS  measurements  of  N2  and  C02  were  performed  in  the  exhaust 
stream  of  a  swirl-stabilized  JP-8-fueled  combustor  under  sooting  conditions.  The  combustor  was 
designed  to  study  particulate  formation  and  particle-size  distributions  for  different  flame 
conditions  and,  therefore,  was  operated  at  near-stoichiometric  overall  fuel-air  ratios.  Various  jet 
fuels  and  additive  concentrations  were  studied.  These  conditions  pose  a  significant  challenge  for 
temperature  measurements  using  standard  N2  CARS  because  of  strong  flame  emission  and 
absorption  of  the  CARS  signal  by  the  C2  Swan  band.  With  the  dual-pump  CARS  technique 
employed  in  this  study,  the  N2  CARS  signal  is  generated  at  a  wavelength  (496  nm)  that  is  not 
absorbed  by  C2,  and  concentration  measurements  of  C02  can  be  performed.  The  standard 
deviations  of  the  single-shot  temperature  measurements  were  ~  3-4%  of  the  mean  values  for 
equivalence  ratios  ranging  from  0.4  to  1.1,  whereas  those  of  the  single-shot  C02-concentration 
measurements  were  between  9  and  20%  of  the  mean  values.  Previous  single-shot  temperature 
and  C02-concentration  measurements  using  dual-pump  CARS  in  this  liquid-fueled  combustor 
were  limited  to  an  equivalence  range  of  0.45,  with  standard  deviations  in  temperature  of  about  5- 
6%  of  the  mean  value  of  1 143  K  [Lucht,  et  al,  AIAA  J.  41(4),  679-686  (2003)].  The  current 
study  demonstrated  a  significant  improvement  in  the  applicability  of  single-shot  CARS 
temperature  and  C02-concentration  measurements  to  practical  swirl-stabilized  combustors  under 
soot  conditions.  The  results  of  this  study  were  documented  by  S.  Roy,  T.  R.  Meyer  (both  of 
ISSI),  R.  P.  Lucht  (Purdue  University),  V.  M.  Belovich,  E.  Corporan,  and  J.  R.  Gord  (all  of 
AFRL)  in  a  paper  that  was  published  in  Combustion  and  Flame  [138,  273-284  (August  2004)]. 
The  paper  is  included  in  the  Appendix. 

4.1.9  Studies  of  Hydroxyl  Distribution  and  Soot  Formation  in  Turbulent  Spray  Flames. 

A  measurement  system  that  combines  several  laser-based  imaging  techniques  was  developed  for 
characterizing  the  instantaneous  flame  structure  and  soot-formation  mechanisms  in  an 
atmospheric-pressure,  swirl-stabilized,  liquid-fueled,  model  gas-turbine  combustor.  Planar  LII 
was  used  to  map  the  soot  volume  fraction,  and  OH-PLIF  was  used  to  image  the  flame  zone.  Mie 
scattering,  which  appears  as  an  interference  in  the  OH  PLIF  signal,  was  used  to  a  limited  extent 
as  a  spray  diagnostics.  Optimal  excitation  and  detection  parameters  to  enable  the  simultaneous 
use  of  these  techniques  in  turbulent  spray  flames  were  considered,  along  with  analyses  of 
potential  sources  of  error.  The  data  indicate  that  the  flame  in  the  near  field  of  the  swirl-stabilized 
injector  is  highly  perturbed  by  large-scale  structures  and  that  the  fluid-flame  interactions  have  a 
significant  impact  on  soot  formation.  Rich  pockets  of  fuel  and  air  along  the  interface  between 
the  spray  flame  and  recirculation  zone  serve  as  locations  for  soot  inception.  The  effect  of  local 
equivalence  ratio  was  determined  from  qualitative  analysis  of  the  OH-PLIF  data  and  comparison 
with  equilibrium  calculations  in  the  recirculation  region.  Spatially  averaged  LII  measurements 
demonstrated  that  soot  volume  fraction  in  the  primary  flame  zone  increases  exponentially  with 
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equivalence  ratio.  Preliminary  results  suggest  that  soot  formation  in  the  primary  zone  is  strongly 
dependent  on  fuel  aromatic  content.  The  results  of  this  investigation  were  documented  by  J.  R. 
Gord  (AFRL),  T.  R.  Meyer,  S.  Roy,  and  S.  P.  Gogineni  (all  of  ISSI)  in  a  paper  that  was 
presented  at  the  12th  International  Symposium  on  Applications  of  Laser  Techniques  to  Fluid 
Mechanics,  which  was  held  12-15  July  2004  in  Lisbon,  Portugal.  The  paper  is  included  in  the 
Appendix.  Dr.  Gogineni  served  on  the  Advisory  Committee  for  this  conference. 

4.1.10  Influence  of  Fuel  Type  and  Operating  Conditions  on  Particulates  in  Gas-Turbine 
Combustors. 

A  study  to  characterize  the  production  of  particulate-matter  (PM)  emissions  was  performed  in  a 
liquid-fueled,  model  gas-turbine  combustor  while  varying  fuel  type  and  operating  conditions. 
Laser-induced  incandescence  (LII),  OH  planar  laser-induced  fluorescence  (PLIF),  and  laser  Mie 
scattering  were  used,  respectively,  to  track  soot  volume  fraction,  measure  local  equivalence  ratio, 
and  visualize  droplet  scattering  in  the  reaction  zone.  A  condensation  nuclei  counter  (CNC)  was 
employed  to  provide  particle  number  density  in  the  exhaust  stream  of  the  combustor,  and  a 
scanning  mobility  particle  sizer  (SMPS)  was  used  to  obtain  particle  size  distribution.  In-situ  and 
ex-situ  PM  emissions  were  measured  for  fuel  aromatic  content  that  varied  from  0%  to  45%  by 
volume  as  well  as  for  paraffinic  fuels  that  were  low  in  aromatic  and  heteroatomic  content. 
Consistent  with  the  results  of  previous  studies,  fuels  containing  aromatics,  which  have  been 
shown  to  promote  PM  production,  were  found  to  produce  higher  quantities  of  soot  than  straight- 
chain  hydrocarbons.  Laser-based  measurements  showed  a  significant  correlation  among 
physical  flame  structure,  fuel  type,  and  particle  number  density.  The  results  of  this  study  were 
documented  by  S.  K.  Chelgren,  V.  M.  Belovich,  E.  Corporan,  J.  R.  Gord  (all  of  AFRL),  M.  J. 
DeWitt  (University  of  Dayton  Research  Institute),  T.  R.  Meyer,  and  S.  Roy  (both  of  ISSI)  in  a 
paper  that  was  presented  at  the  AFRC-JFRC  2004  Joint  International  Combustion  Symposium 
that  was  held  10-13  October  2004  in  Maui,  HI.  The  paper  is  included  in  the  Appendix. 

4.1.11  Application  of  Laser  Imaging  Studies  of  Particle  Formation  in  Gas-Turbine 
Combustion. 

The  goal  of  the  current  investigation  was  to  study  soot  formation  in  the  highly  dynamic 
environment  of  a  swirl-stabilized  liquid-fueled  combustor.  This  was  accomplished  through 
simultaneous  imaging  of  the  soot  volume  fraction  and  OH  distribution  in  the  primary  reaction 
zone  using  LII  and  OH  PLIF,  respectively.  Residual  droplet  Mie  scattering  was  also  detected  in 
the  OH  PLIF  diagnostic  system  and  was  used  to  a  limited  extent  as  a  spray  diagnostic.  The 
performance  and  accuracy  of  the  planar  LII  and  OH  PLIF  systems  were  characterized  in  this 
investigation  and  demonstrated  in  studies  of  jet  fuels  and  soot-mitigating  additives.  Preliminary 
analyses  of  the  data  indicate  that  the  flame  in  the  near  field  of  the  injector  is  highly  perturbed  by 
large-scale  structures  and  that  fluid-flame  interactions  have  a  significant  impact  on  local 
equivalence  ratio  and  soot  formation.  Rich  pockets  of  fuel  and  air  along  the  interface  between  the 
spray  flame  and  recirculation  zone  serve  as  locations  for  soot  inception.  The  effect  of  local 
equivalence  ratio  was  determined  from  semi-quantitative  analysis  of  the  OH  PLIF  data,  and  good 
agreement  was  found  with  equilibrium  calculations  in  the  recirculation  region.  Spatially 
averaged  LII  measurements  demonstrated  that  soot  volume  fraction  in  the  primary  flame  zone 
increases  exponentially  with  equivalence  ratio,  and  these  results  were  compared  with  particle- 
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sampling  data  collected  in  the  exhaust  stream.  The  results  of  this  investigation  were  documented 
by  A.  C.  Lynch,  J.  R.  Gord,  E.  Corporan,  V.  M.  Belovich  (all  of  AFRL),  T.  R.  Meyer,  and  S. 

Roy  (both  of  ISSI)  in  a  paper  that  was  presented  at  the  AFRC-JFRC  2004  Joint  International 
Combustion  Symposium  that  was  held  10-13  October  2004  in  Maui,  HI.  The  paper  is  included 
in  the  Appendix. 

4.1.12  Investigation  of  Dynamic  Diffusion  Flame  of  H2  in  Air  with  Laser  Diagnostics  and 
Numerical  Modeling. 

Detailed  studies  of  flame-vortex  interactions  play  a  vital  role  in  improving  the  understanding  of 
turbulent  combustion.  A  combined  experimental  and  numerical  study  was  conducted  on  a  low- 
speed,  buoyant,  jet  diffusion  flame  of  hydrogen  in  air  to  investigate  the  vortex-flame  interaction 
and  the  effects  of  preferential  diffusion  on  the  flame  structure.  A  time-dependent,  axisymmetric 
mathematical  model  with  detailed  transport  processes  and  a  chemical-kinetics  mechanism  was 
used  to  simulate  the  dynamics  of  the  flame.  Single-shot  measurements  of  temperature  and  the 
concentrations  of  molecular  hydrogen  (H2),  the  pollutant  NO,  atomic  oxygen  (O),  atomic 
hydrogen  (H),  and  OH  were  made  using  optical  techniques  such  as  CARS,  degenerate  four-wave 
mixing,  and  PLIF.  Temperature  and  mole  fractions  of  different  species  were  presented  in  two- 
dimensional  contour  maps  and  compared  with  the  numerical  predictions.  The  model  predicted 
the  behavior  of  the  experimentally  observed  dynamic  flame  quite  well,  including  variations  in 
temperature  and  molar  concentrations  of  fuel  and  tracer  species  such  as  H,  OH,  and  NO. 
Discrepancies  in  the  concentration  of  O  atoms  were  also  noted.  The  results  of  this  investigation 
were  documented  by  F.  Grisch,  B.  Attal-Tretout,  A.  Bresson,  P.  Bouchardy  (all  of  the  Office 
National  d’Etudes  et  de  Recherches  Aerospatiales),  V.  R.  Katta  (ISSI),  and  W.  M.  Roquemore 
(AFRL)  in  a  paper  that  was  published  in  Combustion  and  Flame  [139,  28-38  (October  2004)]. 
The  paper  is  included  in  the  Appendix. 

4.1.13  Unsteady  Effects  on  Flame-Extinction  Limits  during  Gaseous  and  Two-Phase 
Flame/V  ortex  Interactions. 

In  highly  fluctuating  flows,  high  values  of  strain  rate  do  not  induce  extinction  of  the  flame  front. 
Unsteady  effects  minimize  the  flame  response  to  rapidly  varying  strain  fields.  In  the  present 
study  the  effects  of  time-dependent  flows  on  non-premixed  flames  were  investigated  during 
flame/vortex  interactions.  Gaseous  flames  and  spray  flames  in  the  external-sheath  combustion 
regime  were  considered.  For  analyzing  the  flame/vortex  interaction  process,  the  velocity  field 
and  the  flame  geometry  were  simultaneously  determined  using  PIV  and  LIF  of  the  CH  radical. 
The  influence  of  vortex  flows  on  the  extinction  limits  for  different  vortex  parameters  and  for 
different  gaseous  and  two-phase  flames  was  examined.  If  the  external  perturbation  is  applied 
over  an  extended  period  of  time,  the  extinction  strain  rate  is  that  corresponding  to  the  steady- 
state  flame,  and  this  critical  value  depends  mainly  on  the  fuel  and  oxidizer  compositions  and  the 
injection  temperature.  If  the  external  perturbation  is  applied  during  a  short  period  of  time, 
extinction  occurs  at  strain  rates  above  the  steady-state  extinction  strain  rate.  This  deviation 
appears  for  flow-fluctuation  timescales  below  steady- flame-diffusion  timescales.  This  behavior 
is  induced  by  diffusive  processes,  limiting  the  ability  of  the  flame  to  respond  to  highly 
fluctuating  flows.  With  respect  to  unsteady  effects,  the  spray  flames  investigated  here  behave 
essentially  like  gaseous  flames  because  evaporation  takes  place  in  a  thin  layer  ahead  of  the  flame 
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front.  Extinction  limits  are  only  slightly  modified  by  the  spray,  the  controlling  process  being  the 
competition  between  aerodynamic  and  diffusive  timescales.  The  results  of  this  study  were 
documented  by  A.  Lemaire  (Ecole  Centrale  Paris  and  CNRS  and  University  of  Magdeburg),  K. 
Zahringer  (University  of  Magdeburg),  T.  R.  Meyer  (ISSI),  and  J.  C.  Rolon  (Ecole  Centrale  Paris 
and  CNRS)  in  a  paper  that  was  presented  at  the  Thirtieth  Symposium  (International)  on 
Combustion,  which  was  held  25-30  July  2004  in  Chicago,  IL.  The  paper  was  published  in  the 
Proceedings  of  the  Combustion  Institute  [Vol.  30,  pp.  475-483  (January  2005)]  and  is  included  in 
the  Appendix. 

4.1.14  Simultaneous  PLII,  OH  PLIF,  and  Droplet  Mie  Scattering  in  Swirl-Stabilized  Spray 
Flames. 

Simultaneous  LII,  OH  PLIF,  and  droplet  Mie  scattering  were  used  to  study  the  instantaneous 
flame  structure  and  soot- formation  process  in  an  atmospheric-pressure,  swirl-stabilized,  liquid- 
fueled  model-gas-turbine  combustor.  Optimal  excitation  and  detection  schemes  to  maximize 
single-shot  signals  and  avoid  interferences  from  soot-laden  flame  emission  were  considered. 

The  data  indicate  that  rich  pockets  of  premixed  fuel  and  air  along  the  interface  between  the  spray 
flame  and  the  recirculation  zone  serve  as  primary  sites  for  soot  inception.  Intermittent  large- 
scale  structures  and  local  equivalence  ratio  were  also  found  to  play  an  important  role  in  soot 
formation.  The  results  of  this  study  were  documented  by  T.  R.  Meyer,  S.  Roy  (both  of  ISSI),  V. 
M.  Belovich,  E.  Corporan,  and  J.  R.  Gord  (all  of  AFRL)  in  a  paper  that  was  published  in  Applied 
Optics  [Vol.  44,  No.  3,  pp.  445-454  (20  January  2005)].  The  paper  is  included  in  the  Appendix. 

4.1.15  DPDB  CARS  for  Exhaust-Gas  Temperature  and  CO2-O2-N2  Mole-Fraction 
Measurements  in  Model  Gas-Turbine  Combustors. 

DPDB  CARS  was  applied  for  the  first  time  to  the  measurement  of  temperature  and  multiple- 
species  mole  fractions  in  a  liquid-fueled  combustor  of  practical  interest.  In  this  system  pure 
rotational  transitions  of  O2-N2  and  the  ro-vibrational  transitions  of  CO2-N2  were  probed  using 
two  narrowband  pump  beams,  a  broadband  pump  beam,  and  a  broadband  Stokes  beam.  This 
technique  permits  highly  accurate  temperature  measurements  at  both  low  and  high  temperatures 
as  well  as  mole-fraction  measurements  of  two  molecules  with  respect  to  N2  from  each  laser  shot. 
Single-shot  measurements  of  temperature  and  mole-fraction  ratios  of  CO2/N2  and  O2/N2  in  the 
exhaust  stream  of  a  swirl-stabilized,  JP-8-fueled,  model  gas-turbine  combustor  were  made  for 
equivalence  ratios  ranging  from  0.45  to  1.0.  Agreement  between  mean  rotational  and  ro- 
vibrational  temperatures  was  within  ~  3%,  and  mean  measurements  of  CO2/N2  and  O2/N2  mole- 
fraction  ratios  were  within  ~  15%  of  equilibrium  theory.  For  illustrating  the  ability  of  the  current 
measurement  system  to  track  multiple  scalar  statistics  in  turbulent  reacting  flows,  histograms  and 
scatter  plots  of  temperature  and  species  mole  fractions  were  made  within  the  potential-core  and 
turbulent-shear-layer  regions  of  the  exhaust  system.  The  results  of  this  investigation  were 
documented  by  T.  R.  Meyer,  S.  Roy  (both  of  ISSI),  R.  P.  Lucht  (Purdue  University),  and  J.  R. 
Gord  (AFRL)  in  a  paper  that  was  published  in  Combustion  and  Flame  [Vol.  142,  pp.  52-61  (July 
2005)].  The  paper  is  included  in  the  Appendix. 
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4.1.16  Dynamics  of  Inverse  Diffusion  Flame  and  Its  Role  in  Polycyclic-Aromatic- 
Hydrocarbon  and  Soot  Formation. 

Residence  time  and  thermo-chemical  environment  are  important  factors  in  the  soot-formation 
process  in  flames.  Recent  studies  have  revealed  that  the  soot  generated  in  an  inverse  diffusion 
flame  (IDF)  is  not  fully  carbonized  as  it  is  in  a  normal  diffusion  flame.  For  understanding  the 
chemical  and  physical  structure  of  the  partially  carbonized  soot  formed  in  inverse  diffusion 
flames,  knowledge  of  the  flow  dynamics  of  these  flames  is  required.  A  time-dependent, 
detailed-chemistry  CFD  model  was  developed  for  simulation  of  an  ethylene-air  inverse  jet- 
diffusion  flame  that  had  been  studied  experimentally.  Steady-state  simulations  showed  that  all  of 
the  PAH  species  are  produced  outside  the  flame  surface  on  the  fuel  side.  Unsteady  simulations 
revealed  that  buoyancy-induced  vortices  establish  outside  the  flame  because  of  the  low  fuel  jet 
velocity  (~  40  cm/s)  employed.  These  vortices  in  inverse  diffusion  flames,  as  opposed  to  those 
in  normal  diffusion  flames,  appear  primarily  in  the  exhaust  jet.  The  advection  of  these  vortices 
at  17.2  Hz  increases  mixing  and  causes  PAH  species  to  be  more  uniformly  distributed  in 
downstream  locations.  While  the  concentrations  of  rapidly  formed  radical  and  product  species 
are  not  altered  appreciably  by  the  flame  oscillation,  concentrations  of  certain  slowly  formed  PAH 
species  are  significantly  changed.  The  dynamics  of  20-nm  tracer  particles  injected  from  the 
1200-K  fuel-side  contour  line  suggest  that  soot  particles  are  reheated  and  cooled  alternately 
while  being  entrained  into  and  advected  by  the  buoyancy-induced  vortices.  This  flow  pattern 
could  explain  the  experimentally  observed  large  size  and  slight  carbonization  of  IDF  soot 
particles.  The  results  of  this  study  were  documented  by  V.  R.  Katta  (ISSI),  L.  G.  Blevins 
(Sandia  National  Laboratories)  and  W.  M.  Roquemore  (AFRL)  in  a  paper  that  was  published  in 
Combustion  and  Flame  [Vol.  142,  pp.  33-51  (July  2005)].  The  paper  in  included  in  the 
Appendix. 

4.1.7  Measurements  of  OH  Mole  Fraction  and  Temperature  up  to  20  kHz  Using  Diode- 
Laser-Based  UV  Absorption  Sensor. 

Diode-laser-based  sum-frequency  generation  of  UV  radiation  at  313.5  nm  was  utilized  for  high¬ 
speed  absorption  measurements  of  OH  mole  fraction  and  temperature  at  rates  up  to  20  kHz. 
Sensor  performance  was  characterized  over  a  wide  range  of  operating  conditions  in  a  25.4-mm- 
path-length,  steady,  C2H4-air  diffusion  flame  through  comparisons  with  CARS,  PLIF,  and  a  two- 
dimensional  numerical  simulation  with  detailed  chemical  kinetics.  Experimental  uncertainties  of 
5%  and  1 1%  were  achieved  for  measured  temperatures  and  OH  mole  fractions,  respectively, 
with  standard  deviations  of  <  3%  at  20  kHz  and  an  OH  detection  limit  of  <  1  ppm  in  a  1-m  path 
length.  After  validation  in  a  steady  flame,  high-speed  diode-laser-based  measurements  of  OH 
mole  fraction  and  temperature  were  demonstrated  for  the  first  time  in  the  unsteady  exhaust  of  a 
liquid-fueled,  swirl-stabilized  combustor.  Typical  agreement  of  ~  5%  was  achieved  with  CARS 
temperature  measurements  at  various  fuel/air  ratios,  and  sensor  precision  was  sufficient  to 
capture  oscillations  of  temperature  and  OH  mole  fraction  for  potential  use  with  multi-parameter 
control  strategies  in  combustors  of  practical  interest.  The  results  of  this  study  were  documented 
by  T.  R.  Meyer,  S.  Roy  (both  of  ISSI),  T.  N.  Anderson  (Purdue  University),  J.  D.  Miller,  V.  R 
Katta  (both  of  ISSI),  R.  P.  Lucht  (Purdue  University),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was 
published  in  Applied  Optics  [Vol.  44,  No.  31,  pp.  6729-6740  (1  November  2005)].  The  paper  is 
included  in  the  Appendix. 
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4.1.18  Planar  Imaging  of  Soot,  Droplets,  and  Fluorescence  for  Studies  of  Alternative  Fuel 
Blends  in  Gas-Turbine  Combustion. 

A  study  to  characterize  the  production  of  particulate-matter  emissions  was  performed  in  a  liquid- 
fueled  model  gas-turbine  combustor  while  varying  fuel  blends  and  operating  conditions.  The 
techniques  of  LII,  OH  PLIF,  and  laser  Mie  scattering  were  used  to  track  soot  volume  fraction, 
measure  flame  products,  and  visualize  droplet  scattering  in  the  reaction  zone,  respectively. 
Studies  were  performed  on  varying  fuel  blends  comprised  of  kerosene-based  jet  fuel  and 
synthetic  fuel  in  varying  concentrations  over  a  range  of  equivalence  ratios.  Consistent  with 
results  of  previous  studies,  fuels  containing  aromatics,  which  have  been  shown  to  promote  PM 
production,  produced  higher  quantities  of  soot  than  straight-chain  hydrocarbons.  Laser-based 
measurements  showed  a  significant  correlation  among  physical  flame  structure,  fuel  type,  and 
particle  number  density.  The  results  of  this  study  were  documented  by  A.  C.  Lynch,  J.  R.  Gord 
(both  of  AFRL),  T.  R.  Meyer,  and  S.  Roy  (both  of  IS  SI)  in  a  paper  that  was  presented  at  the  OS  A 
Laser  Applications  to  Chemical,  Security,  and  Environmental  Analysis  Topical  Meeting  and 
Tabletop  Exhibit,  which  was  held  5-9  February  2006  in  Incline  Village,  NV.  The  paper  is 
included  in  the  Appendix. 

4.1.19  Coherent  Structures  and  Turbulent  Molecular  Mixing  in  Gaseous  Planar  Shear 
Layers. 

Quantitative  planar  visualization  of  molecular  mixing  dynamics  in  large-  and  intermediate-scale 
coherent  structures  was  achieved  for  the  first  time  in  the  developing  and  far- field  regions  of 
gaseous  planar  shear  layers.  A  dual-tracer  (NO  and  acetone)  PLIF  technique  was  implemented 
as  the  gaseous  analogue  to  acid/base  chemical  reactions  that  have  previously  been  used  to  study 
molecular  mixing  in  liquid  shear  layers.  Data  on  low-speed,  high-speed,  and  total  molecularly 
mixed  fluid  fractions  were  collected  for  low-  to  high-speed  velocity  ratios  from  0.25  to  0.44  and 
Reynolds  numbers,  Re§  ,  from  18  600  to  103  000.  Within  this  range  of  conditions,  mixed- fluid 
probability  density  functions  and  ensemble-averaged  statistics  are  highly  influenced  by  the 
homogenizing  effect  of  large-scale  Kelvin-Helmholtz  rollers  and  the  competing  action  of 
intermediate-scale  secondary  instabilities.  Small-scale  turbulence  leads  to  near-unity  mixing 
efficiencies  and  mixed-fluid  probabilities  within  the  shear  layer,  with  subresolution  stirring  being 
detected  primarily  along  the  interface  with  free-stream  fluid.  Current  molecular-mixing  data 
compared  favorably  with  previous  time-averaged  probe-based  measurement  results  and  provided 
new  insight  on  the  effects  of  coherent  structures,  velocity  ratio,  downstream  distance,  and 
differences  between  low-  and  high-speed  fluid  entrainment.  The  results  of  this  investigation 
were  documented  by  T.  R.  Meyer  (ISSI),  J.  C.  Dutton  (University  of  Texas  at  Arlington),  and  R. 
P.  Lucht  (Purdue  University)  in  a  paper  that  was  published  in  the  Journal  of  Fluid  Mechanics 
[Vol.  558,  pp.  179-205  (July  2006)].  The  paper  is  included  in  the  Appendix. 

4.1.20  Non-reacting  and  Combusting  Flow  Investigation  of  Bluff  Bodies  in  Cross  Flow. 

A  combination  of  Laser  Doppler  Velocimetry  (LDV)  and  high-speed  imaging  was  used  to 
investigate  bluff-body-stabilized  flames.  LDV  data  taken  over  several  non-combusting  operating 
conditions  detailed  the  recirculation  zone  behind  the  bluff  body  as  well  as  the  effect  of  inlet 
conditions  on  the  Karman  Street  vortex  shedding  that  occurs.  High-speed  images  of  combustion 
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and  equivalence  ratio  taken  at  blow  out  agreed  with  assertions  made  by  Ozawa  [1]  and  Zukoski 
[2]  on  the  transitional  nature  of  the  flame  from  “laminar”  to  “turbulent”  at  a  Reynolds  number  of 
~  15,000.  The  fuel-air  ratio  at  lean  blow  out  also  correlated  very  well  with  the  correlation 
parameter  of  Dezubay  [3],  Finally,  high-speed  images  supported  assertions  by  Mehta  and 
Soteriou  [4]  and  by  Erickson  et  al.  [5]  that  under  certain  conditions,  Karman  Street  vortex 
shedding  is  not  suppressed  by  momentum  and  baroclinic  effects  and  Karman  Street  vortices  are 
present  in  the  flame  near  lean  blowout.  The  results  of  this  study  were  documented  by  B.  Kiel,  K. 
Garwich,  A.  Lynch,  J.  R.  Gord  (all  of  AFRL),  and  T.  Meyer  (ISSI)  in  AIAA  Paper  2006-5234 
that  was  presented  at  the  42nd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and 
Exhibit,  which  was  held  9-12  July  2006  in  Sacramento,  CA.  The  paper  is  included  in  the 
Appendix. 

4.1.21  Understanding  Turbulent  Flames  through  Vortex/Flame-Interaction  Studies. 

Various  concepts  for  modeling  the  turbulence-chemistry  interaction  in  non-premixed  combustion 
were  examined  by  studying  vortex/flame  interactions  in  a  hydrogen/air,  opposed-jet  non- 
premixed  flame.  Unsteady  flat  flames  were  obtained  by  injecting  vortices  from  the  fuel  and  air 
sides  of  the  flame  surface  simultaneously.  Conventional  characteristic  parameters  such  as  stretch 
rate  and  scalar  dissipation  rate  cannot  be  used  for  describing  the  quenching  process  in  unsteady 
flames.  The  flow  and  chemical  non-equilibrium  states  of  unsteady  flames  are  responsible  for 
variations  in  extinction  values  of  these  traditional  characteristic  variables.  It  was  suggested  that 
a  variable  that  is  proportional  to  the  air-side  stretch  rate  and  inversely  proportional  to  the  rate  of 
change  in  the  flame  temperature  could  be  used  uniquely  for  characterizing  the  unsteady 
quenching  process.  Unsteady  curved  flames  were  obtained  by  injecting  vortices  from  the  air 
side.  Vortex  size  was  varied  from  centimeter  to  sub-millimeter.  The  dynamic  changes  to  the 
flame  structure  that  occurred  during  these  interaction  processes  were  mapped  onto  a  scalar- 
dissipation-rate  scale.  The  large  centimeter-size  vortices,  irrespective  of  the  propagation 
velocity,  wrinkled  and  stretched  the  flame  before  causing  local  extinction— representing  typical 
laminar-flamelet  behavior.  On  the  other  hand,  the  small  sub-millimeter-size  vortices  replaced 
the  local  fluid  in  the  flame  zone  with  fresh  air  and  destroyed  the  flame  structure  without  causing 
any  wrinkle  or  stretch  on  the  reaction  zone— representing  non-flamelet  behavior.  Depending  on 
vortex  size,  interactions  between  flame  and  millimeter-range  vortices  gradually  deviated  from 
the  flamelet  description.  The  results  of  this  study  were  documented  by  V.  R.  Katta,  S.  Gogineni, 
T.  R.  Meyer  (all  of  ISSI),  J.  R.  Gord,  and  W.  M.  Roquemore  (both  of  AFRL)  in  a  paper  that  was 
presented  at  the  41st  Combustion  (CS)/29th  Airbreathing  Propulsion  (APS)/23rd  Propulsion 
Systems  Hazards  (PSHS)  Joint  Subcommittee  Meeting,  which  was  held  4-8  December  2006,  in 
San  Diego,  CA.  The  paper  is  included  in  the  Appendix. 

4.1.22  NO-Concentration  Profiles  in  Atmospheric-Pressure  Flames  Using  ERE-CARS. 

Measurements  were  made  of  NO  in  atmospheric-pressure  flames  using  visible  pump  (532-nm) 
and  Stokes  (591-nm)  beams  with  an  ultraviolet  probe  beam  (236  nm)  near  an  electronic 
resonance,  yielding  a  significantly  enhanced  CARS  signal  at  226  nm.  For  a  hydrogen-air  flame 
stabilized  over  a  Hencken  burner,  good  agreement  was  obtained  between  ERE-CARS 
measurements  and  flame  computations  using  UNICORN,  a  two-dimensional  flame  code. 
Excellent  agreement  between  measured  and  calculated  NO  spectra  was  obtained  for  heavily 
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sooting  acetylene-air  flames  on  the  same  Hencken  burner.  The  measured  shapes  of  NO 
concentration  profiles  determined  from  ERE-CARS  spectra  without  correction  for  collisional 
effects  were  in  excellent  agreement  with  the  shapes  predicted  using  the  OPPDIF  code  in 
conjunction  with  GRI  3.0  kinetics  for  a  laminar,  counterflow,  non-premixed  hydrogen-air  flame. 
Effects  of  fuel-stream  dilution  (nitrogen  and  carbon  dioxide)  on  measured  NO  concentrations 
were  also  studied  in  the  counterflow  configuration.  For  diluted  flames,  comparisons  between 
measured  ERE-CARS  signals  and  computed  number  densities  show  good  spatial  agreement,  and 
their  relative  magnitudes  match  well.  Counterflow  flames  with  various  hydrogen  levels  in  the 
fuel  stream  (pure  oxygen  in  the  oxidizer  stream)  and  various  oxygen  levels  in  the  oxidizer  stream 
(pure  hydrogen  in  the  fuel  stream)  were  investigated  to  simulate  fuel-rich  and  oxygen-rich 
flames,  and  an  optimum  NO  level  was  found.  Pathway  and  sensitivity  analyses  were 
implemented  to  gain  an  understanding  of  NO  formation  under  these  conditions.  The  current 
results  establish  the  utility  of  ERE-CARS  for  detection  of  NO  in  flames  with  large  temperature 
and  concentration  gradients  as  well  as  in  sooting  environments.  The  results  of  this  investigation 
were  documented  by  N.  Chai,  S.  V.  Naik,  W.  D.  Kulatilaka,  R.  P.  Lucht,  N.  M.  Laurendeau  (all 
of  Purdue  University),  S.  Roy,  V.  R.  Katta  (both  of  ISSI),  J.  P.  Kuehner  (Washington  and  Lee 
University),  and  J.  R.  Gord  (AFRL)  in  Paper  No.  G04  that  was  presented  at  the  5th  U.  S. 
Combustion  Meeting,  which  was  held  25-28  March  2007  in  San  Diego,  CA.  The  paper  is 
included  in  the  Appendix. 

4.1.23  NO-Concentration  Measurements  in  Atmospheric-Pressure  Flames  Using  ERE- 
CARS. 

The  ERE-CARS  technique  was  used  for  measurement  of  NO  concentration  in  three  atmospheric- 
pressure  flames.  Visible  pump  (532-nm)  and  Stokes  (591-nm)  beams  were  used  to  probe  the  Q- 
branch  of  the  Raman  transition.  A  significant  resonance  enhancement  was  obtained  by  tuning  an 
ultraviolet  probe  beam  (236  nm)  into  resonance  with  specific  rotational  transitions  in  the  (v’  =  0, 
v”  =  1)  vibrational  band  of  the  A  E  -  X  n  electronic  system  of  NO.  ERE-CARS  spectra  were 
recorded  at  various  heights  within  a  hydrogen-air  flame,  producing  relatively  low  concentrations 
of  NO  over  a  Hencken  burner.  Good  agreement  was  obtained  between  NO  ERE-CARS  data  and 
the  results  of  flame  computations  using  UNICORN,  a  two-dimensional  flame  code.  Excellent 
agreement  between  measured  and  calculated  NO  spectra  was  also  obtained  when  a  modified 
version  of  the  Sandia  CARSFT  code  for  heavily  sooting  acetylene-air  flames  (4>  =  0.8  to  <|)  =  1.6) 
was  used  on  the  same  Hencken  burner.  Finally,  NO-concentration  profiles  were  obtained  using 
ERE-CARS  in  a  laminar,  counterflow,  non-premixed  hydrogen-air  flame.  Spectral  scans  were 
recorded  by  probing  the  Qi  (9.5),  Qi  (13.5),  and  Qi  (17.5)  Raman  transitions.  The  measured 
shape  of  the  NO  profile  was  in  good  agreement  with  the  shape  predicted  using  the  OPPDIF  code, 
even  without  correction  for  collisional  effects.  These  comparisons  between  NO  measurements 
and  predictions  established  the  utility  of  ERE-CARS  for  detection  of  NO  in  flames  with  large 
temperature  and  concentration  gradients  as  well  as  in  sooting  environments.  The  results  of  this 
investigation  were  documented  by  N.  Chai,  W.  D.  Kulatilaka,  S.  V.  Naik,  N.  M.  Laurendeau,  R. 
P.  Lucht  (all  of  Purdue  University),  J.  P.  Kuehner  (Washington  and  Lee  University),  S.  Roy,  V. 
R.  Katta  (both  of  ISSI),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in  Applied  Physics 
B  Lasers  and  Optics  [Vol.  88,  pp.  141-150  (June  2007)].  The  paper  is  included  in  the  Appendix. 
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4.1.24  Effects  of  Oxygenated  Compounds  on  PAH  and  Soot  across  a  Suite  of  Laboratory 
Devices. 

The  impact  of  oxygenated  fuel  additives  on  soot  emissions  was  investigated  in  a  collaborative 
university,  industry,  and  government  effort.  The  main  objective  of  this  program  was  to  obtain  a 
fundamental  understanding  of  how  changes  in  fuel  composition  can  reduce  soot  and  PAH 
emissions  from  military-aircraft  combustors.  The  research  team  used  a  suite  of  laboratory 
devices  that  included  a  shock  tube,  a  well-stirred  reactor,  a  premixed  flat  flame,  an  opposed-flow 
diffusion  flame,  and  a  high-pressure  turbulent  reactor.  The  two  primary  additives  investigated 
were  ethanol  and  cyclohexanone.  Fuels  included  ethylene,  heptane,  a  heptane/toluene  blend,  and 
JP8.  With  one  exception— an  ethylene  opposed- flow  diffusion  flame— the  addition  of  an 
oxygenated  compound  led  to  substantial  reductions  in  soot.  Modeling  of  the  premixed  flame  and 
opposed-jet  diffusion  flame  was  used  to  obtain  insight  into  the  mechanism  behind  the  observed 
soot  reductions.  The  results  of  this  investigation  were  documented  by  T.  Litzinger  (Pennsylvania 
State  University),  M.  Colket  [United  Technologies  Research  Center  (UTRC)],  M.  Kahandawala 
[University  of  Dayton  (UD)],  V.  Katta  (ISSI),  S.-Y.  Lee  (Pennsylvania  State  University),  D. 
Liscinsk  (UTRC),  K.  McNesby  [Army  Research  Laboratory  (ARO)],  R.  Pawlik,  M.  Roquemore 
(both  of  AFRL),  R.  Santoro  (Pennsylvania  State  University),  S.  Sidhu  (UD),  S.  Stouffer  (UDRI), 
and  J.  Wu  (Pennsylvania  State  University)  in  Paper  No.  F03  that  was  presented  at  the  5th  U.  S. 
Combustion  Meeting,  which  was  held  25-28  March  2007  in  San  Diego,  CA.  The  paper  is 
included  in  the  Appendix. 

4.1.25  Effects  of  Nitrogen-Containing  Compounds  on  PAH  and  Soot  across  a  Suite  of 
Laboratory  Devices. 

The  effect  of  nitrogen-bearing  fuel  additives  on  soot  and  PAH-emissions  formation  was 
investigated  in  a  collaborative  university,  industry,  and  government  effort.  The  overall  objective 
of  this  program  was  to  obtain  a  fundamental  understanding  of  how  changes  in  fuel  composition 
can  affect  soot  and  PAH  emissions  from  military-aircraft  combustors.  Six  laboratory  burners— 
including  a  premixed  flat  flame,  an  opposed-flow  diffusion  flame,  a  well-stirred  reactor,  a 
turbulent  spray  flame,  a  shock  tube,  and  a  high-pressure  turbulent  combustor— were  used  to 
investigate  the  impact  of  additives  under  a  wide  range  of  combustion  conditions.  The  additives 
included  various  nitroalkanes  (nitromethane,  nitroethane,  and  nitropropane),  i-propylnitrate, 
nitrogen  dioxide,  pyridine,  and  quinoline.  Fuels  included  ethylene,  a  heptane/toluene  blend,  and 
JP8.  The  effects  of  many  of  the  additives  were  examined  in  most  experimental  facilities,  and  the 
results  were  contrasted  and  compared.  The  experimental  results  were  also  modeled  using  a 
variety  of  modeling  packages  and  mechanisms.  Reductions  in  soot  were  as  large  as  70%, 
although  in  some  cases  no  change  was  detected;  in  others,  increases  were  observed.  Modeling 
failed  to  offer  explanations  for  all  of  the  experimental  observations.  The  results  of  this  study 
were  documented  by  M.  Colket  (UTRC),  T.  Litzinger  (Pennsylvania  State  University),  M. 
Kahandawala  (UD),  V.  Katta  (ISSI),  S.-L.  Lee  (Pennsylvania  State  University),  D.  Liscinsky 
(UTRC),  K.  McNesby  (ARO),  A.  Menon  (Pennsylvania  State  University),  M.  Roquemore 
(AFRL),  R.  Santoro  (Pennsylvania  State  University),  S.  Sidhu  (UD),  and  S.  Stouffer  (UDRI)  in 
Paper  No.  F04  that  was  presented  at  the  5th  U.  S.  Combustion  Meeting,  which  was  held  25-28 
March  2007  in  San  Diego,  CA.  The  paper  is  included  in  the  Appendix. 
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4.1.26  Effects  of  Phosphorus  Compounds  on  PAH  and  Soot  across  a  Suite  of  Laboratory 
Devices. 

Recently  researchers  from  universities,  industry,  and  governmental  laboratories  completed  a 
collaborative  study  on  the  impact  of  different  types  of  organic  fuel  additives  on  soot  and  PAH 
emissions  from  military  gas-turbine  engines.  The  main  objective  of  this  program  was  to  obtain  a 
fundamental  understanding  of  how  even  small  changes  in  fuel  composition  affect  soot  and  PAH 
emissions.  Six  different  combustors— namely,  a  premixed  flame,  a  co-flow  diffusion  flame,  an 
opposed-flow  diffusion  flame,  a  well-stirred  reactor,  a  shock  tube,  and  a  swirl-stabilized 
combustor— were  used  to  investigate  the  impact  of  additives  under  a  wide  range  of  combustion 
conditions.  The  experimental  results  were  then  modeled  using  a  variety  of  modeling  packages 
and  mechanisms.  Results  were  obtained  on  the  effects  of  phosphorus  additives,  trimethyl 
phosphite,  trimethyl  phosphate,  diethyl  allyl  phosphate,  and  dimethyl  methyl  phosphonate  on 
soot  and  PAH  for  several  gaseous  fuels  and  a  simple  JP8  surrogate,  heptane/toluene.  The  results 
of  this  investigation  were  documented  by  S.  Sidhu  (UDR1),  V.  Belovich  (AFRL),  M.  Colket 
(UTRC),  M.  Kahandawala  (UDR1),  V.  Katta  (ISSI),  D.  Liscinsky  (UTRC),  T.  Litzinger 
(Pennsylvania  State  University),  K.  McNesby  (ARO),  R.  Pawlik,  M.  Roquemore  (both  of 
AFRL),  R.  Santoro  (Pennsylvania  State  University),  and  S.  Stouffer  (UDRI)  in  Paper  No.  F17 
that  was  presented  at  the  5th  U.  S.  Combustion  Meeting,  which  was  held  25-28  March  2007  in 
San  Diego,  CA.  The  paper  is  included  in  the  Appendix. 

4.1.27  Temperature  Measurements  in  Reacting  Flows  by  Time-Resolved  fs-CARS 
Spectroscopy. 

Time-resolved  fs-CARS  spectroscopy  of  the  nitrogen  molecule  was  used  for  the  measurement  of 
temperature  in  atmospheric-pressure,  near-adiabatic,  hydrogen-air  diffusion  flames.  The  initial 
frequency-spread  dephasing  rate  of  the  Raman  coherence  induced  by  the  ultrafast  (~  85  fs) 
Stokes  and  pump  beams  was  used  as  a  measure  of  the  gas-phase  temperature.  This  initial 
frequency-spread  dephasing  rate  is  completely  independent  of  collisions  and  dependent  only  on 
the  frequency  spread  of  the  Raman  transitions  at  different  temperatures.  A  simple  theoretical 
model  based  on  the  assumption  of  impulsive  excitation  of  Raman  coherence  was  used  to  extract 
temperatures  from  time-resolved  fs-CARS  experimental  signals.  These  extracted  temperatures 
were  in  excellent  agreement  with  the  theoretical  temperatures  calculated  from  an  adiabatic- 
equilibrium  calculation.  The  estimated  absolute  accuracy  and  precision  of  the  measurement 
technique  were  found  to  be  ±  40  K  and  ±  50  K,  respectively,  over  the  temperature  range  1500  - 
2500  K.  The  results  of  this  investigation  were  documented  by  S.  Roy  (ISSI),  P.  J.  Kinnius,  R.  P. 
Lucht  (both  of  Purdue  University),  and  J.  R.  Gord  (AFRL)  in  a  paper  that  was  published  in 
Optics  Communications  [Vol.  281,  No.  2,  pp.  319-325  (January  15,  2008)].  The  paper  is 
included  in  the  Appendix  to  this  report. 
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5.0  HIGH-IMPACT-TECHNOLOGY  COMPONENT  STUDIES 


5.1  General  Overview 

The  objective  of  this  portion  of  the  program  was  to  identify  high- impact  technologies  that  could 
lead  to  reduced  component  and  operating  costs  for  future  propulsion  systems.  A  summary  of  the 
work  accomplished  on  this  task  during  the  program  follows. 

5.1.1  Stator-Cascade-Flow  Vectoring  through  Counter-Flow  Blowing  (CFB). 

Preliminary-design  computational  results  showed  that  a  significant  amount  of  increased  flow 
turning  (12  degrees)  can  be  achieved  in  a  high-tuming-stator  example  with  only  0.5%  core-flow 
CFB.  The  loading  is  held  nearly  constant  over  the  entire  blade  with  CFB,  thereby  turning  the 
flow  over  the  entire  chord.  To  explore  this  approach,  an  existing  cascade  section  was  modified 
to  implement  a  “proof-of-concept”  design.  Experimental  data  from  PIV  showed  that  an  increase 
of  8  degrees  in  turning  was  achieved  through  CFB  of  1%.  Furthermore,  an  optimum  amount  of 
blowing  exists  to  minimize  wake  increase  and  maximize  flow  vectoring.  For  this  investigation 
the  Advanced  Ducted  Propfan  Analysis  Code  (ADPAC)  2-D  model  was  calibrated  by 
comparison  to  the  experimental  results  for  a  range  of  0.15  -  0.38%  core-flow  CFB.  This  study 
has  shown  ADPAC  to  be  a  viable  design  tool  for  CFB  applications.  The  results  of  this 
investigation  were  documented  by  M.  R.  Harff,  J.  M.  Wolff  (both  of  Wright  State  University), 

W.  W.  Copenhaver,  D.  Car  (both  of  AFRL),  and  J.  Estevadeordal  (ISSI)  in  AIAA  Paper  No. 
2003-3408  that  was  presented  at  the  33rd  AIAA  Fluid  Dynamics  Conference  and  Exhibit,  which 
was  held  23  -  26  June  2003  in  Orlando,  FL.  The  paper  is  included  in  the  Appendix. 

5.1.2  Digital-Particle-Imaging-Velocimetry  (DPIV)  Measurements  of  Flow  Field  between 
Transonic  Rotor  and  Upstream  Stator. 

The  use  of  a  planar  non-intrusive  measurement  technique  such  as  DPIV  has  made  it  possible  to 
investigate  many  aspects  of  unsteady  flow  that  were  previously  considered  difficult  because  of 
the  effect  of  a  measurement  probe  on  the  flow  field  or  excessively  time-consuming  because  of 
the  pointwise  nature  of  LDV  or  Laser  Transit  Anemometry.  Furthermore,  time-accurate  CFD 
codes  are  being  developed  and  are  now  commonly  used  to  simulate  compressors  and  investigate 
complex  unsteady-flow  phenomena.  DPIV  measurements  were  made  in  a  transonic  compressor 
stage  and  used  to  investigate  interactions  between  an  upstream  stator  and  a  downstream  transonic 
rotor.  In  particular,  the  interaction  between  the  rotor  bow  shock  and  the  wake  shed  from  the 
upstream  stator  was  explored  and  offered  as  a  test  case  for  unsteady  CFD  comparison.  Results 
from  an  experiment  conducted  in  the  U.  S.  Air  Force’s  Stage-Matching-Investigation  (SMI)  rig 
showed  that  the  complex  flow  field  is  associated  with  the  interaction  of  a  downstream  transonic 
rotor  with  an  upstream  stator.  The  effect  of  changing  the  axial  gap  between  blade  rows  was 
studied  and  DPIV  plots  made  as  an  experimental  data  set  for  time-accurate  CFD  validation.  At 
close  spacing  the  wake  shedding  is  synchronized  with  the  rotor  blade-pass  frequency.  The 
interaction  of  the  rotor  bow  shock  and  wake  generator  (WG)  causes  the  wake  to  expand 
downstream  of  the  shock.  The  shock  is  split  into  two  regions  above  and  below  the  wake.  As  the 
shock  approaches  the  wake-generator  trailing  edge,  the  velocity  increases  and  causes  the  shock 
to  turn  more  normal  to  the  freestream  flow.  At  far  spacing  the  wake  convects  downstream  in  a 
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chaotic  fashion.  Bands  of  high  and  low  velocity  are  evident  from  the  rotor  bow  shock  and 
expansion  waves  downstream  of  the  shock.  The  interaction  between  the  rotor  bow  shock  and 
WG  is  much  weaker  than  the  close-spacing  interaction.  The  wake  has  mixed  out  more  at  the 
location  where  it  interacts  with  the  shock  and  neither  splits  the  shock  in  two  nor  turns  it  normal 
to  the  freestream  flow.  The  results  of  this  study  were  documented  by  S.  E.  Gorrell,  W.  W. 
Copenhaver  (both  of  AFRL)  and  J.  Estevadeordal  (ISSI)  in  a  paper  that  was  presented  at  the 
ISUAAAT  03  International  Symposium  on  Unsteady  Aerodynamics,  Aeroacoustics,  and 
Aeroelasticity  of  Turbomachines,  which  was  held  7-11  September  2003  in  Durham,  NC,  and 
published  in  the  Conference  Proceedings.  The  paper  is  included  in  the  Appendix. 

5.1.3  Investigation  on  Vortex  Shedding  of  Jet-in-a-Cross  Flow. 

An  experimental  investigation  of  a  circular  jet  issuing  from  a  wall  normal  to  a  cross  flow  was 
conducted  over  a  momentum-ratio  range  of  2.0  -  15  for  various  jet  and  cross-flow  Reynolds 
numbers.  The  flow  field  was  interrogated  using  split-film  and  DPIV  techniques  to  characterize 
the  various  regimes  of  the  flow.  The  analyzed  data  revealed  the  three  classic  vortices  that  are 
present  in  a  jet-in-cross-flow  environment:  the  leading-edge  horseshoe  vortex,  Karman-Street 
vortices,  and  the  combined  Kelvin-Helmholtz/Counter-Rotating  Vortex  Pair.  It  was  observed 
that  the  penetration  is  a  function  not  only  of  momentum  ratio  and  axial  location  but  also  of  both 
jet  and  cross-flow  Reynolds  numbers.  The  DPIV  data  qualitatively  indicated  an  increase  in  the 
Kelvin-Helmholtz  vortex-shedding  frequency  with  cross-flow  Reynolds  number.  The  results  of 
this  investigation  were  documented  by  B.  Kiel,  A.  Cox  (both  of  AFRL),  J.  Estevadeordal,  and  S. 
Gogineni  (both  of  ISSI)  in  PIV’03  Paper  3133  that  was  presented  at  the  5th  International 
Symposium  on  Particle  Image  Velocimetry,  which  was  held  22-24  September  2003  in  Busan, 
Korea.  The  paper  is  included  in  the  Appendix. 

5.1.4  Stator  Cascade  Flow  Vectoring  through  Counter-Flow  Blowing. 

Preliminary-design  computational  results  showed  that  a  significant  amount  of  increased  flow 
turning  (12  degrees)  can  be  achieved  in  a  high  turning  stator  example  with  only  0.5%  core-flow 
CFB.  To  explore  this  approach  an  existing  cascade  section  was  modified  to  implement  a  “proof- 
of-concept”  design.  Experimental  data  from  Particle  Image  Velocimetry  (PIV)  showed  that  an 
increase  of  8  degrees  in  turning  was  achieved  through  counter-flow  blowing  of  0.28%  of  the  core 
flow.  For  this  investigation  a  simplified  2-D  model  was  run  by  the  ADPAC  and  the  results 
compared  to  those  from  experiments  for  a  range  of  0.0%  to  0.30%  core  flow  counter- flow 
blowing.  Based  on  this  study,  ADPAC  has  been  shown  to  be  a  viable  design  tool  for  CFB 
applications.  The  results  of  this  study  were  documented  by  M.  R.  Harff,  J.  M.  Wolff  (both  of 
Wright  State  University),  W.  W.  Copenhaver,  D.  Car  (both  of  AFRL),  and  J.  Estevadeordal 
(ISSI)  in  a  paper  that  was  published  in  the  International  Journal  of  Turbo  and  Jet  Engines  [21, 
155-168  (October  2004)].  The  paper  is  included  in  the  Appendix. 

5.1.5  PIV  with  Light-Emitting  Diode:  Particle  Shadow  Velocimetry. 

A  particle-shadow-velocimetry  (PSV)  technique  that  employs  light  sources  with  significantly 
lower  power  than  lasers  was  developed  as  a  variant  of  PIV.  The  PSV  technique  uses  a  non¬ 
scattering  approach  that  relies  on  direct  in-line  illumination  by  a  pulsed  source  such  as  a  light- 
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emitting  diode  (LED)  onto  the  camera  imaging  system.  Narrow-depth-of-field  optical  setups  are 
employed  for  imaging  a  two-dimensional  plane  within  a  flow  volume,  and  images  that  resemble 
a  “negative”  or  “inverse”  of  the  standard  PIV  scattering  mode  are  produced  by  casting  particle 
shadows  on  a  bright  background.  In  this  technique  the  amount  of  light  reaching  the  image  plane 
and  the  contrast  of  the  seeding  particles  are  significantly  increased,  while  much  lower  power  is 
required  than  with  scattering  approaches.  The  results  of  this  investigation  were  documented  by 
J.  Estevadeordal  and  L.  Goss  (both  of  ISSI)  in  AIAA  Paper  No.  2005-37  that  was  presented  at 
the  43rd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  10-13  January  2005  in 
Reno,  NV;  these  authors  have  also  submitted  a  provisional  patent  on  this  technique.  A  paper  by 
J.  Estevadeordal,  L.  P.  Goss  (both  of  ISSI),  D.  Car,  and  T.  Bailie  (both  of  AFRL)  on  this  subject 
was  presented  at  the  30th  Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium 
(DCASS05),  which  was  held  on  8  March  2005  in  Dayton,  OH;  these  authors  also  submitted  a 
paper  in  March  2005  for  publication  in  Measurement  Science  and  Technology.  The  AIAA 
paper  is  included  in  the  Appendix. 

5.1.6  Development  of  Fiber-Optic  PIV  System  for  Turbomachinery  Applications. 

A  fiber-optic  PIV  (FOPIV)  system  was  developed  that  is  capable  of  delivering  short,  high-power 
laser  pulses  and  of  acquiring  double-exposure  images  in  flows  without  direct  optical  access.  The 
system  is  capable  of  delivering  Nd:YAG  laser  pulses  of  5-ns  duration  and  up  to  50  mJ/pulse  at 
15-Hz  rates  through  a  single  multi-mode  silica  fiber  of  1000-  to  1500-micron  diameter.  The  tip 
of  the  laser  fiber  is  terminated  into  a  housing  block  that  contains  the  laser-sheet-forming  optics. 
Image  transmission  to  the  PIV  camera  is  accomplished  through  a  high-density  1 .4-mm-diameter 
flexible  fiber  bundle  composed  of  100,000  quartz  micro  fibers.  A  lens  system  is  attached  to  the 
end  of  the  imaging  fiber  and  is  designed  for  optimal  flatness  of  the  object  plane  with  minimal 
distortion;  for  the  current  turbomachinery  application,  it  produces  a  flat  image  of  a  25-mm- 
diameter  viewing  area  that  is  50  mm  from  the  object  plane.  This  distance  to  the  object  plane  is 
selected  to  maximize  both  viewing  area  and  light-scattering  intensity  from  the  micron-sized 
seeding  particles.  Preliminary  data  were  obtained  from  a  short-test-duration  turbine-engine 
facility  without  direct  optical  access.  This  application  required  that  the  PIV  hardware  be  mounted 
through  an  interior  instrumentation  ring  that  rotates  during  the  experiment.  The  results  of  this 
investigation  were  documented  by  J.  Estevadeordal,  T.  R.  Meyer,  S.  P.  Gogineni  (all  of  ISSI),  M. 
D.  Polanka,  and  J.  R.  Gord  (both  of  AFRL)  in  AIAA  Paper  No.  2005-38  that  was  presented  at 
the  43rd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  10-13  January  2005  in 
Reno,  NV.  The  paper  is  included  in  the  Appendix. 

5.1.7  Investigation  of  PSV  for  Transonic-Flow  Applications. 

The  PSV  technique  that  employs  light  sources  with  significantly  lower  power  than  lasers  was 
investigated  as  a  variant  of  PIV  for  high-speed  flow  applications.  The  PSV  technique  uses  a 
non-scattering  approach  that  relies  on  direct  in-line  illumination  by  a  pulsed  source  such  as  an 
LED  onto  the  camera  imaging  system.  Narrow-depth-of- field  optical  setups  are  employed  for 
imaging  a  two-dimensional  plane  within  a  flow  volume,  and  images  that  resemble  a  “negative” 
or  “inverse”  of  the  standard  PIV  scattering  mode  are  produced  by  casting  particle  shadows  on  a 
bright  background.  In  this  technique  the  amount  of  light  reaching  the  image  plane  and  the 
contrast  of  the  seeding  particles  are  significantly  increased,  while  the  power  required  is  markedly 
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lower  than  that  demanded  by  scattering  approaches.  The  technique  was  investigated  for 
transonic-flow  applications.  The  results  of  this  study  were  documented  by  J.  Estevadeordal  and 
L.  Goss  (both  of  ISSI)  in  AIAA  Paper  2005-5009  that  was  presented  at  the  35th  ALAA  Fluid 
Dynamics  Conference  and  Exhibit,  which  was  held  6-9  June  2005  in  Toronto,  Canada.  The  paper 
is  included  in  the  Appendix. 

5.1.8  Fluidic-Control  Studies  for  Diffusion  Enhancement  in  Axial  Compression  Systems. 

An  experimental  research  rig  was  designed  for  evaluating  candidate  flow-control  concepts  for 
diffusion  enhancement  in  axial  compression  systems.  The  rig  is  modular  in  design  and  capable  of 
continuous  flow  in  a  Mach-0.7  environment  with  both  diffusion  and  curvature.  Candidate 
concepts  can  be  evaluated  inexpensively  in  a  realistic  axial-compression-system  flow  environment. 
Baseline  results  were  obtained.  Three  preliminary  flow-control  modules  were  tested;  all  were 
variations  on  a  theme  of  blowing-only  flow  control  using  a  slot  jet  behind  a  backward- facing  step. 
Two  of  the  variations  were  preliminary  investigations  into  the  effect  of  the  lip  thickness  of  the 
backward-facing  step  and  its  impact  on  flow-control  effectiveness.  The  third  introduced 
streamwise  vorticity  as  a  means  of  enhancing  the  interaction  between  the  blowing  jet  and  the  core 
stream  in  an  effort  to  reduce  the  secondary- flow-control  flow-fraction  requirements.  Detailed  PIV, 
pressure-sensitive-paint  (PSP),  and  exit  total-pressure  traverse  measurements  were  preformed.  The 
results  of  this  investigation  were  documented  by  D.  Car.  S.  T.  Bailie,  C.  Baudendistel,  D.  Gebbie 
(all  of  AFRL),  and  J.  Estevadeordal  (ISSI)  in  AIAA  Paper  2006-417  that  was  presented  at  the  44th 
AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  9-12  January  2006  in  Reno,  NV. 
The  paper  is  included  in  the  Appendix. 

5.1.9  PIV  Study  of  Wake-Rotor  Interactions  in  Transonic  Compressor  at  Various 
Operating  Conditions. 

Details  of  the  unsteady  flow  field  between  an  upstream  WG  and  a  downstream  rotor  closely 
spaced  in  a  transonic  compressor  were  studied  at  various  operating  conditions  using  PIV.  Flow- 
visualization  images  and  PIV  data  facilitated  analysis  of  the  details  of  shed  vortices,  wake 
motion,  and  wake-shock  interaction  phenomena.  Such  analysis  not  only  aids  the  understanding 
of  the  effect  of  blade-row  interactions  on  compressor  performance  but  also  allows  verification  of 
time-accurate  CFD  codes  that  are  used  to  characterize  transonic  compressors.  As  the  operating 
point  changed  from  choked  to  stall  and  the  rotor-bow  shock  moved  upstream,  distinct  vortex- 
shedding  patterns  were  observed  that  affected  the  wake  deviation  and  rotor  incidence.  With 
close  spacing  between  the  WG  and  the  rotor,  vortex  shedding  from  the  WG  and  the  passage  of 
the  rotor-bow  shock  were  strongly  synchronized,  and  blade-passage  “phase-locked” 
measurements  were  possible.  The  resulting  multiple  images  of  the  flow  corresponding  to  any 
blade  position  were  averaged  to  yield  vortex  and  rotor-bow-shock  locations  at  several  back 
pressures.  Using  various  post-processing  methods,  specific  shed  vortices  and  wake  topological 
features  were  isolated,  and  details  of  the  shock-wake  interaction  were  captured.  The  results  of 
this  investigation  were  documented  by  J.  Estevadeordal  (ISSI),  S.  Gorrell,  and  W.  Copenhaver 
(both  of  AFRL)  in  a  paper  that  was  published  in  Journal  of  Propulsion  and  Power  [Vol.  23,  No. 

1,  pp.  235-242  (January-February  2007)].  The  paper  is  included  in  the  Appendix. 
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5.1.10  PIV  Investigation  of  Flow  Field  in  Transonic  Compressor  Cascade  with  Moving 
Shock  Wave. 

The  unsteady  flow  field  produced  during  the  interaction  of  a  shock  wave  with  stator  blades  was 
studied  in  a  linear  cascade  using  PIV.  When  shock  waves  traveling  with  the  rotor  blades  in  axial 
transonic  compressors  interact  with  upstream  stator  blades,  unsteady  phenomena  are  produced 
such  as  vortices  and  separation  that  induce  blockage  and  losses.  Flow  visualization  and  PIV 
data,  synchronized  with  shock-wave-passage  locations,  provide  details  of  the  flow  field  in 
various  areas  of  the  cascade  passage.  The  experiments  were  conducted  in  a  transonic  blow-down 
wind  tunnel  with  a  nominal  inlet  Mach  number  of  0.65.  A  single  moving  normal  shock  was 
generated  using  a  shock  tube  that  was  external  to  the  wind  tunnel,  and  this  stock  was  introduced 
at  the  exit  of  the  stator  cascade  to  simulate  the  bow  shock  from  a  downstream  rotor.  PIV 
instantaneous  measurements  were  made  for  three  different  shock  strengths  at  various  regions  of 
interest  and  were  synchronized  with  various  instants  of  the  shock  passage.  In  each  case,  the 
passing  shock  induced  a  vortex  of  varying  size  and  strength  around  the  trailing  edge  of  the  stator. 
The  flow  pattern  included  the  disruption  and  recovery  of  the  transonic  free  stream,  shock  waves, 
vortex  flow,  vortex  blockage,  suction-side  separation,  spiraling  arms,  secondary  vortices,  and 
endwall  clearance  flows.  The  results  of  this  study  were  documented  by  J.  Estevadeordal  (ISSI), 
M.  D.  Langford  (Techsburg,  Inc.),  A.  Breeze-Stringfellow  (GE  Aircraft  Engines),  S.  A.  Guillot 
(Techsburg,  Inc.),  and  W.  F.  Ng  (Virginia  Tech)  in  AIAA  Paper  2007-5064  that  was  presented  at 
the  43rd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  which  was  held  8- 
1 1  July  2007  in  Cincinnati,  OH.  The  paper  is  included  in  the  Appendix. 

5.1.11  PIV  Study  of  Blade-Row  Interactions  in  Transonic  Compressor. 

Details  of  the  unsteady  flow  field  between  an  upstream  stator  and  a  downstream  rotor  in  a 
transonic  compressor  were  obtained  using  PIV.  Flow-visualization  images  and  PIV  data  that 
facilitate  analysis  of  vortex  shedding,  wake  motion,  wave  deviation,  rotor  incidence,  and  wake- 
shock-interaction  phenomena  were  acquired.  Such  analysis  not  only  aids  the  understanding  of 
the  effect  of  blade-row  interactions  on  compressor  performance  but  also  allows  verification  of 
time-accurate  CFD  codes  that  are  used  to  characterize  transonic  compressors.  The  present 
investigation  introduced  new  methods  for  PIV  implementation  in  complex  turbomachinery 
environments.  The  PIV  measurements  were  synchronized  with  various  rotor-blade  locations, 
and  the  instantaneous  and  averaged  velocity  fields  of  the  flow  were  calculated.  Stator-wake  and 
rotor-bow-shock  flow  interactions  in  the  blade  row  were  identified  for  various  stator/rotor  axial 
spacings  and  operating  conditions.  Using  various  post-processing  methods,  specific  shed 
vortices  and  wake  topological  features  were  isolated  and  details  of  the  shock-wake  interaction 
captured.  At  far  spacing,  the  vortices  shed  from  the  stator  were  phase-locked  and  shed  as 
counter-rotating  pairs  in  the  wake.  Rotor-bow-shock  strength  varied,  depending  on  the  axial  gap 
between  the  stator  and  rotor  and  the  operating  condition.  The  results  showed  that  as  the  rotor- 
bow-shock  is  chopped  by  the  stator  trailing  edge,  it  turns  more  normal  to  the  stator  pressure 
surface  and  propagates  upstream,  validating  a  prior  significant  observation  made  with  time- 
accurate  CFD.  The  results  of  this  investigation  were  documented  by  J.  Estevadeordal  (ISSI),  S. 
Gorrell,  D.  Gebbie,  and  S.  Puterbaugh  (all  of  AFRL)  in  AIAA  Paper  2007-5017  that  was 
presented  at  the  Joint  Propulsion  Conference  in  Cincinnati.  The  paper  is  included  in  the 
Appendix. 
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5.1.12  Investigation  of  Blade-Row  Interactions  in  Transonic  Compressor  Using  PIV. 

The  unsteady  flow  field  between  an  upstream  stator  and  a  downstream  rotor  in  a  transonic 
compressor  was  investigated  using  PIV.  For  this  investigation  a  system  was  developed  for 
obtaining  high-resolution  velocity  data  from  a  new  swirler/deswirler  stator  configuration  in  an 
axial-flow  transonic  compressor  at  CARL  at  Wright-Patterson  AFB;  this  system  was  used  to 
study  blade -row  interactions  at  various  parametric  and  operating-point  conditions.  PIV  data 
provided  details  of  unsteady  phenomena  such  as  vortex  shedding,  wake  motion,  rotor  incidence, 
bow-shock  interactions,  and  stator  pressure-  and  suction-side  properties  and  blockage.  The  PIV 
measurements  were  synchronized  with  various  rotor-blade  positions,  and  the  instantaneous  and 
averaged  velocity  fields  and  other  statistical  properties  of  the  flow  were  calculated  for  various 
stator/rotor  axial  spacings  and  operating  conditions.  Using  various  post-processing  methods, 
specific  shed  vortices  and  wake  topological  features  were  isolated,  and  details  of  the  shock-wake 
interaction  were  captured.  Results  showed  the  rotor-bow-shock  strength  and  the  relative  position 
to  the  vortices  for  each  condition,  the  relative  phase-locking  of  the  vortices  to  the  blade  position 
as  they  shed  as  counter-rotating  pairs  in  the  wake,  and  the  turning  of  the  shock  to  more  normal  to 
the  stator  pressure  surface  as  it  propagates  upstream,  validating  a  prior  significant  observation 
made  with  time-accurate  CFD.  Such  details  aid  the  understanding  of  the  effect  of  blade-row 
interactions  on  compressor  performance,  the  identification  of  loss-producing  mechanisms,  the 
establishment  of  comparisons  with  other  wake-generator  (WG)  wakes  such  as  those  of  the  blade 
row  of  the  Stage  Matching  Investigation  (SMI)  of  CARL,  and  the  verification  of  time-accurate 
CFD  codes  that  are  used  to  characterize  transonic  compressors.  The  results  of  this  study  were 
documented  by  J.  Estevadeordal  (ISSI),  S.  Gorrell  (Brigham  Young  University),  and  S.  L. 
Puterbaugh  (AFRL)  in  a  presentation  that  was  made  at  the  DCASS08.  The  visual  materials  for 
this  presentation  are  included  in  the  Appendix. 

5.1.13  PIV  Measurements  of  Blade-Row  Interactions  in  a  Transonic  Compressor  for 
Various  Operating  Conditions. 

Detailed  PIV  measurements  of  the  unsteady  flow  field  between  an  upstream  swirler/deswirler 
stator  configuration  and  a  downstream  rotor  in  a  transonic  compressor  were  made.  Flow- 
visualization  images  and  PIV  data  provide  details  of  vortex  shedding,  wake  motion,  and  shock 
interaction  phenomena  for  various  operating  conditions.  The  observations  and  analysis  aid  the 
understanding  of  the  effects  of  blade-row  interactions  on  compressor  performance  and  allow 
verification  of  time-accurate  CFD  codes  that  are  used  to  analyze  transonic  compressors. 
Synchronized  measurements  with  various  rotor-blade  locations  allow  calculation  of  phase- 
averaged  velocity  fields  of  the  flow  and  comparison  with  instantaneous  realizations.  Vortex 
shedding  and  wake  topological  features  were  isolated  and  details  of  the  shock  interactions 
captured.  The  results  revealed  details  of  the  vortex-shedding  phenomena  in  the  new 
configurations.  Data  were  obtained  in  the  suction  side  of  the  deswirler  using  special  optical- 
probe  approaches,  and  comparisons  with  a  previous  SMI  stator  configuration  were  made. 

Various  vortex  shapes  were  produced  as  a  result  of  different  bow-shock  strengths  at  near-stall 
and  peak  efficiency.  At  close-spacing  peak  efficiency,  it  was  observed  that  the  wake  was  flatter 
than  at  far  spacing.  Reducing  the  loading  on  the  BRI  stator  also  produced  thinner  wakes.  The 
results  of  this  study  were  documented  by  J.  Estevadeordal  (ISSI),  S.  Gorrell  (Brigham  Young 
University),  and  S.  Puterbaugh  (AFRL)  in  AIAA  Paper  2008-4700  that  was  presented  at  the  44th 
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AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  which  was  held  21-23  July 
2008  in  Hartford,  CT.  The  paper  is  included  in  the  Appendix. 
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6.0  ADVANCED-PROPULSION-SYSTEM  CONCEPT  STUDIES 


6.1  General  Overview 

The  objective  of  this  portion  of  the  program  was  to  identify  critical  propulsion-component 
technologies  that  must  be  addressed  for  advanced  propulsion  systems.  A  summary  of  the  work 
accomplished  on  this  task  during  the  program  follows. 

6.1.1  Initiation  of  Detonation  in  a  Large  Tube. 

One  of  the  important  design  criteria  in  the  development  of  Pulse  Detonation  Engines  (PDEs)  is 
to  stabilize  detonation  in  a  large-diameter  tube  in  the  shortest  possible  distance.  The  initial  shock 
train  emanating  from  the  ignition  source  plays  an  important  role  in  transitioning  the  deflagration 
wave  into  a  detonation.  To  sustain  such  transition  in  a  large-diameter  tube,  innovative  methods 
and  strategies  are  required.  An  experimental-numerical  investigation  was  conducted  to 
understand  the  role  of  a  contoured  body  suspended  within  the  tube  for  enhancing  the  detonation 
transition.  A  CFD  code  based  on  flux-corrected  transport  was  used  for  the  simulation  of  the  fate 
of  the  two-dimensional  detonation  wave  formed  from  the  ignition  source  and  expanded  through 
the  gap  between  the  centerbody  and  the  channel  walls.  It  was  found  that  the  reflection  of 
transverse  waves  at  the  walls  and  their  collision  near  the  leading  shock  front  are  critical  in 
sustaining  a  detonation  wave  during  expansion.  The  shock-wall  and  shock-shock  interactions 
are  enhanced  by  the  centerbody.  Simulations  further  suggested  that  the  effectiveness  of  the 
inserted  centerbody  depends  strongly  on  its  length.  The  results  of  this  investigation  were 
documented  by  V.  Katta  (ISSI),  C.  Tucker  [Air  Force  Institute  of  Technology  (AFIT)],  J.  Hoke 
(ISSI),  and  F.  Schauer  (AFRL)  in  a  paper  that  was  presented  at  the  19th  International  Colloquium 
on  the  Dynamics  of  Explosions  and  Reactive  System,  which  was  held  27  July  -  1  August  2003  in 
Hakone,  Japan.  The  paper  is  included  in  the  Appendix. 

6.1.2  Use  of  Flash-Vaporization  System  with  Liquid-Hydrocarbon  Fuels  in  a  PDE. 

In  recent  studies  [6-7]  liquid-fuel  droplets  were  found  to  hinder  the  detonation  process  in  a  PDE. 
In  the  current  study,  multi-phase  effects  were  eliminated  with  a  flash-vaporization  system  that 
vaporizes  the  liquid  fuels  prior  to  mixing  with  air.  Previously,  hydrocarbon  and  air  mixtures 
were  transitioned  from  deflagration  to  detonations  [6]  but  exhibited  long  ignition  and 
deflagration-to-detonation  transition  (DDT)  times.  In  the  present  study,  two  liquid-hydrocarbon 
fuels,  with  different  octane  numbers  (ON),  were  detonated  with  air  in  a  PDE  to  determine  the 
effect  of  octane  number  on  ignition  time  and  DDT  time.  The  premixed,  combustible  mixture 
filled  the  PDE  tubes  via  an  automotive  valve  and  cam  system,  which  is  described  in  detail 
elsewhere  [8].  N-heptane  (ON-O)  and  isooctane  (ON- 100)  were  evaluated  individually  to 
determine  the  effects  of  automotive  octane  number  on  PDE  combustion  performance.  The  ON 
has  been  considered  previously  [9]  as  an  acceptable  criterion  in  determining  the  detonability  for 
PDEs,  and  it  is  derived  based  on  the  tendency  to  “knock”  or  detonate  relative  to  isooctane  in  an 
automotive-engine  application.  The  goal  of  the  present  research  was  to  show  that  a  flash- 
vaporized  liquid-hydrocarbon  fuel  system  can  provide  the  fuel  and  air  homogeneity  required  to 
achieve  detonations.  The  octane  number  was  studied  to  determine  its  influence  on  the  ignition 
and  DDT  time  for  hydrocarbon  fuels.  The  flash-vaporization  system  provided  an  outstanding 
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method  for  achieving  the  desired  mixing  and  vaporization,  and  the  system  operating  points 
matched  well  with  the  liquid-vapor  equilibrium-model  results.  The  ignition  times  showed  little 
dependence  on  fuel-injection  temperatures  or  octane  number,  and  no  droplet  effects  were  noted. 
The  DDT  trends  were  ON-dependent,  and  the  isooctane  was  difficult  to  detonate  with  wave 
speeds  below  the  stable  Chapman-Jouget  (CJ)  wave  speeds.  The  heptane  detonated  readily  and 
produced  wave  speeds  at  or  above  CJ.  The  results  of  this  investigation  were  documented  by  K. 
C.  Tucker,  P.  I.  King  (both  of  the  Air  Force  Institute  of  Technology),  R.  P.  Bradley  (ISSI),  and  F. 
R.  Schauer  (AFRL)  in  AIAA  Paper  No.  2004-0868  that  was  presented  at  the  42nd  AIAA 
Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  5-8  January  2004  in  Reno,  NV.  The 
paper  is  included  in  the  Appendix. 

6.1.3  Assessment  of  Performance  of  Pulsejet  and  Comparison  with  a  PDE. 

The  performance  of  a  Solar  PJ32  pulsejet  engine,  which  is  a  1/5-scale  model  of  the  Argus  V-l 
pulsejet  engine  developed  for  the  Navy  in  1951,  was  evaluated  under  static  conditions  and 
compared  with  that  of  a  PDE  firing  at  similar  inlet  and  operating  conditions.  The  pulsejet  has  a 
fuel-flow  operating  range  of  2. 5-4. 5  lbm/min,  which  corresponds  to  a  thrust  range  of  40  lbf  (at 
lean  out)  to  102  lbf  (at  flood  out).  Thrust  was  calculated  from  combustion-chamber  pressure 
histories  and  agreed  with  measured  thrust  within  5-10%.  Peak  combustion-chamber  head 
pressures  range  from  8  to  20  psig,  while  significantly  higher  pressures  (80-120  psig)  are  attained 
in  PDEs.  Airflow  at  the  inlet  of  the  pulsejet  was  measured  and  used  to  calculate  specific  thrust 
and  equivalence  ratio.  Specific  thrust  ranged  from  40  to  100  lbf-s/lbm  over  the  range  of  fuel 
flows  from  lean  to  rich  conditions.  A  similarly  operating  PDE  has  a  specific  thrust  around  120 
lbf-s/lbm,  making  the  PDE  more  efficient  in  terms  of  air  flow.  The  pulsejet  equivalence  ratio 
ranged  from  0.6  to  1.0,  with  rated/peak  thrust  occurring  at  rich  conditions.  Typical  fuel-specific 
impulse  (Isp)  for  the  pulsejet  was  1400-1500  s  for  rated  thrust  conditions,  whereas  PDE 
performance  (with  a  fill  fraction  of  1)  was  around  1800  s.  For  the  PDE  operating  in  the  same  fill- 
fraction  range  as  the  pulsejet  (~  0.1),  PDE  Isp  was  estimated  to  be  6000-8000  s,  making  the  PDE 
cycle  far  more  efficient  and  desirable  at  comparable  conditions.  The  results  of  this  study  were 
documented  by  P.  J.  Litke,  F.  R.  Schauer  (both  of  AFRL),  D.  E.  Paxson  (NASA  Glenn  Research 
Center),  R.  P.  Bradley,  and  J.  L.  Hoke  (both  of  ISSI)  in  AIAA  Paper  No.  2005-228  that  was 
presented  at  the  43rd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  10-13 
January  2005  in  Reno,  NV.  The  paper  is  included  in  the  Appendix. 

6.1.4  Detonation  Initiation  of  Hydrocarbon- Air  Mixtures  in  a  PDE. 

Detonation  initiation  of  hydrocarbon-air  mixtures  is  critical  to  the  development  of  the  PDE. 
Conventionally,  oxygen  enrichment  (such  as  a  predetonator)  or  explosives  are  utilized  to  initiate 
detonations  in  hydrocarbon/air  mixtures.  While  often  effective,  such  approaches  have 
performance  and  infrastructure  issues  associated  with  carrying  and  utilizing  the  reactive 
components.  An  alternative  approach  is  to  accelerate  conventional  deflagration-to-detonation 
speeds  via  DDT.  Analysis  of  hydrocarbon-air  detonability  indicates  that  mixing  and 
stoichiometry  are  crucial  to  successful  DDT.  A  conventional  Schelkin  spiral  was  used  to  obtain 
DDT  in  hydrocarbon-air  mixtures  with  no  excess  oxidizer.  This  spiral  was  observed  to  increase 
deflagrative  flame  speeds  (through  increased  turbulence  and  flame  mixing)  and  produce  “hot¬ 
spots”  that  are  thought  to  be  compression-wave  reflections.  These  hot  spots  resulted  in  micro- 


57 

Approved  for  public  release;  distribution  is  unlimited. 


explosions  that,  in  turn,  gave  rise  to  DDT.  Time-of- flight  analysis  of  high-frequency  pressure- 
transducer  traces  indicated  that  the  wavespeeds  typically  accelerate  to  over-driven  detonation 
during  DDT  before  stabilizing  at  Chapman- Jouget  levels  as  the  combustion  front  propagates 
down  the  detonation  tube.  Results  obtained  for  a  variety  of  fuels  indicate  that  DDT  of 
hydrocarbon-air  mixtures  is  possible  in  a  PDE.  Successful  DDT  in  air  with  no  oxygen 
enrichment  was  achieved  with  propane,  100-octane  low-lead  aviation  gasoline,  kerosene-based 
military  jet  fuel  JP8,  and  the  high-energy-density  military  jet  fuel  JP10.  The  results  of  this 
investigation  were  documented  by  F.  R.  Schauer,  C.  L.  Miser,  K.  C.  Tucker  (all  of  AFRL),  R.  P. 
Bradley,  and  J.  L.  Hoke  (both  of  ISSI)  in  AIAA  Paper  No.  2005-1343  that  was  presented  at  the 
43rd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  10-13  January  2005  in 
Reno,  NV.  The  paper  is  included  in  the  Appendix. 

6.1.5  Impact  of  DDT  Mechanism,  Combustion  Wave  Speed,  Temperature,  and  Charge 
Quality  on  PDE  Performance. 

A  number  of  factors  can  affect  the  performance  of  a  PDE— detonation  initiation,  combustion 
wave  speed,  detonator  wall  temperature,  and  the  homogeneity  of  the  fuel-air  charge.  These 
factors  were  evaluated  using  a  single-tube  hydrogen-air  PDE  operating  between  10  and  29  Hz. 
Geometries  employed  for  DDT  degrade  PDE  performance  during  the  exhausting  process.  This 
effect  is  insignificant  for  hydrogen-air  mixtures  because  the  DDT  mechanism  can  be 
unobtrusive,  but  the  effect  can  be  significant  for  less  reactive  mixtures.  Typical  DDT  geometries 
used  for  hydrocarbon-air  mixtures  resulted  in  a  degradation  of  35%  for  the  hydrogen-air  mixture. 
The  drag  on  the  DDT  mechanism  was  also  found  to  increase  with  distance  from  the  thrust  wall. 
In  an  effort  to  evaluate  the  effect  of  combustion  wave  speed  on  thrust,  the  ignition  location  was 
varied.  For  choked  flames  the  performance  difference  from  detonation  was  unmeasurable;  but  as 
the  maximum  flame  velocity  decreased  from  the  choked-flame  velocity,  the  performance 
decreased.  At  800  m/s  the  thrust  was  16%  below  that  of  a  detonation,  and  at  400  m/s  the  thrust 
degradation  was  between  17  and  34%.  High  tube- wall  temperatures  reduced  the  losses  in  heat 
during  the  blow-down  process  but  increased  the  temperature  and  decreased  the  density  of  the 
fresh  charge,  resulting  in  lower  peak  pressures  and  charge  spillage.  As  the  tube  temperature 
increased,  PDE  performance  decreased  by  20%  at  10  Hz  and  by  ~  10%  at  15  and  20  Hz.  The 
axial  homogeneity  of  the  fuel-air  charge  was  decreased  by  changing  the  location  of  the  fuel 
injection.  Decreases  in  performance  of  14%  were  recorded  at  10  Hz,  even  though  detonation 
was  achieved  in  both  cases.  The  results  of  this  study  were  documented  by  J.  L.  Hoke,  R.  P. 
Bradley  (both  of  ISSI),  and  F.  R.  Schauer  (AFRL)  in  AIAA  Paper  No.  2005-1342  that  was 
presented  at  the  43  rd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  10-13 
January  2005  in  Reno,  NV.  The  paper  is  included  in  the  Appendix. 

6.1.6  Performance  Measurements  of  PDE  Engine  Ejectors. 

An  experimental  study  on  the  performance  of  PDE  ejectors  was  conducted.  Time-averaged  thrust 
augmentation  produced  by  straight  and  diverging  PDE  ejectors  was  measured  using  a  damped  thrust 
stand.  The  ejector  length-to-diameter  ratio  was  varied  from  1 .25  to  5.62  by  changing  the  length  of  the 
ejector  and  maintaining  a  nominal  ejector  diameter  ratio  of  2.75.  In  general,  the  level  of  thrust 
augmentation  was  found  to  increase  with  ejector  length.  Also,  ejector  performance  was  observed  to  be 
strongly  dependent  on  the  operating  fill  fraction.  A  new  non-dimensional  parameter  incorporating  the  fill 
fraction  was  proposed.  When  the  PDE-ejector  data  were  represented  as  a  function  of  this  new  parameter, 
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ejector  data  were  reduced  to  one  representative  thrust-augmentation  curve  for  ejectors  of  similar  internal 
geometry.  Data  on  straight  PDE  ejectors  compared  well  with  those  available  on  straight  steady-flow 
ejectors.  Diverging  PDE  ejectors  produced  nearly  twice  the  thrust  augmentation  of  their  straight  ejector 
counterparts  because  of  the  additional  thrust  surface  area  that  the  divergence  provided.  All  PDE  ejectors 
tested  were  observed  to  be  sensitive  to  the  axial  position  of  the  ejector  also.  The  optimum  ejector  axial 
placement  was  found  to  be  a  function  of  fill  fraction  resulting  from  a  trade-off  between  the  detonation- 
wave  drag  and  increased  mass  entrainment.  Downstream  ejector  placements  performed  best  at  low-fill- 
fraction  operating  conditions.  The  results  of  this  investigation  were  documented  by  D.  Allgood,  E. 
Gutmark  (both  of  the  University  of  Cincinnati),  J.  L.  Hoke,  R.  P.  Bradley  (both  of  ISSI),  and  F. 

R.  Schauer  (AFRL)  in  AIAA  Paper  No.  2005-223  that  was  presented  at  the  43rd  AIAA 
Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  10-13  January  2005  in  Reno,  NV.  The 
paper  is  included  in  the  Appendix. 

6.1.7  Performance  Measurements  of  Multi-cycle  PDE  Exhaust  Nozzles. 

Performance  measurements  of  multi-cycle  PDE  exhaust  nozzles  were  conducted  using  a  damped 
thrust  stand.  A  PDE  of  1.88-m  length  was  operated  on  a  cycle  frequency  of  30  Hz  at 
stoichiometric  conditions.  Both  converging  and  diverging  bell-shaped  exhaust  nozzles  were 
tested  for  fill  fractions  ranging  from  0.4  to  1.1.  The  area  ratios  of  the  nozzles  were  varied  from 
0.25  converging  to  4.00  diverging.  The  nozzle  length  was  negligible  compared  to  the  overall 
length  of  the  PDE.  Successful  normalization  of  PDE-nozzle  thrust  data  was  obtained  based  on 
nozzle  area  ratio  for  two  PDE  diameters  tested  (2.54  cm  and  5.08  cm).  The  optimum  nozzle  area 
ratio  was  found  to  be  a  function  of  the  PDE  fill  fraction.  For  fill  fractions  at  or  below  0.5,  the 
optimum  configuration  was  a  PDE  without  an  exhaust  nozzle.  However,  as  the  operating  fill 
fraction  was  increased  to  values  close  to  or  above  one,  thrust  enhancement  was  obtained  with  a 
converging  nozzle.  The  diverging  nozzles  also  showed  a  relative  increase  in  their  performance 
with  increased  fill  fraction.  However,  unlike  the  converging  nozzles,  the  diverging  nozzles  and 
baseline  configuration  were  observed  to  be  sensitive  to  the  ignition  delay.  The  results  of  this 
investigation  were  documented  by  D.  Allgood,  E.  Gutmark  (both  of  the  University  of 
Cincinnati),  J.  Hoke,  R.  Bradley  (both  of  ISSI),  and  F.  Schauer  (AFRL)  in  AIAA  Paper  No. 
2005-222  that  was  presented  at  the  43ld  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which 
was  held  10-13  January  2005  in  Reno,  NV.  The  paper  is  included  in  the  Appendix. 

6.1.8  Emissions-Reduction  Technology  for  Military  Gas-Turbine  Engines. 

Future  military  gas-turbine  engines  will  have  higher  performance  than  current  engines,  resulting 
in  increased  compressor  and  combustor  exit  temperatures,  combustor  pressures,  and  ftiel-air 
ratios  with  wider  operating  limits.  These  combustor  characteristics  suggest  undesirable  exhaust 
emission  levels  of  nitrogen  oxides  and  smoke  at  maximum  power  and  higher  carbon  monoxide 
and  unbumed  hydrocarbons  at  low  power.  Major  advances  in  combustor  technology  will  be 
required  to  control  emission  levels  while  improving  performance,  durability,  and  cost.  Current 
emissions-control  approaches  as  applied  to  conventional  swirl-stabilized  combustors  include 
rich-  and  lean-bum  strategies,  together  with  staged  combustion.  These  approaches,  even  in  fully 
developed  form,  may  not  be  sufficient  to  satisfy  the  projected  design  requirements. 
Unconventional  combustor  configurations  may  become  necessary.  Engine  cycles  other  than  the 
standard  Brayton  cycle  may  also  be  employed  for  special  applications  in  attempts  to  avoid  the 
use  of  excessive  combustion  temperatures.  Currently  utilized  emissions-control  approaches  were 
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considered,  and  a  comparison  was  made  with  regard  to  their  performance  and  likely  potential  for 
meeting  future  requirements.  Experimental  results  were  obtained  for  two  non-conventional 
combustor  configurations  that  have  shown  promise  for  advanced-engine  applications. 

Considered  were  cycle  changes  that  could  result  in  lower  peak  temperatures  while  maintaining 
advanced  performance.  The  results  of  this  investigation  were  documented  by  G.  J.  Sturgess 
(ISSI),  J.  Zelina,  D.  T.  Shouse,  and  W.  M.  Roquemore  (all  of  AFRL)  in  a  paper  that  was 
published  in  the  Journal  of  Propulsion  and  Power  [Vol.  21,  No.  2,  pp.  193-217  (March-April 
2005)].  The  paper  is  included  in  the  Appendix. 

6.1.9  Acoustic  Measurements  for  PDE. 

The  acoustic  environment  of  a  PDE  was  measured.  The  engine  consisted  of  one  to  four 
detonation  tubes  that  were  detonated  at  20  and  40  Hz.  Fill  fractions  and  equivalence  ratios  of  1 
and  0.5  were  tested.  All  tests  were  conducted  in  a  test  cell  that  was  not  acoustically  treated. 
Measurements  were  made  near  the  exit  of  the  tubes  and  up  to  a  distance  of  12  ft.  Time  histories 
and  narrow-band  spectral  analysis  were  generated.  A  comparison  of  sampling  frequencies  of 
200  K  and  20  K  was  made.  Numerous  potential  noise-suppression  approaches  were  evaluated. 
The  results  indicate  that  a  very  high  level  pulse  is  generated  near  the  exit  of  the  tubes  but  tends  to 
decrease  in  amplitude  fairly  rapidly  with  distance  since  the  higher  frequency  energy  dissipates  in 
the  atmosphere.  The  results  of  this  investigation  were  documented  by  L.  Shaw,  K.  Harris,  F. 
Schauer  (all  of  AFRL)  and  J.  Hoke  (ISSI)  in  AIAA  Paper  No.  2005-2952  that  was  presented  at 
the  1 1th  AIAA/CEAS  Aeroacoustics  Conference  (26th  AIAA  Aeroacoustics  Conference),  which 
was  held  23-25  May  2005  in  Monterey,  CA.  The  paper  is  included  in  the  Appendix. 

6.1.10  Performance  Assessment  of  Large-Scale  Pulsejet-Driven  Ejector  System. 

Unsteady  thrust  augmentation  was  measured  on  a  large-scale  driver/ejector  system.  A  72-in.- 
long,  6.5-in.-diameter,  100-lbfpulsejet  was  tested  with  a  series  of  straight  cylindrical  ejectors  of 
varying  length  and  diameter.  A  tapered-ejector  configuration  of  varying  length  was  also  tested. 
The  objectives  of  the  testing  were  to  determine  those  dimensions  of  the  ejectors  that  maximize 
thrust  augmentation  and  to  compare  the  dimensions  and  augmentation  levels  thus  obtained  with 
those  of  other  similarly  maximized  but  smaller  scale  systems  on  which  most  of  the  recent 
unsteady  ejector-thrust  augmentation  studies  have  been  performed.  An  augmentation  level  of 
1.71  was  achieved  with  the  cylindrical-ejector  configuration,  and  a  level  of  1.81  was  achieved 
with  the  tapered-ejector  configuration.  These  levels  are  consistent  with— but  slightly  lower  than— 
the  highest  levels  achieved  with  the  smaller  systems.  The  ejector  diameter  that  yielded 
maximum  augmentation  was  2.46  times  the  diameter  of  the  pulsejet.  This  ratio  closely  matches 
those  of  the  small-scale  experiments.  For  the  straight  ejector,  the  length  yielding  maximum 
augmentation  was  ten  times  the  diameter  of  the  pulsejet,  which  was  nearly  the  same  as  in  the 
small-scale  experiments.  Implications  for  general  scaling  of  pulsed  thrust  ejector  systems  were 
considered.  The  results  of  this  study  were  documented  by  D.  E.  Paxon  (NASA  Glenn  Research 
Center),  P.  J.  Litke,  F.  R.  Schauer  (both  of  AFRL),  R.  P.  Bradley,  and  J.  L.  Hoke  (both  of  ISSI) 
in  AIAA  Paper  2006-1021  that  was  presented  at  the  44th  AIAA  Aerospace  Sciences  Meeting  and 
Exhibit,  which  was  held  9-12  January  2006  in  Reno,  NV.  The  paper  is  included  in  the 
Appendix. 
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6.1.11  Performance  Measurements  of  Straight  and  Diverging  Ejectors  Integrated  with  a 
PDE. 

Experimental  studies  were  performed  on  a  set  of  PDE-driven  straight  and  diverging  ejectors  to 
determine  system  performance.  Ejector  performance  was  quantified  by  thrust  measurements. 

The  effects  of  PDE  operating  parameters  and  ejector  geometric  parameters  on  thrust 
augmentation  were  investigated.  PDE  operating  parameters  of  fill  fraction  and  operating 
frequency  were  varied.  Augmentation  was  observed  to  decrease  with  increasing  PDE  frequency. 
Axial  placement  of  the  ejector  was  varied  over  a  broad  range,  covering  both  upstream  and 
downstream  positions.  It  was  found  that  for  all  cases  tested,  the  maximum  thrust  augmentation 
occurred  at  a  downstream  ejector  placement.  Ejector  geometries  tested  covered  five  lengths,  in 
the  range  Leject/Deject  =  2.61  -  6.61.  The  exhaust  sections  tested  had  half-angles  of  0,  4,  8,  and 
12  degrees.  It  was  found  that  the  exhaust  section  with  half-angle  of  4  degrees  performed  best. 
The  optimum  ejector  geometry  was  determined  to  have  an  overall  length  of  Leject/Deject  =  5.61. 
A  maximum  thrust  augmentation  of  85%  was  observed  with  the  optimized  ejector  configuration 
at  a  fill  fraction  of  0.6  and  an  operating  frequency  of  30  Hz.  The  results  of  this  investigation 
were  documented  by  A.  J.  Glaser,  N.  Caldwell,  E.  Gutmark  (all  of  the  University  of  Cincinnati), 

J.  Hoke,  R.  Bradley  (both  of  ISSI),  and  F.  Schauer  (AFRL)  in  AIAA  Paper  2006-1022  that  was 
presented  at  the  44th  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  9-12 
January  2006  in  Reno,  NV.  The  paper  is  included  in  the  Appendix. 

6.1.12  Impact  of  Detonation-Initiation  Techniques  on  Thrust  in  a  PDE. 

Detonation  initiation  remains  an  impediment  to  pulsed-detonation-technology  efficacy.  Practical 
fuels  can  now  be  detonated  regularly  in  the  laboratory  using  conventional  oxygen-rich 
predetonators  or  extended  DDT  geometries;  however,  these  systems  are  not  suited  for  field  use 
because  of  the  excess  oxygen  required  for  the  predetonator  and  the  reduced  performance  due  to 
drag  of  DDT  mechanisms.  The  performance  of  a  hydrogen-air  multi-cycle  PDE  was  examined 
using  two  initiation  schemes— a  predetonator  and  a  DDT  device— to  determine  a  suitable  initiation 
mechanism.  DDT  mechanisms  typical  for  initiation  of  hydrogen  and  those  typical  for  insensitive 
hydrocarbon  fuels  were  examined.  Because  of  the  relative  ease  of  detonation  initiation, 
hydrogen  was  the  fuel  used  in  the  main  detonator  tube,  even  with  the  longer  DDT  mechanisms 
employed  for  insensitive  fuels.  The  predetonator  employed  aviation  gasoline  and  nitrous  oxide 
in  a  small  (1  -  3%  of  the  volume  of  the  main  tube)  chamber  to  initiate  a  detonation  and  generate 
an  upper  limit  on  the  expected  performance  of  DDT  initiators.  A  fuel-specific  impulse  value  of 
~  3900  sec  was  achieved  with  the  predetonator  at  10  Hz  and  an  equivalence  ratio  and  fill  fraction 
of  unity.  For  DDT  initiation  a  Schelkin-like  spiral  located  in  10  -  70%  of  the  main  detonation 
tube  volume  was  used.  Below  10%  of  the  main  tube  volume,  DDT  was  found  to  generate 
identical  impulse  to  the  predetonator  initiation;  while  for  the  longest  DDT  mechanism,  located 
throughout  70%  of  the  main-tube  volume,  a  reduction  in  fuel-specific  impulse  of  44%  was 
measured.  Head-pressure  measurements  showed  a  reduced-thrust  wall  pressure  for  the  DDT 
initiation,  probably  owing  to  the  drag  and  dissipation  of  the  retonation  wave  traveling  upstream 
through  the  DDT  mechanism.  The  results  of  this  study  were  documented  by  J.  L.  Hoke,  R.  P. 
Bradley  (both  of  ISSI),  J.  R.  Gallia,  and  F.  R.  Schauer  (both  of  AFRL)  in  AIAA  Paper  2006- 
1023  that  was  presented  at  the  44th  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  which  was 
held  9-12  January  2006  in  Reno,  NV.  The  paper  is  included  in  the  Appendix. 
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6.1.13  Performance  Measurements  of  Multi-cycle  PDE  Exhaust  Nozzles. 


Performance  measurements  of  multi-cycle  PDE  exhaust  nozzles  were  made  using  a  damped 
thrust  stand.  A  PDE  of  1.88-m  length  was  operated  on  a  cycle  frequency  of  30  Hz  at 
stoichiometric  conditions.  Both  converging  and  diverging  bell-shaped  exhaust  nozzles  were 
tested  for  PDE  fill  fractions  ranging  from  0.4  to  1.1.  The  area  ratios  of  the  nozzles  were  varied 
from  0.25  converging  to  4.00  diverging.  The  nozzle  length  was  negligible  compared  to  the 
overall  length  of  the  PDE.  The  feasibility  of  normalizing  the  PDE-nozzle  thrust  data  was 
investigated  by  testing  two  PDE  combustion-chamber  diameters  (2.54  and  5.08  cm)  with  the 
same  nozzle-area  ratios.  The  optimum  nozzle-area  ratio  was  found  to  be  a  function  of  the  PDE 
fill  fraction.  For  fill  fractions  at  or  below  0.5,  the  optimum  configuration  was  a  PDE  without  an 
exhaust  nozzle.  However,  as  the  operating  fill  fraction  was  increased  to  values  near  or  above 
one,  thrust  enhancement  was  obtained  with  a  converging  nozzle.  The  diverging  nozzles  also 
showed  a  relative  increase  in  their  performance  with  increased  fill  fraction.  Unlike  the 
converging  nozzles,  the  diverging  nozzles  and  baseline  configuration  were  observed  to  be 
sensitive  to  the  ignition  delay.  The  results  of  this  investigation  were  documented  by  D.  Allgood, 
E.  Gutmark  (both  of  the  University  of  Cincinnati),  J.  Hoke,  R.  Bradley  (both  of  ISSI),  and  F. 
Schauer  (AFRL)  in  a  paper  that  was  published  in  the  Journal  of  Propulsion  and  Power  [Vol.  22, 
No.  1,  pp.  70-77  (January-February  2006)].  The  paper  is  included  in  the  Appendix. 

6.1.14  Effects  of  Tube  and  Ejector  Geometry  on  Performance  of  PDE-Driven  Ejectors. 

Experimental  studies  were  carried  out  to  investigate  the  performance  of  various  PDE-driven 
ejector  configurations.  In  particular,  the  effects  of  detonation  tube  length  and  ejector-to-PDE 
diameter  ratio  (DR)  were  studied.  This  research  employed  a  H2-air  PDE  at  25-Hz  operating 
frequency.  Performance  was  quantified  by  thrust  measurements.  It  was  found  that  decreasing 
the  detonation  tube  length  increases  the  ejector  thrust  augmentation.  An  optimum  ejector-to- 
PDE  diameter  ratio  was  found  to  exist  in  the  range  DR=3  to  DR=3.67.  The  specific  impulse  of 
the  PDE  increased  from  the  baseline  no-ejector  value  of  3400  s  to  ~  6080  s  with  an  ejector 
installed.  The  results  of  this  investigation  were  documented  by  A.  J.  Glaser,  N.  Caldwell,  E. 
Gutmark  (all  of  the  University  of  Cincinnati),  J.  Hoke,  R.  Bradley  (both  of  ISSI),  and  F.  Schauer 
(AFRL)  in  AIAA  Paper  2006-4790  that  was  presented  at  the  42nd  AIAA/ASME/SAE/ASEE 
Joint  Propulsion  Conference  and  Exhibit,  which  was  held  9-12  July  2006  in  Sacramento,  CA. 

The  paper  is  included  in  the  Appendix. 

6.1.5  Effect  of  Supercritical  Fuel  Injection  on  Cycle  Performance  of  a  PDE. 

The  PDE  relies  on  rapid  ignition  and  formation  of  detonation  waves.  Significant  reduction  in  the 
time  that  elapses  during  the  formation  of  detonation  waves  with  low-vapor-pressure  liquid 
hydrocarbons  is  still  required  to  transition  the  PDE  from  experimentation  to  operational  use. 

This  study  was  focused  on  PDE-operation  enhancements  using  dual-detonation-tube,  concentric- 
counterflow  heat  exchangers  to  elevate  the  fuel  temperature  to  supercritical  levels.  Several 
operating  parameters  were  varied,  including  fuel  type  (JP-8,  JP-7,  JP-10,  RP-1,  JP-900,  and  S-8), 
spark  delay,  and  firing  frequency.  To  quantify  the  performance,  four  key  parameters  were 
examined:  ignition  time,  DDT  time,  detonation  distance,  and  percent  of  ignitions  resulting  in  a 
detonation  (detonation  percentage).  In  general,  for  all  fuels  except  JP-10,  increasing  the  fuel- 

62 

Approved  for  public  release;  distribution  is  unlimited. 


injection  temperature  decreased  DDT  time  by  15%  and  detonation  distance  by  up  to  30%, 
increased  the  detonation  percentage  by  up  to  1 80%,  and  had  minimal  impact  on  ignition  time. 
JP-10  was  difficult  to  detonate,  resulting  in  poor  performance.  For  all  fuels  an  increase  in  firing 
frequency  resulted  in  a  5%  decrease  in  DDT  time  at  high  fuel-injection  temperatures  but  had 
little  effect  on  ignition  time  and  detonation  distance.  Analysis  of  spark  delay  showed  that  4  ms  is 
the  best  spark  delay  at  supercritical  fuel-injection  temperatures,  based  on  total  time  to  detonation 
and  detonation  percentage.  The  results  of  this  study  were  documented  by  T.  M.  Helffich,  P.  I. 
King  (both  of  the  Air  Force  Institute  of  Technology),  J.  L.  Hoke  (ISSI),  and  F.  R.  Schauer 
(AFRL)  in  AIAA  Paper  2006-5133  that  was  presented  at  the  42nd  AIAA/ASME/SAE/ASEE 
Joint  Propulsion  Conference  and  Exhibit,  which  was  held  9-12  July  2006  in  Sacramento,  CA. 

The  paper  is  included  in  the  Appendix. 

6.1.6  Experimental  Study  of  Ejectors  Driven  by  a  PDE. 

Experimental  studies  were  performed  to  gain  a  better  understanding  of  the  operation  of  ejector 
augmentors  driven  by  a  PDE.  This  research  employed  a  H2-air  PDE  at  30-Hz  operating 
frequency.  Static  pressure  was  measured  along  the  interior  surface  of  the  ejector,  including  the 
inlet  and  exhaust  sections.  Thrust  augmentation  provided  by  the  ejector  was  calculated  by 
integration  of  the  static  pressure  measured  along  the  ejector  geometry.  The  calculated  thrust 
augmentation  was  in  good  agreement  with  the  augmentation  found  from  direct  thrust 
measurements.  Both  straight  and  diverging  ejectors  were  investigated.  The  diverging-ejector 
pressure  distribution  showed  that  the  role  of  the  diverging  section  was  to  act  as  a  subsonic 
diffuser.  Ejector  axial  position  was  also  studied.  The  ejector  pressure  data  followed  the  same 
trend  as  the  results  of  the  direct  thrust  measurements.  The  optimum  axial  placement  was  found 
to  be  downstream  of  the  PDE  near  x/Dpde  =  +2,  while  upstream  placements  tended  toward  a 
decreasing  thrust  augmentation.  To  gain  a  better  understanding  of  the  observed  performance 
trends,  shadowgraph  images  of  the  detonation  wave  and  trailing  vortex  interacting  with  the 
ejector  inlet  were  obtained.  The  results  of  this  investigation  were  documented  by  A.  J.  Glaser, 

N.  Caldwell,  E.  Gutmark  [all  of  the  University  of  Cincinnati  (UC)],  J.  Hoke,  R.  Bradley  (both  of 
ISSI),  and  F.  Schauer  (AFRL)  in  AIAA  Paper  2007-447  that  was  presented  at  the  AIAA  Meeting 
in  Reno  and  in  a  paper  that  was  presented  at  DCASS07.  The  ALAA  paper  is  included  in  the 
Appendix. 

6.1.17  Ignition  and  Detonation-Initiation  Characteristics  of  Hydrogen  and  Hydrocarbon 
Fuels  in  a  PDE. 

Over  the  past  two  decades,  several  fuels  have  been  tested  throughout  the  world  in  PDEs.  The 
present  research  focused  on  developing  a  baseline  set  of  ignition  and  detonation-initiation 
performance  measures  for  six  fuels  in  air:  hydrogen,  ethylene,  propane,  aviation  gasoline 
(avgas),  JP-8,  and  Fischer-Tropsch  JP-8  (S-8).  To  quantify  the  ignition  and  detonation-initiation 
performance,  four  parameters  were  examined:  ignition  time,  DDT  time,  DDT  distance,  and  upper 
CJ  wavespeed.  These  four  parameters  were  presented  as  a  function  of  equivalence  ratio  from 
lean-to-rich  ignition  limits  for  the  six  fuels  of  interest.  Hydrogen  was  found  to  have  the  best 
ignition  and  detonation-initiation  characteristics,  followed  by  ethylene.  Propane,  avgas,  JP-8, 
and  S-8  exhibited  similar  ignition  and  detonation-initiation  characteristics,  as  expected  based  on 
cell  size.  Minimum  ignition  times  for  all  fuels  occurred  near  an  equivalence  ratio  of  1 .3, 


63 

Approved  for  public  release;  distribution  is  unlimited. 


whereas  the  minimum  DDT  times  and  distances  occurred  between  equivalence  ratios  of  1 . 1  and 
1.2.  All  experimental  CJ  wavespeeds  were  within  5%  of  the  theoretical  value,  with  the  exception 
of  hydrogen  which  has  an  experimental  CJ  wavespeed  that  is  systematically  between  6%  and  8% 
lower  than  the  theoretical  value.  The  results  of  this  investigation  were  documented  by  T.  M. 
Helfrich,  F.  R.  Schauer  (both  of  AFRL),  R.  P.  Bradley,  and  J.  L.  Hoke  (both  of  ISSI)  in  AIAA 
Paper  2007-234  that  was  presented  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included  in  the 
Appendix. 

6.1.18  Transient  Plasma  Ignition  (TPI)  for  Delay  Reduction  in  a  PDE. 

Five  laboratories  conducted  testing  and  evaluation  of  transient  plasma  for  PDE  ignition  under 
various  conditions.  The  results  showed  significant  reductions  in  the  times  required  for 
detonation.  Critical  to  the  achievement  of  functional  levels  of  thrust  is  increased  repetition  rate; 
thus,  minimal  delay  to  detonation  times  is  an  important  parameter.  Experiments  were  conducted 
at  the  University  of  Southern  California  and  in  collaboration  with  researchers  at  the  Naval 
Postgraduate  School,  the  Air  Force  Research  Laboratory,  Stanford  University,  The  Ohio  State 
University,  and  the  University  of  Cincinnati.  In  these  studies  it  was  observed  that  TPI 
significantly  reduces  delay  times  (by  a  factor  of  two  to  nine)  in  both  static  and  flowing  systems. 
The  results  of  this  effort  were  documented  by  C.  Cathey,  F.  Wang,  T.  Tang,  A.  Kuthi,  M. 
Gundersen  [all  of  the  University  of  Southern  California  (USC)],  J.  O.  Sinibaldi,  C.  Brophy  (both 
of  the  Naval  Postgraduate  School),  E.  Barbour,  R.  K.  Hanson  (both  of  Stanford  University),  J. 
Hoke  (ISSI),  F.  Schauer  (AFRL),  J.  Corrigan,  and  J.  Yu  (both  of  The  Ohio  State  University)  in 
AIAA  Paper  2007-443  that  was  presented  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included 
in  the  Appendix. 

6.1.19  Effects  of  Corona,  Spark,  and  Surface  Discharges  on  Ignition  Delay  and  DDT  in  a 
PDE. 

The  ignition  delays  in  an  experimental  PDE  produced  by  thermal  and  non-thermal  ignitions  were 
compared.  The  commercial  thermal  ignition  has  a  pulse  duration  of  about  1  ps,  whereas  the 
non-thermal  ignitions  have  pulse  durations  of  100  ns.  Ignition  delay  is  an  important  factor,  along 
with  fill  and  purge  times,  that  limits  the  maximum  repetition  rate  and  thrust  of  PDEs.  For 
stoichiometric  fuel-air  mixtures  with  aviation  gasoline  at  1  atm  and  360  -  480  K,  an  ignition 
delay  of  6  ms  was  observed  with  a  non-thermal  ignition,  whereas  the  ignition  delay  was  1 1  ms 
with  an  aftermarket  automotive  ignition.  By  replacing  the  resistive  cable  and  resistor  of  the 
aftermarket  ignition  with  a  non-resistive  cable  and  surface  discharge  igniter,  the  ignition  delay 
was  reduced  to  7  ms,  which  is  comparable  to  that  produced  by  the  non-thermal  ignitions.  The 
results  of  this  study  were  documented  by  K.  Busby  (National  Research  Council),  J.  Corrigan,  S.- 
T.  Yu  (both  of  The  Ohio  State  University),  S.  Williams,  C.  Carter,  F.  Schauer  (all  of  AFRL),  J. 
Hoke  (ISSI),  C.  Cathey,  and  M.  Gundersen  (both  of  USC)  in  AIAA  Paper  2007-1028  that  was 
presented  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included  in  the  Appendix. 

6.1.20  Evaluation  of  Catalytic  and  Thermal  Cracking  in  a  JP-8-Fueled  PDE. 

PDEs  depend  on  rapid  ignition  and  transition  from  deflagration  to  detonation.  Converting  the 
PDE  from  experimental  to  operational  use  will  necessitate  a  considerable  reduction  in  the  time 
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required  to  ignite  and  detonate  a  liquid  hydrocarbon  fuel,  such  as  JP-8,  in  air.  This  research 
effort  was  focused  on  PDE  operation  enhancements  using  dual-detonation-tube,  concentric- 
counterflow  heat  exchanges  to  elevate  the  fuel  temperature  levels  sufficiently  to  induce  thermal 
cracking.  Additionally,  a  zeolite  catalytic  coating  was  applied  to  the  heat-exchanger  surfaces  to 
stimulate  further  cracking  of  the  fuel  and  reduce  coke  deposition.  To  quantify  the  PDE 
performance,  three  parameters  were  examined— ignition  time,  DDT)time,  and  DDT  distance.  As 
compared  with  flash-vaporized  JP-8/air  mixtures,  the  cracked  JP-8/air  mixture  produced  a 
shorter  ignition  time,  DDT  time,  and  DDT  distance  for  the  majority  of  equivalence  ratios,  with  a 
reduction  in  ignition  time  of  up  to  60%  at  908  K.  Furthermore,  both  the  ignition  and  the 
detonability  limits  were  expanded  by  cracking  the  fuel,  with  lean  limits  at  an  equivalence  ratio  of 
0.75.  Coke  depositions  found  in  the  fuel  filter  consisted  of  carbon  as  well  as  substantial 
concentrations  of  silicon  and  aluminum,  resulting  from  deterioration  of  the  silica-alumina  zeolite 
structure.  Additionally,  the  catalyst  was  coated  in  coke  deposition  after  5  hr  of  operation, 
although  no  degradation  in  performance  was  observed.  The  results  of  this  study  were 
documented  by  T.  M.  Helfrich,  F.  R.  Schauer  (both  of  AFRL),  R.  P.  Bradley,  and  J.  L.  Hoke 
(both  of  ISSI)  in  AIAA  Paper  2007-235  that  was  presented  at  the  AIAA  Meeting  in  Reno.  The 
paper  is  included  in  the  Appendix. 

6.1.21  Detonation  Propagation  across  Asymmetric  Step  Expansion. 

A  study  of  confined  detonation  transmission  across  a  step  expansion  was  conducted  using 
experimental  and  computational  techniques.  Transmission  success  of  ethylene/air  detonations  at 
various  equivalence  ratios  was  compared  with  the  transmission  of  hydrogen/air  detonations.  The 
highest  rate  of  transmission  success  in  the  experimental  results  for  ethylene  was  noted  at 
equivalence  ratios  richer  than  the  conditions  of  minimum  cell  size,  indicating  the  presence  of 
effects  other  than  cell  size  and  expansion  ratio.  Hydrogen  proved  to  have  better  transmission 
success  than  ethylene,  even  when  normalized  to  the  cell  size  upstream  of  the  expansion.  The 
difference  was  theorized  to  result  from  the  disparity  in  critical  initiation  energy  of  the  two  fuels. 
Computational  results  showed  the  presence  of  a  relationship  between  the  number  of  transverse 
waves  upstream  of  the  expansion  and  the  degree  of  expansion  that  correlates  to  success  or  failure 
of  a  confined  detonation  transmission.  Detonation  transmissions  were  also  observed  to  fail  when 
a  single  transverse  wave  in  the  upstream  channel  was  partially  reflected  at  the  step  expansion. 
The  results  of  this  study  were  documented  by  D.  R.  Hopper,  P.  I.  King  [both  of  the  Air  Force 
Institute  of  Technology  (AFIT)],  F.  R.  Schauer  (AFRL),  V.  R.  Katta,  and  J.  L.  Hoke  (both  of 
ISSI)  in  AIAA  Paper  2007-5078  that  was  presented  at  the  Joint  Propulsion  Conference  in 
Cincinnati.  The  paper  is  included  in  the  Appendix. 

6.1.22  Effect  of  Supercritical  Fuel  Injection  on  Cycle  Performance  of  a  PDE. 

PDE  engines  produce  impulsive  thrust  through  rapid  ignition  and  formation  of  detonation  waves. 
An  operational  goal  is  a  reduction  in  time  for  the  formation  of  detonation  waves  in  conjunction 
with  low-vapor-pressure  liquid  hydrocarbons.  This  study  focused  on  PDE  operation 
enhancements  using  dual-detonation-tube,  concentric-counterflow  heat  exchangers  to  elevate 
liquid-hydrocarbon  fuel  temperatures  to  supercritical  levels.  Variation  of  operating  parameters 
included  fuel  type  (JP-8,  JP-7,  JP-10,  RP-1,  JP-900,  and  S-8)  and  firing  frequency.  Of  interest  is 
the  effect  on  ignition  time,  deflagration-to-detonation  transition  time,  detonation  distance,  and 
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the  percent  of  ignitions  resulting  in  a  detonation  (detonation  percentage).  Except  for  JP-10, 
results  for  all  fuels  with  increasing  fuel-injection  temperatures  indicated  decreases  in 
deflagration-to-detonation  transition  time  by  up  to  15%,  a  decrease  in  detonation  distance  by  up 
to  30%,  increases  in  the  detonation  percentage  by  up  to  180%,  and  minimal  impact  on  ignition 
time.  JP-10  is  difficult  to  detonate,  and  results  were  inconsistent.  An  increase  in  firing 
frequency  resulted  in  a  5%  decrease  in  deflagration-to-detonation  transition  time  at  high  fuel- 
injection  temperatures  but  had  little  effect  on  ignition  time  and  detonation  distance.  The  results 
of  this  investigation  were  documented  by  T.  M.  Helfrich,  P.  I.  King  (both  of  AFIT),  J.  L.  Hoke 
(ISSI),  and  F.  R.  Schauer  (AFRF)  in  a  paper  that  was  published  in  the  Journal  of  Propulsion  and 
Power  [Vol.  23,  No.  4,  pp.  748-755  (July-August  2007)].  The  paper  is  included  in  the  Appendix. 

6.1.23  Fuel-Composition  Analysis  of  Endothermically  Heated  JP-8  Fuel  for  Use  in  a  PDE. 

Waste  heat  from  a  PDE  was  extracted  via  concentric  tube-counterflow  heat  exchangers  to 
produce  supercritical  pyrolytic  conditions  for  JP-8  fuel.  Offline  analysis  of  liquid  and  vapor  fuel 
samples  obtained  during  steady-state  operation  indicated  fuel  decomposition  via  typical  pyrolytic 
reaction  pathways.  The  liquid  analysis  showed  conversion  of  parent  fuel  components  with 
formation  of  unsaturates  (aromatics  and  alkenes)  and  smaller  alkanes.  The  gaseous  products 
consisted  of  predominantly  C1-C3  alkanes  and  alkenes  (>  50%  of  total  vapor  yield),  with 
moderate  amounts  of  hydrogen  and  C4-C6  alkanes  and  alkenes.  The  components  that  were 
present  in  the  stressed  fuel  samples  were  more  detonable  and  could  be  linked  to  improved  PDE 
performance— specifically,  shorter  ignition  time,  shorter  DDT  time,  and  shorter  DDT  distance. 
The  results  of  this  investigation  were  documented  by  E.  A.  Nagley,  P.  I.  King  [both  of  the  Air 
Force  Institute  of  Technology  (AFIT)],  F.  R.  Schauer  (AFRL),  M.  J.  DeWitt  [University  of 
Dayton  Research  Institute  (UDRI)],  and  J.  L.  Hoke  (ISSI)  in  AIAA  Paper  2008-109  for 
presentation  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included  in  the  Appendix. 

6.1.24  Direct  Initiation  by  Detonation  Branching  in  a  PDE. 

An  experimental  study  was  conducted  to  determine  the  requirements  necessary  for  successful 
branching  of  a  detonation  initiated  in  a  primary  detonation  tube,  through  a  crossover  tube,  and 
into  a  second  detonation  tube  without  the  use  of  internal  deflagration-to-detonation  transition 
hardware.  Tail-to-head  branching  was  conducted,  and  a  hydrogen-sourced  detonation  was 
observed  to  sustain  a  diameter  expansion  ratio  of  1 :2.  The  head  pressure  trace  of  a  successful 
detonation  transfer  resulting  in  Chapman- Jouget  wave  speeds  in  the  branch  ignited  tube  was  also 
observed.  The  results  of  this  study  were  documented  by  A.  R.  Hausman,  P.  I.  King,  and  D.  R. 
Hopper  (all  of  AFIT),  J.  L.  Hoke  (ISSI),  and  F.  R.  Schauer  (AFRL)  in  AIAA  Paper  No.  2008- 
108  for  presentation  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included  in  the  Appendix. 

6.1.25  Development  of  Continuous  Branching  PDE. 

A  one-dimensional  analysis  was  developed  for  the  sizing  of  a  continuous  branching  PDE.  The 
length  of  the  crossover  tubes  was  found  to  depend  on  the  number  of  thrust  tubes  in  the  engine 
and  total  engine  cycle  time  for  a  given  fuel/air  mixture.  The  natural  engine  operating  frequency 
was  then  inversely  proportional  to  the  thrust  tube  length.  Minimal  crossover  tube  length  was 
desirable  to  reduce  difficulties  with  detonation  transmission  and  other  inefficiencies  associated 
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with  long  crossover  tubes.  Proof-of-concept  experimentation  was  performed  on  a  pair  of  thrust 
tubes  connected  at  the  tail  end  of  a  perpendicular  crossover  tube.  Transient  variations  in 
wavespeed  were  observed  as  the  engine  temperature  increased;  but  under  the  right  conditions, 
consistent  detonation  transmission  was  observed.  A  continuous  branching  PDE  design  was 
demonstrated,  with  short  crossover  tubes  and  alternating  tail-tail  and  head-head  detonation 
transmission.  The  results  of  this  study  were  documented  by  D.  R.  Hopper,  P.  I.  King  (both  of 
AFIT),  J.  L.  Hoke  (ISSI),  and  F.  R.  Schauer  (AFRL)  in  AIAA  Paper  2008-112  for  presentation  at 
the  AIAA  Meeting  in  Reno.  The  paper  is  included  in  the  Appendix. 

6.1.26  Single-Ejector  Augmentation  of  Multi-tube  PDE. 

Multiple  detonation  tubes  were  directed  into  a  single  ejector  in  an  effort  to  reduce  the  added 
hardware  required  while  maintaining  the  level  of  augmentation.  By  moving  a  single  driver  off 
axis,  it  was  found  that  the  augmentation  level  could  be  maintained  for  x/d  less  than  4  and  y/d  up 
to  at  least  1.14  for  a  round  ejector.  The  ejector  augmentation,  however,  was  found  to  decrease 
by  about  25%  during  multi-tube  operation,  being  approximately  1.3  ejector- to-baseline 
augmentation  ratio.  A  linear  arrangement  of  detonation  tubes  was  constructed,  extrapolating 
typical  unsteady  ejector  parameters.  Four  linear  detonation  tubes  were  directed  at  the  linear 
ejector,  and  the  highest  ejector  augmentation  ratio  was  1.25,  even  with  reduced  fill  fraction. 

With  single-tube  operation,  the  performance  of  the  linear  ejector  was  at  best  1.15,  indicating  that 
multi-tube  effects  were  significant.  The  results  of  this  investigation  were  documented  by  J. 

Hoke,  R.  Bradley  (both  of  ISSI),  and  F.  Schauer  (AFRL)  in  AIAA  Paper  No.  2008-115  for 
presentation  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included  in  the  Appendix. 

6.1.27  Investigation  of  Fundamental  Processes  Leading  to  PDE/Ejector  Thrust 
Augmentation. 

A  series  of  shadowgraph  flow  visualizations  was  obtained  in  an  effort  to  increase  the 
understanding  of  the  fundamental  flow  characteristics  occurring  inside  an  ejector  that  is  driven 
by  a  PDE.  As  a  supplement  to  the  theories  that  have  been  developed  through  indirect  thrust  and 
static  pressure  measurements,  these  internal  flow  visualizations  provided  a  uniquely  direct 
insight  into  the  fluid  dynamics  caused  by  the  passage  of  the  detached  leading  shock  separated 
from  the  detonation  wave  and  the  subsequent  blowdown  cycle.  Using  a  two-dimensional  (2D) 
ejector  model,  flow  visualizations  of  various  ejector-PDE  separation  distances  and  ejector 
divergence  angles  were  obtained.  Additionally,  the  flow  exhausting  from  the  rear  of  an 
axisymmetric  ejector  was  captured.  A  new  2D  ejector  model  design  is  being  developed  for 
visualizing  this  type  of  flow  while  accessing  more  geometric  parameters  of  interest. 

Furthermore,  this  new  design  allows  the  measurement  of  dynamic  and  static  pressure  along  the 
length  of  the  internal  surface  of  the  ejector  and  can  simulate  forward  flight  effects  up  to  Mach 
0.3.  The  results  of  this  study  were  documented  by  N.  Caldwell,  E.  Gutmark  [both  of  the 
University  of  Cincinnati  (UC)],  J.  Hoke,  R.  Bradley  (both  of  ISSI),  and  F.  Schauer  (AFRL)  in 
AIAA  Paper  200-116  for  presentation  at  the  AIAA  Meeting  in  Reno.  The  paper  is  included  in 
the  Appendix. 
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6.1.28  Performance  Studies  of  PDE  Ejectors. 

An  experimental  study  on  the  performance  of  PDE  ejectors  was  conducted.  Time-averaged 
thrust  augmentation  produced  by  straight  and  diverging  PDE  ejectors  was  measured  using  a 
damped  thrust  stand.  The  ejector  length-to-diameter  ratio  was  varied  from  1.25  to  5.62  by 
changing  the  length  of  the  ejector  and  maintaining  a  nominal  ejector  diameter  ratio  of  2.75.  In 
general,  the  level  of  thrust  augmentation  was  found  to  increase  with  ejector  length.  Also,  the 
ejector  performance  was  observed  to  be  strongly  dependent  on  the  operating  fill  fraction.  A  new 
non-dimensional  parameter  incorporating  the  fill  fraction  was  proposed.  When  the  PDE-ejector 
data  were  represented  as  a  function  of  this  new  parameter,  the  ejector  data  were  reduced  to  one 
representative  thrust-augmentation  curve  for  ejectors  of  similar  internal  geometry.  Straight  PDE 
ejector  results  compared  well  with  the  available  data  on  straight,  steady-flow  ejectors.  Diverging 
PDE  ejectors  produced  nearly  twice  the  thrust  augmentation  of  their  straight-ejector  counterparts 
because  of  the  additional  thrust  surface  area  that  the  divergence  provided.  All  PDE  ejectors 
tested  were  observed  to  be  sensitive  to  the  axial  position  of  the  ejector  as  well.  The  optimum 
ejector  axial  placement  was  found  to  be  a  function  of  fill  fraction  resulting  from  a  trade-off 
between  the  detonation- wave  induced  drag  and  increased  mass  entrainment.  Downstream  ejector 
placements  performed  best  at  low-fill-fraction  operating  conditions.  The  results  of  this 
investigation  were  documented  by  D.  Allgood,  E.  Gutmark  [both  of  the  University  of  Cincinnati 
(UC)],  J.  L.  Hoke,  R.  P.  Bradley  (both  of  ISSI),  and  F.  R.  Schauer  (AFRL)  in  a  paper  that  was 
published  in  Journal  of  Propulsion  and  Power  [Vol.  24,  No.  6,  pp.  1317-1323  (November- 
December  2008)].  The  paper  is  included  in  the  Appendix. 

6.1.29  Study  on  Operation  of  PDE-Driven  Ejectors. 

Experimental  studies  were  performed  to  improve  the  understanding  of  the  operation  of  ejector 
augmentors  driven  by  a  PDE.  The  research  employed  a  H2-air  PDE  at  an  operating  frequency  of 
30  Hz.  Static  pressure  was  measured  along  the  interior  surface  of  the  ejector,  including  the  inlet 
and  exhaust  sections.  Thrust  augmentation  provided  by  the  ejector  was  calculated  by  integration 
of  the  static  pressure  measured  along  the  ejector  geometry.  The  calculated  thrust  augmentation 
was  in  good  agreement  with  that  obtained  from  direct  thrust  measurements.  Both  straight  and 
diverging  ejectors  were  investigated.  The  diverging-ejector  pressure  distribution  showed  that  the 
diverging  section  acts  as  a  subsonic  diffuser  and  has  a  tremendous  impact  on  the  behavior  of  the 
inlet  entrainment  flow.  Static  pressure  data  were  also  collected  for  various  ejector  axial 
positions.  These  data  supported  the  thrust-augmentation  trends  found  through  direct  thrust 
measurements.  Specifically,  the  optimum  axial  placement  was  found  to  be  downstream  of  the 
PDE  near  x/Dpde  =  +2,  whereas  upstream  placements  tended  to  result  in  decreasing  thrust 
augmentation.  To  provide  a  better  explanation  of  the  observed  performance  trends,  shadowgraph 
images  of  the  detonation  wave  and  trailing  vortex  interacting  with  the  ejector  inlet  were 
obtained.  The  results  of  this  investigation  were  documented  by  A.  J.  Glaser,  N.  Caldwell,  E. 
Gutmark  [all  of  UC],  J.  Hoke,  R.  Bradley  (both  of  ISSI),  and  F.  Schauer  (AFRL)  in  a  paper  that 
was  published  in  Journal  of  Propulsion  and  Power  [Vol.  24,  No.  6,  pp.  1324-1321  (November- 
December  2008)].  The  paper  is  included  in  the  Appendix. 
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7.0  DEMONSTRATION  OF  ADVANCED-CONCEPT 
HIGH-IMPACT  TECHNOLOGIES 


7.1  General  Overview 

The  objective  of  this  portion  of  the  program  was  to  take  high-impact  technologies  that  show 
promise  in  the  laboratory  to  a  higher  level  of  technology  demonstration  by  both  small-engine  and 
in-flight  demonstration.  A  summary  of  the  work  accomplished  on  this  task  during  the  program 
follows. 

7.1.1  A  Flight-Ready  PDE. 

Design  and  development  efforts  continue  with  a  view  toward  achieving  a  flight-ready  PDE,  and 
testing  and  development  are  in  progress  in  preparation  for  the  first  PDE  powered  flight.  A  PDE 
is  a  high-performance  cycle  that  is  highly  scalable  and  efficient  across  a  broad  operating  range 
(Mach  0-4+).  The  PDE  being  developed  here  utilizes  off-the-shelf  automotive  parts  to  permit  a 
quick  demonstration  of  the  first  PDE  flight  and  ascertain  the  viability  of  PDE  propulsion 
technology.  Future  PDE  designs  will  take  advantage  of  the  unique  characteristics  of  the  PDE 
cycle  such  as  the  possibility  of  self-actuation  and  self-aspiration  that  have  already  been 
demonstrated  at  the  Pulsed  Detonation  Research  Facility  at  Wright-Patterson  AFB  (WPAFB). 
The  four-tube  PDE  employs  a  GM  Quad-4  valve  train  to  control  the  operation  and  timing  and  a 
standard  automotive-spark-ignition  system  to  initiate  combustion  within  the  tubes.  The  PDE 
operates  on  a  premixed  mixture  of  aviation-grade  gasoline  and  air  that  is  supplied  by  a  standard 
automotive  supercharger.  Fuel  is  injected  upstream  of  the  PDE  via  an  injection  manifold  that 
was  designed  and  fabricated  in-house  and  uses  conventional  fuel  injectors.  The  air-fuel  charge, 
initially  ignited  at  atmospheric  pressure,  is  transitioned  from  a  deflagration  to  a  detonation  within 
6-ft-long  tubes  using  Schelkin-like  spirals  to  achieve  detonation  without  the  use  of  excess 
oxygen.  An  aviation  two-stroke  engine  is  incorporated  to  provide  the  mechanical  power  to  the 
PDE  and  all  of  its  sub-components,  including  supercharger,  lubrication,  electrical  power,  and 
fuel  systems.  A  Rutan-designed  aircraft,  the  LongEZ,  was  selected  as  the  test  bed  for  the  first 
PDE  flight.  The  LongEZ  is  powered  solely  by  the  PDE,  which  has  replaced  the  conventional 
pusher/prop  system  on  this  experimental  aircraft.  Final  shakedown  and  endurance  testing  is  in 
progress  at  WPAFB  in  preparation  for  the  flight  demonstration  to  take  place  at  the  Civilian  Test 
Pilot  Range  in  Mojave,  CA.  The  results  of  this  study  were  documented  by  P.  J.  Litke  (AFRL), 

R.  P.  Bradley,  J.  L.  Hoke  (both  of  ISSI),  and  F.  Schauer  (AFRL)  in  a  paper  that  was  presented  at 
the  29th  Annual  Dayton-Cincinnati  Aerospace  Science  Symposium,  which  was  held  9  March 
2004  in  Dayton,  OH.  The  visual  materials  for  this  presentation  are  included  in  the  Appendix. 

7.1.2  Manned  Demonstration  Flight  of  a  PDE. 

The  first-ever  manned  demonstration  flight  of  an  aircraft  powered  by  a  PDE  was  accomplished 
on  3 1  January  2008  at  Mojave,  California.  The  project  for  development  of  the  engine  that 
powered  this  aircraft  was  conceived  by  Dr.  Fred  Schauer  of  AFRL,  and  the  engine  was 
developed  jointly  by  AFRL  and  ISSI.  The  ISSI  team  is  under  the  direction  of  Dr.  John  Hoke.  A 
Long-EZ,  heavily  modified  by  Scaled  Composites  and  powered  solely  by  the  PDE,  was  flown  by 
a  test  pilot  from  above  the  main  runway  in  straight-and-level  flight  at  altitudes  up  to  100  ft.  At 
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peak  thrust  at  the  start  of  the  run,  the  PDE  was  producing  more  than  200  lb.  thrust.  The  prime 
objectives  of  the  AFRL/ISSI  demonstration  were  to  show  that  the  PDE  could  be  used  to  power 
an  aircraft,  that  the  aircraft  structure  could  survive  the  acoustic  pressure  of  the  Mach-5  shock 
waves  exiting  the  detonation  tubes,  and  that  the  noise  level  would  not  be  prohibitive  for  a 
manned  flight.  The  test  also  sought  to  assess  the  durability  of  the  engine,  which  had  already 
undergone  more  than  100  hr.  of  ground  testing  plus  an  additional  30  hr.  on  the  integrated 
systems.  Interest  has  been  growing  in  the  potential  of  PDEs  for  a  range  of  simple,  cost-effective 
missile  propulsion  systems  as  well  as  in  the  possible  development  of  combustion  sources  for 
commercial  and  military  gas  turbines.  Researchers  hope  that  the  first  flight  of  an  aircraft 
powered  by  a  PDE  will  accelerate  the  development  of  a  propulsion  concept  that  promises  greater 
simplicity,  lighter  weight,  and  a  wider  operating  range  than  turbomachinery.  An  article  entitled, 
“Pulse  Power  -  Pulse  Detonation  Engine-Powered  Flight  Demonstration  Marks  Milestone  in 
Mojave,”  by  Guy  Morris  appeared  in  the  February  18,  2008,  issue  of  Aviation  Week  and  Space 
Technology.  Two  articles  by  Graham  Warwick  entitled,  “First  Flight  for  PDE  =  Pretty  Darned 
Extraordinary”  and  “US  AFRL  Proves  Pulse-Detonation  Engine  Can  Power  Aircraft,”  were 
published  in  Flight  International  Magazine  on  29  February  2008  and  5  March  2008, 
respectively.  A  fourth  article  entitled,  “AFRL  Tests  Pulse  Detonation  Propulsion,”  appeared  in 
the  AIAA  Daily  Launch  on  6  March  2008.  The  first  three  articles  are  included  in  the  Appendix. 
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“Stator  Cascade  Flow  Vectoring  through  Counter  Flow  Blowing,”  M.  Harff,  M.  Wolff,  W. 
Copenhaver,  D.  Car,  and  J.  Estevadeordal,  AIAA  Paper  No.  2003-3408  presented  at  the  33rd 
AIAA  Fluid  Dynamics  Conference  and  Exhibit,  23-26  June  2003,  Orlando,  FL. 

“Crystallographic  and  Spectroscopic  Investigations  of  the  Effect  of  Preparation  Procedure  on 
CdS  Nanoparticles  Made  in  Reverse  Micelles,”  C.  E.  Bunker,  P.  Pathak,  B.  A.  Harruff,  Y.  Lin,  J. 
Widera,  J.  R.  Gord,  and  Y.-P.  Sun,  Presented  at  the  AIAA/ICAS  International  Air  and  Space 
Symposium  and  Exposition,  14-17  July  2003,  Dayton,  OH. 

“Dynamics  of  Vortex-Flame  Interactions  and  Implications  for  Turbulent  Combustion,”  T.  R. 
Meyer,  V.  R.  Katta,  M.  S.  Brown,  J.  R.  Gord,  W.  M.  Roquemore,  A.  Lemaire,  K.  Zahringer,  and 
J.  C.  Rolon,  AIAA  Paper  No.  2003-4633,  Invited  paper  presented  at  the  39th  ALAA/ASME/ 
SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  20-23  July  2003,  Huntsville,  AL. 

“Optical  Sensor  Platforms  for  Quantifying  Pollutant  Emissions  in  Combustion  Exhausts,”  J.  R. 
Gord,  R.  Barron-Jimenez,  T.  N.  Anderson,  R.  P.  Lucht,  S.  Roy,  M.  S.  Brown,  and  S.  Stouffer, 
Presented  at  the  45th  Rocky  Mountain  Conference  on  Applied  Spectroscopy,  27-31  July  2003, 
Denver,  CO. 

“Quenching  Studies  of  Highly  Luminescent  CdS  Nanoparticles  in  the  Presence  of  Sulfur 
Containing  Compounds,”  J.  Widera,  J.  R.  Gord,  and  C.  E.  Bunker,  Presented  at  the  45th  Rocky 
Mountain  Conference  on  Analytical  Chemistry,  27-31  July  2003,  Denver,  CO. 

“Dual-Pump,  Dual-Broadband  Coherent  Anti-Stokes  Raman  Scattering  for  Characterization  of 
Liquid-Fueled  Combustors,”  S.  Roy,  T.  R.  Meyer,  R.  P.  Lucht,  V.  M.  Belovich,  E.  Corporan, 
and  J.  R.  Gord,  Presented  at  the  45th  Rocky  Mountain  Conference  on  Applied  Spectroscopy,  27- 
31  July  2003,  Denver,  CO. 

“Effects  of  Dynamic  Strain  on  OH*  and  CH*  Luminescence  in  Counterflow  Diffusion  Flames,” 
J.  Miller,  A.  Lynch,  J.  R.  Gord,  T.  R.  Meyer,  M.  S.  Brown,  and  V.  Katta,  Presented  at  the  45th 
Rocky  Mountain  Conference  on  Applied  Spectroscopy,  27-31  July  2003,  Denver,  CO. 

“Initiation  of  Detonation  in  a  Large  Tube,”  V.  Katta,  C.  Tucker,  J.  Hoke,  and  F.  Schauer, 
Presented  at  the  19th  International  Colloquium  on  the  Dynamics  of  Explosions  and  Reactive 
Systems,  27  July  -  1  August  2003,  Hakone,  Japan. 

“Application  of  Advanced  Optical  Diagnostics  for  Combustion  and  Fluid  Flows,”  S.  P.  Gogineni 
and  J.  R.  Gord,  Invited  Seminar,  University  of  Texas  at  Austin,  12  August  2003,  Austin,  TX. 
“Triple-Pump  Coherent  Anti-Stokes  Raman  Scattering  (CARS):  Temperature  and  Multiple- 
Species  Concentration  Measurements  in  Reacting  Flows,”  S.  Roy,  T.  R.  Meyer,  M.  S.  Brown,  V. 
N.  Velur,  R.  P.  Lucht,  and  J.  R.  Gord,  Opt.  Commun.  224(1-3),  131  (15  August  2003). 
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“Modeling  of  Two-Photon  Absorption  Processes:  Direct  Numerical  Integration  of  the  Time- 
Dependent  Density  Matrix  Equations,”  R.  P.  Lucht,  S.  Roy,  J.  R.  Gord,  and  T.  B.  Settersten, 
Poster  presented  at  the  Gordon  Research  Conference  on  Laser  Diagnostics  in  Combustion,  17-22 
August  2003,  Oxford,  England. 

“Triple-Pump  CARS  Techniques:  From  Laboratory  Flames  to  JP-8-Fueled  Combustors,”  T.  R. 
Meyer,  S.  Roy,  M.  S.  Brown,  R.  P.,  and  J.  R.  Gord,  Poster  presented  at  the  Gordon  Research 
Conference  on  Laser  Diagnostics  in  Combustion,  17-22  August  2003,  Oxford,  England. 

“Simultaneous  CH  PLIF  and  PIV  for  the  Investigation  of  Two-Phase  Vortex-Flame 
Interactions,”  A.  Lemaire,  K.  Zahringer,  T.  Meyer,  J.  Gord,  and  J.  C.  Rolon,  Poster  presented  at 
the  Gordon  Research  Conference  on  Laser  Diagnostics  in  Combustion,  17-22  August  2003, 
Oxford,  England. 

“DPIV  Measurements  of  the  Flow  Field  between  a  Transonic  Rotor  and  an  Upstream  Stator,”  S. 
Gorrell,  W.  Copenhaver,  and  J.  Estevadeordal,  Presented  at  the  ISUAAAT  03  International 
Symposium  on  Unsteady  Aerodynamics,  Aeroacoustics,  and  Aeroelasticity  of  Turbomachines,  7- 
1 1  September  2003,  Durham,  NC,  and  published  in  Conference  Proceedings. 

“Experimental  Investigation  of  Two-Phase  Vortex-Flame  Interactions  by  PIV  and  PLIF,”  K. 
Zahringer,  A.  Lemaire,  T.  R.  Meyer,  J.  R.  Gord,  and  J.  C.  Rolon,  Presented  at  the  German 
Association  of  Engineers  Society  of  Energy  Technology  (VDI)  21st  German  Flame  Day  Meeting 
(21  Deutscher  Flammentag),  9-10  September  2003,  Cottbus,  Germany. 

“PIV  Investigation  on  the  Vortex  Shedding  of  a  Jet-in-a-Cross  Flow,”  B.  Kiel,  A.  Cox,  J. 
Estevadeordal,  and  S.  Gogineni,  Presented  at  the  5th  International  Symposium  on  PIV,  22-24 
September  2003,  Busan,  Korea. 

“Current  and  Future  Applications  of  Ultrafast  Lasers  for  Propulsion  Diagnostics,”  J.  R.  Gord,  W. 
M.  Roquemore,  M.  S.  Brown,  and  J.  L.  Blackshire,  Presented  at  the  Directed  Energy 
Professional  Society  (DEPS)  Ultrashort  Pulse  Laser  Materials  Interaction  Workshop,  25 
September  2003,  Boulder,  CO. 

“Vortex  Induced  Extinction  of  Non-Premixed  Counterflow  Flames,”  A.  Lemaire,  K.  Zahringer, 

T.  Meyer,  J.  Gord,  and  J.  C.  Rolon,  Presented  at  the  European  Combustion  Meeting,  18-21 
October  2003,  Orleans,  France. 

“Exploring  Reacting  Flows  Using  Coherent  Light,”  S.  Roy,  Invited  Presentation  at  Washington 
State  University,  5  November  2003,  Pullman,  WA. 

“Picosecond  Laser- Induced  Polarization  Spectroscopy,”  S.  Roy,  Invited  Presentation  at  the 
Materials  Directorate,  18  November  2003,  Wright-Patterson  Air  Force  Base,  OH. 

“Simultaneous  OH  PLIF  and  Planar  LII  in  the  Reaction  Zone  of  a  Swirl-Stabilized  Combustor,” 
T.  R.  Meyer,  S.  Roy,  S.  Gogineni,  E.  Corporan,  V.  M.  Belovich,  and  J.  R.  Gord,  Presented  at  the 
56th  Annual  Meeting  of  the  American  Physical  Society,  Division  of  Fluid  Dynamics,  23-25 


73 

Approved  for  public  release;  distribution  is  unlimited. 


November  2003,  East  Rutherford,  NJ.  Dr.  Gogineni  was  Chair  of  the  High  Speed  Flows  Session 
at  this  meeting. 

“PIV/PLIF  Investigation  of  Two-Phase  Vortex-Flame  Interactions:  Effects  of  Vortex  Size  and 
Strength,”  A.  Lemaire,  T.  R.  Meyer,  K.  Zahringer,  J.  R.  Gord,  and  J.  C.  Rolon,  Exp.  Fluids  36, 

36  (January  2004). 

“Single-Shot  Thermometry  and  Multiple-Species  Measurements  Using  Dual-Pump,  Dual- 
Broadband  CARS  in  a  Liquid-Fueled  CFM56  Combustor,”  S.  Roy,  T.  R.  Meyer,  R.  P.  Lucht,  V. 
M.  Belovich,  E.  Corporan,  and  J.  R.  Gord,  AIAA  Paper  No.  2004-0711,  Presented  at  the  42nd 
ALAA  Aerospace  Sciences  Meeting  and  Exhibit,  5-8  January  2004,  Reno,  NV. 

“The  Use  of  a  Flash  Vaporization  System  with  Liquid  Hydrocarbon  Fuels  in  a  Pulse  Detonation 
Engine,”  K.  C.  Tucker,  P.  I.  King,  R.  P.  Bradley,  and  F.  R.  Schauer,  AIAA  Paper  No.  2004-0868, 
Presented  at  the  42nd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  5-8  January  2004,  Reno, 
NV. 

“Modeling  Soot  in  a  Swirl  Combustor,”  V.  R.  Katta  and  W.  M.  Roquemore,  AIAA  Paper  No. 
2004-0645,  Presented  at  the  42nd  AIAA  Aerospace  Sciences  Meeting  and  Exhibit,  5-8  January 
2004,  Reno,  NV. 

“Simultaneous  PLIF/PIV  Investigation  of  Vortex-Induced  Annular  Extinction  in  H2-Air 
Counterflow  Diffusion  Flames,”  T.  R.  Meyer,  G.  J.  Fiechtner,  S.  P.  Gogineni,  J.  C.  Rolon,  C.  D. 
Carter,  and  J.  R.  Gord,  Exp.  Fluids  36,  259  (February  2004). 

“Detection  of  Atomic  Hydrogen  Using  Picosecond  Laser-Induced  Polarization  Spectroscopy,”  S. 
Roy,  T.  B.  Settersten,  B.  D.  Patterson,  R.  P.  Lucht,  and  J.  R.  Gord,  Presented  at  the  Optical 
Society  of  America  Meeting  on  Laser  Applications  to  Chemical  and  Environmental  Analysis,  9- 
1 1  February  2004,  Annapolis,  MD. 

“OH  Ground-State  Energy  Transfer  Investigated  Using  Picosecond  IR-UV  Polarization 
Spectroscopy,”  T.  B.  Settersten,  X.  Chen,  B.  D.  Patterson,  S.  Roy,  R.  P.  Lucht,  and  J.  R.  Gord, 
Presented  at  the  Optical  Society  of  America  Meeting  on  Laser  Applications  to  Chemical  and 
Environmental  Analysis,  9-11  February  2004,  Annapolis,  MD. 

“Measurement  of  Nitric  Oxide  in  Gas  Turbine  and  Coal  Combustor  Exhaust  Using  a  Diode- 
Lased-Based  Ultraviolet  Absorption  Sensor,”  T.  N.  Anderson,  R.  P.  Lucht,  R.  B.  Jimenez,  S. 
Hanna,  J.  A.  Caton,  T.  Walther,  M.  S.  Brown,  S.  Roy,  J.  R.  Gord,  I.  Critchley,  and  L.  Flamand, 
Presented  at  the  Optical  Society  of  America  Meeting  on  Laser  Applications  to  Chemical  and 
Environmental  Analysis,  9-11  February  2004,  Annapolis,  MD. 

“Measurements  of  Population  and  Orientation  Relaxation  Rates  for  Atomic  Hydrogen  Using 
Picosecond  Laser-Induced  Polarization  Spectroscopy,”  S.  Roy,  T.  B.  Settersten,  R.  P.  Lucht,  and 
J.  R.  Gord,  Presented  at  the  Annual  American  Chemical  Society/Ohio  Valley  Section  of  the 
Society  for  Applied  Spectroscopy  Poster  Session  and  Patterson  College  Awards,  2  March  2004, 
Dayton,  OH. 
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“Calibration  of  Flame  Chemiluminescence  in  Adiabatic  Hydrocarbon- Air  Flames,”  A.  C.  Lynch, 
J.  D.  Miller,  J.  R.  Gord,  T.  R.  Meyer,  and  M.  S.  Brown,  Presented  at  the  Annual  American 
Chemical  Society/Ohio  Valley  Section  of  the  Society  for  Applied  Spectroscopy  Poster  Session 
and  Patterson  College  Awards,  2  March  2004,  Dayton,  OH. 

“Investigation  of  Flame  Radicals  and  Particulate  Distributions  in  Two-Phase  Reacting  Flow,”  T. 
R.  Meyer,  S.  Roy,  S.  P.  Gogineni,  J.  R.  Gord,  V.  M.  Belovich,  and  E.  Corporan,  Presented  at  the 
Annual  American  Chemical  Society/Ohio  Valley  Section  of  the  Society  for  Applied 
Spectroscopy  Poster  Session  and  Patterson  College  Awards,  2  March  2004,  Dayton,  OH. 

“Gas-Phase  Spectroscopy  Using  Four-Wave  Mixing  Techniques,”  J.  R.  Gord,  V.  M.  Belovich,  E. 
Corporan,  S.  Roy,  T.  R.  Meyer,  and  R.  P.  Lucht,  Presented  at  the  Annual  American  Chemical 
Society/Ohio  Valley  Section  of  the  Society  for  Applied  Spectroscopy  Poster  Session  and 
Patterson  College  Awards,  2  March  2004,  Dayton,  OH. 

“Dual-Pump  Dual-Broadband  CARS  for  Fuel  and  Additive  Studies,”  J.  R.  Gord,  V.  M.  Belovich, 
E.  Corporan,  S.  Roy,  T.  R.  Meyer,  and  R.  P.  Lucht,  Presented  at  the  Annual  American  Chemical 
Society/Ohio  Valley  Section  of  the  Society  for  Applied  Spectroscopy  Poster  Session  and 
Patterson  College  Awards,  2  March  2004,  Dayton,  OH. 

“Laser-Based  Visualization  of  Flame  Structure  and  Soot  Inception  in  Highly  Turbulent  Spray 
Flames,”  T.  R.  Meyer,  S.  Roy,  S.  P.  Gogineni,  J.  R.  Gord,  V.  M.  Belovich,  and  E.  Corporan, 
Presented  at  the  29th  Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  9  March 
2004,  Dayton,  OH. 

“DPIV  with  LED  Illumination:  Application  to  Turbomachinery  and  Flow  Control,”  J. 
Estevadeordal,  D.  Car,  S.  Gorrell,  and  S.  Puterbaugh,  Presented  at  the  29th  Annual  AIAA 
Dayton-Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 

“State-of-the-Art  pH  Monitoring  of  Fuel,”  J.  Widera  and  J.  M.  Johnson,  Presented  at  the  29th 
Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 

“Studies  of  OH*,  CH*,  and  C2*  in  Methane-Air  and  Propane-Air  Flames,”  A.  C.  Lynch,  J.  D. 
Miller,  J.  R.  Gord,  T.  R.  Meyer,  and  M.  S.  Brown,  Presented  at  the  29th  Annual  AIAA  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 

“In-Situ  Measurements  of  Local  Equivalence  Ratio  Using  Chemiluminescence  in  an  Ultra 
Compact  Combustor,”  J.  Armstrong,  R.  Anthenien,  J.  Zelina,  and  M.  Brown,  Presented  at  the 
29th  Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton, 
OH. 

“Dual-Pump  Dual-Broadband  CARS  for  Fuel  and  Additive  Studies,”  J.  R.  Gord,  V.  M.  Belovich, 
E.  Corporan,  S.  Roy,  T.  R.  Meyer,  and  R.  P.  Lucht,  Presented  at  the  29th  Annual  AIAA  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 


75 

Approved  for  public  release;  distribution  is  unlimited. 


“Parallel  Computing  for  Linux  Clusters  -  Application  to  Particle  Image  Velocimetry,”  T. 
McCray,  J  Estevadeordal,  and  S.  Puterbaugh,  Presented  at  the  29th  Annual  AIAA  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 

“Two-Color  Two-Photon  Laser-Induced  Polarization  Spectroscopy  of  Atomic  Hydrogen  in 
Reacting  Flows,”  S.  Roy,  T.  Settersten,  R.  Lucht,  and  J.  Gord,  Presented  at  the  29th  Annual 
AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 

“PIV  and  CFD  Studies  of  Rotor  Bow-Shock  Strength  in  a  Transonic  Compressor,”  N.  Woods,  S. 
Gorrell,  and  J.  Estevadeordal,  Presented  at  the  29th  Annual  AIAA  Dayton-Cincinnati  Aerospace 
Science  Symposium,  9  March  2004,  Dayton,  OH. 

“A  Flight  Ready  Pulsed  Detonation  Engine,”  P.  J.  Litke,  R.  P.  Bradley,  J.  L.  Hoke,  and  F. 
Schauer,  Presented  at  the  29th  Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium, 
9  March  2004,  Dayton,  OH. 

“Influence  of  Spray-Flame  Structure  on  Soot  Formation  in  Gas-Turbine  Combustors,”  T.  R. 
Meyer,  S.  Roy,  S.  Gogineni,  E.  Corporan,  V.  Belovich,  and  J.  R.  Gord,  Presented  at  the  Spring 
Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  21-23  March  2004, 
Austin,  TX. 

“CFD  Based  Global  Chemistry  Predictions  for  Normal  and  Inverse  Laminar  Ethane  Jet 
Diffusion  Flames  under  Oxygen  Enhancement  and  Gravity- Variation,”  P.  Bhatia,  V.  R.  Katta,  P. 
B.  Sunderland,  S.  S.  Krishnan,  and  J.  P.  Gore,  Presented  at  the  2004  Technical  Meeting  of  the 
Central  States  Section  of  the  Combustion  Institute,  21-23  March  2004,  Austin,  TX. 

“Macro-  vs.  Micro-Vortex/Flame  Interactions  in  Hydrogen  Diffusion  Flames,”  V.  R.  Katta,  T.  R. 
Meyer,  J.  R.  Gord,  and  W.  M.  Roquemore,  Presented  at  the  2004  Technical  Meeting  of  the 
Central  States  Section  of  the  Combustion  Institute,  21-23  March  2004,  Austin,  TX. 

“Triple-Flame  Propagation  and  Stabilization  in  a  Laminar  Axisymmetric  Jet,”  X.  Qin,  C.  W. 
Choi,  A.  Mukhopadhyay,  I.  K.  Puri,  S.  K.  Aggarwal,  and  V.  R.  Katta,  Combust.  Theory 
Modelling  8,  293  (26  March  2004). 

“Extinction  Criterion  for  Unsteady  Opposing-Jet  Diffusion  Flames,”  V.  R.  Katta,  T.  R.  Meyer, 
M.  S.  Brown,  J.  R.  Gord,  and  W.  M.  Roquemore,  Comb.  Flame  137,  198  (April  2004). 

’’Interaction  of  Micro-Scale  Vortices  with  Diffusion  Flames,”  V.  R.  Katta,  J.  R.  Gord,  and  W.  M. 
Roquemore,  Presented  at  the  2004  International  Conference  on  Numerical  Combustion,  9-12 
May  2004,  Sedona,  AZ. 

“Two-Color,  Two-Photon  Laser- Induced  Polarization  Spectroscopy  (LIPS)  Measurements  of 
Atomic  Hydrogen  in  Near- Adiabatic,  Atmospheric  Pressure  Hydrogen/ Air  Flames,”  W.  D. 
Kulatilaka,  R.  P.  Lucht,  S.  F.  Hanna,  and  V.  R.  Katta,  Combust.  Flame  137,  523  (June  2004). 
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“Simultaneous  Laser- Induced  Incandescence  and  OH  Planar  Laser-Induced  Fluorescence  for 
Studies  of  Soot  Formation  in  Liquid-Fueled  Gas-Turbine  Combustors,”  T.  R.  Meyer,  S.  Roy,  S. 
P.  Gogineni,  V.  M.  Belovich,  E.  Corporan,  and  J.  R.  Gord,  Presented  at  the  Great  Lakes 
Photonics  Symposium,  7-11  June  2004,  Cleveland,  OH. 

“Experimental  and  Theoretical  Investigation  of  Two-Color,  Two-Photon  Laser- Induced 
Polarization  Spectroscopy  of  Atomic  Hydrogen,”  S.  Roy,  Presented  at  the  Great  Lakes  Photonics 
Symposium,  7-1 1  June  2004,  Cleveland,  OH. 

“Simulation  of  PAHs  in  Trapped- Vortex  Combustor,”  V.  R.  Katta  and  W.  M.  Roquemore, 
ASME  Paper  No.  GT2004-54165,  Presented  at  the  ASME  Turbo  Expo  2004:  Power  for  Land, 
Sea,  and  Air,  14-17  June  2004,  Vienna,  Austria;  published  in  Conference  Proceedings. 

“OH-PLIF  and  Soot  Volume  Fraction  Imaging  in  the  Reaction  Zone  of  a  Liquid-Fueled  Gas- 
Turbine  Combustor,”  T.  R.  Meyer,  S.  Roy,  S.  Gogineni,  E.  Corporan,  V.  Belovich,  and  J.  R. 
Gord,  ASME  Paper  No.  GT2004-54318,  Presented  at  the  ASME  Turbo  Expo  2004:  Power  for 
Land,  Sea,  and  Air,  14-17  June  2004,  Vienna,  Austria,  and  published  in  Conference  Proceedings. 

“Development  and  Application  of  State-of-the-Art  Advanced  Diagnostics  and  CFD  for 
Combustion  and  Fluid  Flows,”  S.  P.  Gogineni  and  J.  R.  Gord,  Invited  Seminar  at  the  Technical 
University  of  Darmstadt,  18  June  2004,  Darmstadt,  Germany. 

“Role  of  Advanced  Diagnostics  in  the  Development  of  Gas  Turbine  Engines,”  S.  P.  Gogineni 
and  J.  R.  Gord,  Invited  Seminar  at  the  GE  Jack  Welsh  Research  Center,  21  June  2004, 

Bangalore,  India. 

“Benefits  of  Suction- Surface  Blowing  in  a  Transonic  Compressor  Stator  Vane,”  J. 

Estevadeordal,  P.  Koch,  S.  Guillot,  W.  Ng,  and  D.  Car,  ALAA  Paper  No.  2004-2207  presented  at 
the  2nd  ALAA  Flow  Control  Conference,  28  June  -  1  July  2004,  Portland,  OR. 

“Studies  of  Hydroxyl  Distribution  and  Soot  Formation  in  Turbulent  Spray  Flames,”  J.  R.  Gord, 
T.  R.  Meyer,  S.  Roy,  and  S.  Gogineni,  Presented  at  the  12th  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics,  12-15  July  2004,  Lisbon,  Portugal. 

“Glimpse  of  Turbulence,”  V.  R.  Katta,  T.  R.  Meyer,  J.  R.  Gord,  and  W.  M.  Roquemore  Poster 
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Kinnius,  R.  P.  Lucht,  and  J.  R.  Gord.  Invited  paper  presented  at  the  Laser  Applications  to 
Chemical,  Security,  and  Environmental  Analysis  (LACSEA)  Meeting,  17-20  March  2008,  St. 
Petersburg,  FL. 

“Theory  of  Single-Pulse  Femtosecond  Coherent  Anti-Stokes  Raman  Scattering  Using  a  Chirped 
Probe  Beam,”  A.  K.  Patnaik,  P.  J.  Kinnius,  R.  P.  Lucht,  S.  Roy,  and  J.  R.  Gord,  Presented  at  the 
Laser  Applications  to  Chemical,  Security,  and  Environmental  Analysis  (LACSEA)  Meeting,  17- 
20  March  2008,  St.  Petersburg,  FL. 

“Measurements  of  Nitric  Oxide  Using  Single-Shot,  Midband  Electronic-Resonance-Enhanced 
Coherent  Anti-Stokes  Raman  Scattering  (ERE-CARS)  Vibrational  Spectroscopy,”  N.  Chai,  S.  V. 
Naik,  R.  P.  Lucht,  M.  N.  Laurendeau,  S.  Roy,  and  J.  R.  Gord,  Presented  at  the  Laser 
Applications  to  Chemical,  Security,  and  Environmental  Analysis  (LACSEA)  Meeting,  17-20 
March  2008,  St.  Petersburg,  FL. 

“Effect  of  Collisions  on  Time-Delayed  Picosecond  Coherent  Anti-Stokes  Raman  Scattering  (ps- 
CARS)  Spectroscopy,”  J.  R.  Gord,  P.  Hsu,  and  S.  Roy,  Presented  at  the  Laser  Applications  to 
Chemical,  Security,  and  Environmental  Analysis  (LACSEA)  Meeting,  17-20  March  2008,  St. 
Petersburg,  FL. 

“Insensitivity  of  Electronic-Resonance-Enhanced  Coherent  Anti-Stokes  Raman  Scattering  (ERE- 
CARS)  to  Electronic  Quenching,”  A.  K.  Patnaik,  S.  Roy,  R.  P.  Lucht,  and  J.  R.  Gord,  Presented 
at  the  Laser  Applications  to  Chemical,  Security,  and  Environmental  Analysis  (LACSEA) 
Meeting,  17-20  March  2008,  St.  Petersburg,  FL. 

“Stability  of  Lifted  Flames  in  Centerbody  Burner,”  V.  R.  Katta  and  W.  M.  Roquemore, 
Presented  at  the  2008  Technical  Meeting  of  the  Central  States  Section  of  the  Combustion 
Institute,  20-23  April  2008,  Tuscaloosa,  AL,  and  published  in  the  Conference  Proceedings. 

“Comparison  of  Chemical-Kinetics  Mechanisms  Through  Predicting  a  Nonpremixed  Ethylene 
Jet  Flame,”  V.  R.  Katta,  W.  M.  Roquemore,  and  R.  J.  Santoro,  Presented  at  the  2008  Technical 
Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  20-23  April  2008,  Tuscaloosa, 
AL,  and  published  in  the  Conference  Proceedings. 

“Controlling  Speed  of  Light  by  Light:  Slow  and  Stopped  Light,”  A.  K.  Patnaik,  P.  S.  Hsu,  S. 

Roy,  and  J.  R.  Gord,  Invited  presentation  at  the  Physics  Seminar  at  Wright  State  University,  25 
April  2008,  Dayton,  OH. 
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“Effects  of  H2  Enrichment  on  the  Propagation  Characteristics  of  CH4-Air  Triple  Flames,”  A.  M. 
Briones,  S.  K.  Aggarwal,  and  V.  R.  Katta,  Comb.  Flame  153,  367-383  (May  2008). 

“Femtosecond  Coherent  Anti-Stokes  Raman  Scattering  Measurement  of  Gas-Phase  Species  and 
Temperature,”  R.  P.  Lucht,  P.  J.  Kinnius,  S.  Roy,  and  J.  R.  Gord,  Presented  at  the  Conference  on 
Lasers  and  Electro-Optics/Quantum  Electronics  and  Laser  Science  Conference  (CLEO/QELS), 
5-9  May  2008,  San  Jose,  CA. 

“Perturbative  Theory  and  Modeling  of  Electronic-Resonance-Enhanced  Coherent  Anti-Stokes 
Raman  Scattering  Spectroscopy  of  Nitric  Oxide,”  J.  P.  Kuehner,  S.  V.  Naik,  W.  D.  Kulatilaka,  N. 
Chai,  N.  M.  Laurendeau,  R.  P.  Lucht,  A.  Patnaik,  M.  O.  Scully,  S.  Roy,  and  J.  R.  Gord,  J.  Chem. 
Phys.  128,  174308  (May  7,  2008). 

“Numerical  Studies  on  Cavity-Inside-Cavity-Supported  Flames  in  Ultra  Compact  Combustors,” 
V.  R.  Katta,  J.  Zelina,  and  W.  M.  Roquemore,  Paper  No.  GT2008-50853  presented  at  the  53rd 
ASME  International  Gas  Turbine  and  Aeroengine  Congress  and  Exposition,  9-13  June  2008, 
Berlin,  Germany,  and  published  in  Proceedings  of  ASME  Turbo  Expo  ’08:  Power  for  Land,  Sea, 
and  Air. 

“Applications  of  Ultrafast  Lasers  for  Optical  Measurements  in  Combusting  Flows,”  J.  R.  Gord, 
T.  R.  Meyer,  and  S.  Roy,  Invited  book  chapter,  Annual  Review  of  Analytical  Chemistry,  Vol.  1 
(Eds.  E.  S.  Yeung  and  R.  N.  Zare)  (Annual  Reviews,  Palo  Alto,  CA,  July  2008),  pp.  663-687. 

“Calculation  of  Multidimensional  Flames  Using  Large  Chemical  Kinetics,”  V.  R.  Katta  and  W. 
M.  Roquemore,  ALAA  J.  46(7),  1640-1650  (July  2008). 

“Asymmetric  Expansion  of  Detonation  Wave  in  an  Array  of  Tubes,”  V.  R.  Katta,  AIAA  Paper 
No.  2008-4778  presented  at  the  44th  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and 
Exhibit,  21-23  July  2008,  Hartford,  CT. 

“PIV  Measurements  of  Blade -Row  Interactions  in  a  Transonic  Compressor  for  Various 
Operating  Conditions,”  J.  Estevadeordal,  S.  Gorrell,  and  S.  Puterbaugh,  AIAA  Paper  No.  2008- 
4700  presented  at  the  44th  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit, 

2 1  -23  July  2008,  Hartford,  CT. 

“Theory  of  Femtosecond  Coherent  Anti-Stokes  Raman  Scattering  (CARS)  Spectroscopy  for 
Gas-Phase  Transitions,”  R.  P.  Lucht,  S.  Roy,  and  J.  R.  Gord,  Poster  presented  at  the  Work-in- 
Progress  Poster  Sessions  at  the  32nd  International  Symposium  on  Combustion,  3-8  August  2008, 
Montreal,  Canada. 

“Measurements  of  Nitric  Oxide  Concentration  in  Flames  Using  Broadband  Stokes  Electron- 
Resonance-Enhanced  Coherent  Anti-Stokes  Raman  Scattering,”  N.  Chai,  A.  Satija,  S.  V.  Naik, 

R.  P.  Lucht,  N.  M.  Laurendeau,  S.  Roy,  and  J.  R.  Gord,  Poster  presented  at  the  Work-in-Progress 
Poster  Sessions  at  the  32nd  International  Symposium  on  Combustion,  3-8  August  2008,  Montreal, 
Canada. 


101 

Approved  for  public  release;  distribution  is  unlimited. 


“Single-Laser-Shot  Detection  of  Nitric  Oxide  in  Reacting  Flows  Using  Electronic  Resonance 
Enhanced  Coherent  Anti-Stokes  Raman  Scattering,”  N.  Chai,  S.  V.  Naik,  N.  M.  Laurendeau,  R. 
P.  Lucht,  S.  Roy,  and  J.  R.  Gord,  Appl.  Phys.  Lett.  93(9)  091 1 15-1  -  091 1 15-3  (September  1, 
2008). 

“Collisional  Effects  on  Molecular  Dynamics  in  Electronic-Resonance-Enhanced  CARS,”  A. 
Patnaik,  S.  Roy,  R.  P.  Lucht,  and  J.  R.  Gord,  J.  Mod.  Opt.  55(19-20),  3263-3272  (10-20 
November  2008). 

“Efficiency  and  Scaling  of  an  Ultrashort-Pulse  High-Repetition-Rate  Laser-Driven  X-Ray 
Source,”  C.  L.  Rettig,  W.  M.  Roquemore,  and  J.  R.  Gord,  Appl.  Phys.  B  93(2-3),  365-372 
(November  2008). 

“Performance  Studies  of  Pulse  Detonation  Engine  Ejectors,”  D.  Allgood,  E.  Gutmark,  J.  Hoke, 

R.  Bradley,  andF.  Schauer,  J.  Propul.  Power  24(6),  1317-1323  (November-December  2008). 

“Study  on  the  Operation  of  Pulse-Detonation-Engine-Driven  Ejectors,”  A.  J.  Glaser,  N. 

Caldwell,  E.  Gutmark,  J.  Hoke,  R.  Bradley,  and  F.  Schauer,  J.  Propul.  Power  24(6),  1324-1331 
(November-December  2008). 

“Development  of  Nearly  Transform-Limited,  Low-Repetition-Rate,  Picosecond  Optical 
Parametric  Generator,”  P.  S.  Hsu,  S.  Roy,  and  J.  R.  Gord,  Opt.  Commun.  281(24),  6068-6071 
(December  15,  2008). 

“PIV  Investigation  of  a  Highly  Loaded  LPT  Blade  Using  a  Curved  Laser  Sheet,”  C.  Marks,  R. 
Sondergaard,  M.  Wolff,  and  J.  Estevadeordal,  AIAA  Paper  No.  2009-0301  presented  at  the  47th 
AIAA  Aerospace  Sciences  Meeting  Including  the  New  Horizons  Forum  and  Aerospace 
Exposition,  5-8  January  2009,  Orlando,  FL. 

“Gas  Phase  Temperature  Measurements  in  Reacting  Flows  Using  Fiber-Coupled  Picosecond 
CARS,”  J.  R.  Gord,  P.  S.  Hsu,  A.  K.  Patnaik,  T.  R.  Meyer,  and  S.  Roy,  AIAA  Paper  No.  2009- 
1444  presented  at  the  47th  AIAA  Aerospace  Sciences  Meeting  Including  the  New  Horizons 
Forum  and  Aerospace  Exposition,  5-8  January  2009,  Orlando,  FL. 

“Emissions  in  a  Pulsed  Detonation  Engine,”  J.  L.  Hoke,  R.  P.  Bradley,  V.  R.  Katta,  and  F.  R. 
Schauer,  AIAA  Paper  No.  2009-505  presented  at  the  47th  AIAA  Aerospace  Sciences  Meeting 
Including  the  New  Horizons  Forum  and  Aerospace  Exposition,  5-8  January  2009,  Orlando,  FL. 

“Pressure  Scaling  Effects  on  Ignition  and  Detonation  Initiation  in  a  Pulsed  Detonation  Engine,” 
A.  Naples,  S.-T.  J.  Yu,  J.  Hoke,  K.  Busby,  and  F.  Schauer,  AIAA  Paper  No.  2009-1062 
presented  at  the  47th  AIAA  Aerospace  Sciences  Meeting  Including  the  New  Horizons  Forum  and 
Aerospace  Exposition,  5-8  January  2009,  Orlando,  FL. 

“Schlieren  Imaging  of  a  Single-Ejector  Multi-Tube  Pulse  Detonation  Engine,”  J.  L.  Hoke,  A.  G. 
Naples,  L.  P.  Goss,  and  F.  R.  Schauer,  AIAA  Paper  No.  2009-1065  presented  at  the  47th  AIAA 
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Aerospace  Sciences  Meeting  Including  the  New  Horizons  Forum  and  Aerospace  Exposition,  5-8 
January  2009,  Orlando,  FL. 

“Soot  Studies  of  Laminar  Diffusion  Flames  with  Recirculation  Zones,”  W.  M.  Roquemore,  V. 
Katta,  S.  Stouffer,  V.  Belovich,  R.  Pawlik,  M.  Arstingstall,  G.  Justinger,  J.  Gord,  A.  Lynch,  J. 
Zelina,  and  S.  Roy,  Presented  at  the  32nd  International  Symposium  on  Combustion,  3-8  August 
2008,  Montreal,  Canada;  Proc.  Combust.  Inst.  32(1),  729-736  (23  January  2009). 

“Examination  of  Laminar-Flamelet  Concept  Using  Vortex/Flame  Interactions,”  V.  R.  Katta,  W. 
M.  Roquemore,  and  J.  R.  Gord,  Presented  at  the  32nd  International  Symposium  on  Combustion, 
3-8  August  2008,  Montreal,  Canada;  Proc.  Comb.  Inst.  32(1),  1019-1026  (23  January  2009). 

“Impact  of  Soot  on  Flame  Flicker,”  V.  R.  Katta,  W.  M.  Roquemore,  A.  Menon,  S-Y  Lee,  R.  J. 
Santoro,  and  T.  A.  Litzinger,  Presented  at  the  32nd  International  Symposium  on  Combustion,  3-8 
August  2008,  Montreal,  Canada;  Proc.  Combust.  Inst.  32(1),  1343-1350  (23  January  2009). 

“Simultaneous  Water  Vapor  Concentration  and  Temperature  Measurements  in  Unsteady 
Hydrogen  Flames,”  D.  Blunck,  S.  Basu,  Y.  Zheng,  V.  Katta,  and  J.  Gore,  Presented  at  the  32nd 
International  Symposium  on  Combustion,  3-8  August  2008,  Montreal,  Canada;  Proc.  Combust. 
Inst.  32(2),  2527-2534  (2009). 

“Extinguishment  of  Diffusion  Flames  around  a  Cylinder  in  a  Coaxial  Air  Stream  with  Dilution 
or  Water  Mist,”  F.  Takahashi  and  V.  R.  Katta,  Presented  at  the  32nd  International  Symposium  on 
Combustion,  3-8  August  2008,  Montreal,  Canada;  Proc.  Combust.  Inst.  32(2),  2615-2623  (2009). 

“Magneto-Optical  Control  of  Speed  of  Light,”  A.  K.  Patnaik,  P.  S.  Hsu,  S.  Roy,  and  J.  R.  Gord, 
To  be  presented  at  the  40th  Annual  Meeting  of  the  American  Physical  Society,  Division  of 
Atomic,  Molecular,  and  Optical  Physics,  19-23  May  2009,  Charlottesville,  VA. 

“Effect  of  Orientation  and  Alignment  Dynamics  of  the  Angular-Momentum  Distribution  on  the 
Generation  of  Short-Pulse,  Laser-Induced  Polarization-Spectroscopy  (LIPS)  Signals,”  S.  Roy,  R. 
P.  Lucht,  and  J.  R.  Gord,  To  be  submitted  to  the  Journal  of  Chemical  Physics. 

“Effects  of  Collisions  on  Electronic-Resonance-Enhanced  Coherent  Anti-Stokes  Raman 
Scattering  of  Nitric  Oxide,”  A.  K.  Patnaik,  S.  Roy,  J.  R.  Gord,  R.  P.  Lucht,  and  T.  B.  Settersten, 
To  be  submitted  to  the  Journal  of  Chemical  Physics. 

9.2  Significant  Accomplishments 

Dr.  Sivaram  Gogineni  (ISSI)  is  a  member  of  the  ASME/IGTI  Technical  Committees  for  Fuels 
and  Combustion,  Turbomachinery,  and  Education. 

In  2003  photographs  from  the  following  six  previously  published  articles  were  selected  for 
inclusion  in  “A  Gallery  of  Fluid  Motion,”  a  book  published  by  the  American  Physical 
Society/Division  of  Fluid  Dynamics  (APS/DFD)  (M.  Samimy,  K.  S.  Breur,  L.  G.  Leal,  and  P.  H. 
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Steen,  Eds.,  Cambridge  University  Press,  2003).  This  book  contains  photographs  from  award¬ 
winning  posters  submitted  over  the  past  18  years  at  the  APS/DFD  Annual  Meetings. 


1.  “High  Free-Stream  Turbulence  Influence  on  Turbine  Film  Cooling  Flows,”  by  S.  Gogineni 
(ISSI),  R.  Rivir,  D.  Pestian  (both  of  AFRL),  and  L.  Goss  (ISSI). 

2.  “Interaction  of  2D  Wake  and  Jet  Plume,”  by  W.  M.  Roquemore  (AFRL),  R.  L.  Britton  (ISSI), 
R.  S.  Tankin  (Northwestern  University),  C.  A.  Boedicker  (AFIT),  M.  M.  Whitaker,  and  D.  D. 
Trump  (both  of  ISSI). 

3.  “Flame -Vortex  Interactions  in  a  Driven  Diffusion  Flame,”  by  K.  Y.  Hsu,  V.  R.  Katta,  L.  P. 
Goss,  D.  D.  Trump  (all  of  ISSI),  L.  D.  Chen  (University  of  Iowa),  and  W.  M.  Roquemore 
(AFRL). 

4.  “Jet  Diffusion  Flame  Transition  to  Turbulence,”  by  W.  M.  Roquemore  (AFRL),  L.  D.  Chen, 
J.  P.  Seaba,  P.  S.  Tschen  (all  of  the  University  of  Iowa),  L.  P.  Goss,  and  D.  D.  Trump  (both 
of  ISSI). 

5.  “Comparison  of  Transitional  Free  Jet  and  Wall  Jet,”  by  S.  Gogineni  (ISSI),  C.  Shih,  and  A. 
Krothapalli  (both  of  Florida  State  University). 

6.  “Dynamics  of  Jet  in  Cross  Flow,”  by  S.  P.  Gogineni,  M.  M.  Whitaker,  L.  P.  Goss  (all  of 
ISSI),  and  W.  M.  Roquemore  (AFRL). 

In  2003  Dr.  W.  M.  Roquemore  (AFRL)  received  the  Propellants  and  Combustion  Award.  He 
was  nominated  by  Dr.  Sivaram  Gogineni  (ISSI). 

The  December  2003  issue  of  Aerospace  America  contains  an  annual  review  article  entitled, 
“Fluid  Dynamics,”  which  was  co-authored  by  Dr.  Sivaram  Gogineni  (ISSI). 

In  2003  and  2004  Dr.  Sivaram  Gogineni  (ISSI)  successfully  nominated  19  AIAA  members  for 
Senior  Member  Upgrades,  24  members  for  Associate  Fellow  Upgrades,  and  two  members  for 
Fellow  Upgrades  (one  of  which  was  Maj.  Gen.  Paul  Nielsen,  AFRL  Commander).  Dr.  Gogineni 
is  Deputy  Director  (Honors  and  Awards)  for  Region  III. 

Dr.  Sivaram  Gogineni  (ISSI)  is  a  member  of  the  AIAA  Aerodynamics  Measurement  Technology 
Committee  and  the  Fluid  Dynamics  Technical  Committee;  on  the  latter,  he  served  as  Chair  of  the 
Information  and  Publications  Subcommittee  in  2003  and  2004.  He  served  as  Chair  of  the 
Corporate  Sponsorship  and  Keynote  Address  Committees  for  the  29th  Annual  AIAA  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  which  was  held  9  March  2004  in  Dayton,  OH.  He  is 
Deputy  Director  (Technical  Activities)  for  Region  III. 

Dr.  Sivaram  Gogineni  (ISSI)  will  be  serving  as  Chair  of  the  AIAA  Web  Development  Team 
from  2003  to  2005.  He  was  appointed  by  the  President  of  AIAA  from  a  field  of  12  distinguished 
members  to  revamp  the  national  AIAA  website  and  lead  a  team  of  20  AIAA  members  who  are 
nationally  recognized  in  diverse  fields. 
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Dr.  Sivaram  Gogineni  (ISSI)  served  as  Session  Organizer  and  Session  Chair  for  the  ASME/IGTI 
Turbo  Expo,  which  was  held  16-19  June  2003  in  Atlanta,  GA. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  a  Session  Organizer  and  Session  Chair  at  the  33rd  AIAA 
Fluid  Dynamics  Conference  and  Exhibit,  23-26  June  2003,  Orlando,  FL. 

An  invited  paper  entitled,  “Dynamics  of  Vortex-Flame  Interactions  and  Implications  for 
Turbulent  Combustion,”  by  T.  R.  Meyer  V.  R.  Katta,  M.  S.  Brown  (all  of  ISSI),  J.  R.  Gord,  W. 
M.  Roquemore  (both  of  AFRL),  A.  Lemaire,  K.  Zahringer,  and  J.  C.  Rolon  (all  of  Ecole  Centrale 
Paris)  was  presented  at  the  39th  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and 
Exhibit,  20-23  July  2003,  Huntsville,  AL.  The  paper  was  published  as  AIAA  Paper  No.  2003- 
4633. 

An  invited  seminar  entitled,  “Application  of  Optical  Diagnostics  to  Combustion  and  Fluid 
Flows,”  by  S.  P.  Gogineni  (ISSI)  and  J.  R.  Gord  (AFRL)  was  presented  at  the  University  of 
Texas  at  Austin,  12  August  2003,  Austin,  TX. 

An  invited  paper  entitled,  “Exploring  Reacting  Flows  Using  Coherent  Light,”  was  presented  by 
Dr.  Sukesh  Roy  (ISSI)  at  Washington  State  University,  5  November  2003,  Pullman,  WA. 

An  invited  paper  entitled,  “Picosecond  Laser- Induced  Polarization  Spectroscopy,”  was  presented 
by  Dr.  Sukesh  Roy  (ISSI)  at  the  Materials  Directorate,  18  November  2003,  Wright-Patterson  Air 
Force  Base,  OH. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  Chair  of  the  High  Speed  Flows  Session  at  the  56th  Annual 
Meeting  of  the  American  Physical  Society,  Division  of  Fluid  Dynamics,  23-25  November  2003, 
East  Rutherford,  NJ. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  Vice  Chair  of  the  Dayton  Section  of  ASME  during  2003 
and  2004  and  as  Chair  during  2004  and  2005. 

In  January  2004,  Dr.  Michael  Brown  (ISSI)  became  an  AIAA  Associate  Fellow. 

Dr.  Sivaram  Gogineni  (ISSI)  successfully  nominated  Dr.  Biswa  Ganguly  (AFRL)  to  serve  on  the 
AIAA  Plasma  Dynamics  and  Lasers  Technical  Committee.  He  was  selected  to  serve  on  the 
committee  in  January  2004. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  Session  Reviewer  and  Session  Chair  for  the  42nd  AIAA 
Aerospace  Sciences  Meeting  and  Exhibit,  which  was  held  5-8  January  2004  in  Reno,  NV. 

In  2004  Dr.  Sivaram  Gogineni  (ISSI)  successfully  nominated  Drs.  Ron  Hanson  (Stanford 
University),  Vince  Miller  (AFRL/VA),  M.  S.  Chandra  (Naval  Post-Graduate  School),  R.  Kimmel 
(AFRL/VA),  and  R.  Bowersox  (Texas  A&M  University)  for  ASME  Fellow. 
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A  photograph  by  Dr.  Jordi  Estevadeordal  (ISSI)  entitled,  “Wind  Caprices,”  received  the  Third- 
Place  Award  in  the  Art  in  Science  competition,  which  was  held  in  conjunction  with  the  29th 
Annual  ALAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  9  March  2004,  Dayton,  OH. 

Dr.  Sivaram  Gogineni  (ISSI)  participated  in  the  DARPA  Workshop  on  Ultra-Short  Pulse  Lasers 
as  Next  Generation  Hyperspectral  Radiography  Sources,  which  was  held  30-31  March  2004  in 
Arlington,  VA. 

Dr.  Sivaram  Gogineni  (ISSI)  will  be  serving  as  Associate  Editor  of  the  ASME  Journal  of  Fluids 
Engineering  from  2004  to  2006.  He  also  serves  as  a  reviewer  for  Experiments  in  Fluids,  for 
AIAA  and  ASME  journals,  and  for  grants  and  proposals  for  NSF  and  AFOSR. 

Dr.  Sivaram  Gogineni  (ISSI)  successfully  nominated  Dr.  James  Gord  and  Dr.  Robert  Hancock 
(both  of  AFRL)  for  the  Superachiever  40  under  40  Award  sponsored  by  the  Dayton  Business 
Journal.  They  received  this  award  on  22  April  2004. 

Dr.  Sivaram  Gogineni  (ISSI)  took  part  in  the  AIAA-Sponsored  Congressional  Visits  Day,  which 
was  held  20-22  April  2004  in  Washington,  D.  C.,  and  in  the  20th  Annual  Community  Leader 
Visit  to  Washington,  D.  C.  on  2-6  May  2004. 

Dr.  Geoffrey  Sturgess  (ISSI)  taught  a  course  entitled,  “Basic  Combustion,”  at  Honeywell,  9-14 
May  2004,  Phoenix,  AZ. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  Session  Co-Organizer  and  Session  Chair  for  the 
ASME/IGTI  Turbo  Expo  2004:  Power  for  Land,  Sea,  and  Air,  which  was  held  14-17  June  2004 
in  Vienna,  Austria. 

Dr.  Sivaram  Gogineni  (ISSI)  was  invited  to  present  two  seminars:  1)  “Development  and 
Application  of  State-of-the-Art  Advanced  Diagnostics  for  Combustion  and  Fluid  Flows,”  at  the 
Technical  University  of  Darmstadt  on  18  June  2004  in  Darmstadt,  Germany,  and  2)  “Role  of 
Advanced  Diagnostics  in  the  Development  of  Gas  Turbine  Engines,”  at  the  Jack  Welch  Research 
Center  on  2 1  June  2004  in  Bangalore,  India. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  Session  Reviewer  for  the  34th  AIAA  Fluid  Dynamics 
Conference  and  Exhibit,  which  was  held  28  June  -  1  July  2004  in  Portland,  OR. 

Dr.  Geoffrey  Sturgess  (ISSI)  taught  a  one-day  course  entitled,  “Combustor  Lean  Blowout  and 
Relight,”  at  Pratt  &  Whitney,  7  July  2004,  Hartford,  CT. 

A  poster  entitled,  “Glimpse  of  Turbulence,”  by  V.  R.  Katta,  T.  R.  Meyer  (both  of  ISSI),  J.  R. 
Gord,  and  W.  M.  Roquemore  (both  of  AFRL)  received  the  First-Place  Award  in  the  Combustion 
Art  Competition  that  was  held  in  conjunction  with  the  Thirtieth  Symposium  (International)  on 
Combustion,  25-30  July  2004,  Chicago,  IL. 

Dr.  Sivaram  Gogineni  (ISSI)  will  serve  for  the  period  2004  -  2006  on  the  Advisory  Committee 
for  the  biennial  International  Symposium  on  Applications  of  Laser  Techniques  to  Fluid 
Mechanics,  which  is  held  in  Lisbon,  Portugal. 
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Dr.  Viswanath  Katta  (ISSI)  became  an  ASME  Fellow  in  August  2004. 

Dr.  Sukesh  Roy  (ISSI)  was  one  of  86  innovative  young  engineers  from  the  U.  S.  selected  to 
participate  in  the  National  Academy  of  Engineer’s  10th  Annual  Frontiers  of  Engineering 
Symposium,  which  was  held  9-11  September  2004  in  Irvine,  CA. 

Dr.  Sivaram  Gogineni  (ISSI)  became  an  ASME  Fellow  in  November  2004. 

Dr.  Sivaram  Gogineni  (ISSI)  was  one  of  eight  speakers  at  a  celebration  on  17  December  2004  to 
honor  TAM  Emeritus  Professor  Ronald  J.  Adrian  of  the  University  of  Illinois  for  his  32  years  of 
service.  Other  presentations  were  made  by  scientists  from  Princeton  University,  the  University 
of  California,  the  Illinois  Institute  of  Technology,  and  TSI. 

An  invited  paper  entitled,  “Role  of  Lasers  in  Understanding  Combustion  and  Improving 
Performance  of  Gas  Turbine  Engines,”  by  S.  Roy,  T.  R.  Meyer  (both  of  ISSI)  and  J.  R.  Gord 
(AFRL),  was  presented  at  the  Bangladesh  University  of  Engineering  and  Technology,  21 
December  2004,  Dhaka,  Bangladesh. 

Dr.  Sukesh  Roy  (ISSI)  was  President  of  the  Ohio  Valley  Section  of  the  Society  for  Applied 
Spectroscopy  during  2004-2005. 

Dr.  Terrence  Meyer  (ISSI)  was  Secretary-Treasurer  of  the  Ohio  Valley  Section  of  the  Society  for 
Applied  Spectroscopy  during  2004-2005. 

Dr.  Terrence  Meyer  (ISSI)  was  upgraded  to  Senior  Member  of  AIAA  in  2005. 

Dr.  Jordi  Estevadeordal  (ISSI)  became  an  AIAA  Associate  Fellow  in  January  2005. 

Dr.  Terrence  Meyer  (ISSI)  became  Secretary  of  the  Dayton  Section  of  ASME  in  January  2005. 
Dr.  Geoffrey  Sturgess  (ISSI)  taught  two  courses  entitled,  “Basic  Combustion”  and  “Combustor 
Design,”  at  Pratt  &  Whitney  (through  Rensselaer  Polytechnic  Institute),  17-26  January  2005  in 
Hartford,  CT. 

Dr.  Sivaram  Gogineni  (ISSI)  was  notified  in  February  2005  that  he  had  received  the  AIAA 
Sustained  Service  Award  in  recognition  of  sustained,  significant  service  to  the  aerospace 
profession  and  to  the  AIAA  and  outstanding  leadership  in  the  Dayton-Cincinnati  Section  in 
Region  III,  and  in  technical  activities.  Dr.  Gogineni  was  nominated  by  Dr.  John  Blanton  of 
GEAC.  Dr.  Gogineni  received  a  letter  of  endorsement  for  his  outstanding  efforts  from  Maj.  Gen. 
Paul  D.  Nielsen,  USAF  Retired,  the  former  Commander  of  WPAFB. 

Dr.  Geoffrey  Sturgess  (ISSI)  taught  a  course  entitled,  “Combustor  Design,”  at  Honeywell  on  12- 
17  February  2005  in  Phoenix,  AZ. 

Dr.  Terrence  Meyer  (ISSI)  received  the  Superachiever  40  under  40  Award  from  the  Dayton 
Business  Journal  in  March  2005.  He  was  nominated  by  Dr.  Sivaram  Gogineni  (ISSI). 
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Dr.  Sivaram  Gogineni  (ISSI)  organized  the  highly  successful  Keynote  Session  for  the  30th 
Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  which  was  held  8  March  2005 
in  Dayton,  OH.  The  keynote  speaker  was  Dr.  Peter  Diamandis,  founder  of  the  $10M  X  Prize 
(Burt  Rutan’s  SpaceShipOne  was  flown  to  100  kilometers  twice  to  win  this  prize).  In  the  lead 
article  in  the  Business  Section  of  the  Dayton  Daily  News,  his  keynote  address  and  the  conference 
were  highlighted. 

Dr.  Jordi  Estevadeordal  (ISSI)  served  as  Registration  Chair  for  the  30th  Annual  AIAA  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  which  was  held  8  March  2005  in  Dayton,  OH. 

ISSI  was  a  corporate  sponsor  again  this  year  for  the  30th  Annual  AIAA  Dayton-Cincinnati 
Aerospace  Science  Symposium,  which  was  held  8  March  2005  in  Dayton,  OH.  ISSI  scientists 
presented  16  papers  at  this  meeting. 

A  photograph  by  Dr.  Jordi  Estevadeordal  (ISSI)  entitled,  “Color  Falls,”  received  the  Second- 
Place  Award  in  the  Art-in-Science  Competition  that  was  held  in  conjunction  with  the  30th 
Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  8  March  2005,  Dayton,  OH. 

An  invited  paper  entitled,  “Optical  Turbine-Engine  Diagnostics  for  Ground-Test  and  On-Board 
Applications,”  by  J.  R.  Gord  (AFRL),  T.  R.  Meyer,  S.  Roy,  M.  S.  Brown,  and  S.  Gogineni  (all  of 
ISSI)  was  presented  at  NATO  RTO-MP-AVT-124,  25-28  April  2005,  Budapest,  Hungary. 

An  invited  paper  entitled,  “Development  of  Simulations/Diagnostics  and  Their  Use  as  a 
Combustor  Design  Tool,”  by  W.  M.  Roquemore,  C.  A.  Arana,  J.  R.  Gord  (all  of  AFRL),  V.  R. 
Katta,  T.  R.  Meyer,  and  M.  S.  Brown  (all  of  ISSI),  was  presented  at  the  Computational 
Engineering  and  Science  Conference  (CESC),  26-28  April  2005,  Washington,  D.  C. 

At  the  AIAA  Dayton-Cincinnati/ASME  Dayton  Annual  Honors  and  Awards  Program  on  16  May 
2005  at  the  University  of  Dayton,  Dr.  Sivaram  Gogineni  (ISSI)  received  the  Special  Service  to 
the  Dayton-Cincinnati  Section  Award  for  his  contributions  during  Congressional  Visit  Day,  as 
the  Keynote  Speaker  Chair  for  the  30th  Annual  AIAA  Dayton-Cincinnati  Aerospace  Science 
Symposium,  and  as  Region  III  Representative. 

Dr.  Sivaram  Gogineni  (ISSI)  served  as  Session  Chair  at  the  Laser  Anemometry  Conference, 
which  was  held  in  June  2005  in  Lisbon,  Portugal. 

Dr.  Sivaram  Gogineni  (ISSI),  Deputy  Director  of  AIAA  Technical  Region  III,  led  a  discussion 
group  on  program  ideas  at  the  2005  AIAA  Regional  Leadership  Conference,  which  was  held  14- 
15  July  2005  in  Tucson,  AZ. 

A  poster  entitled,  “Influence  of  Soot  on  Transient-Grating  Measurements  in  a  Liquid-Fueled, 
Pressurized  Combustor,”  by  M.  S.  Brown,  T.  R.  Meyer  (both  of  ISSI),  D.  T.  Shouse,  and  J.  R. 
Gord  (both  of  AFRL),  which  was  presented  at  the  Gordon  Research  Conference  on  Laser 
Diagnostics  in  Combustion,  31  July  -  5  August  2005,  South  Hadley,  MA,  was  selected  as  a  “Hot 
Topic.”  The  lead  author  was  invited  to  speak  in  a  “Hot-Topics”  Section. 
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A  poster  entitled,  “New  Developments  in  Ballistic  Imaging  for  Dense-Spray  Diagnostics,”  by  J. 
R.  Gord  (AFRL),  T.  R.  Meyer  (ISSI),  M.  Paciaroni,  D.  Sedarsky,  and  M.  A.  Linne  (all  of  Lund 
Institute  of  Technology),  which  was  presented  at  the  Gordon  Research  Conference  on  Laser 
Diagnostics  in  Combustion,  31  July  -  5  August  2005,  South  Hadley,  MA,  was  selected  as  a  “Hot 
Topic.”  The  lead  author  was  invited  to  speak  in  a  “Hot-Topics”  Section. 

A  poster  entitled,  “Development  of  a  High-Speed  Tunable  Laser  Source  for  MIR  Absorption 
Spectroscopy  of  CO,  CO2,  and  H2O,”  by  T.  R.  Meyer,  S.  Roy  (both  of  ISSI),  J.  R.  Gord  (AFRL), 
T.  N.  Anderson,  and  R.  P.  Lucht  (both  of  Purdue  University),  which  was  presented  at  the  Gordon 
Research  Conference  on  Laser  Diagnostics  in  Combustion,  31  July  -  5  August  2005,  South 
Hadley,  MA,  was  selected  as  a  “Hot  Topic.”  The  lead  author  was  invited  to  speak  in  a  “Hot- 
Topics”  Section. 

A  poster  entitled,  “Broadband  Picosecond  Coherent  Anti-Stokes  Raman  Scattering  Spectroscopy 
of  Nitrogen  Using  a  100-ps  Modeless  Dye  Laser,”  by  S.  Roy,  T.  R.  Meyer  (both  of  ISSI),  and  J. 
R.  Gord  (AFRL),  which  was  presented  at  the  Gordon  Research  Conference  on  Laser  Diagnostics 
in  Combustion,  31  July  -  5  August  2005,  South  Hadley,  MA,  was  selected  as  a  “Hot  Topic.” 

The  lead  author  was  invited  to  speak  in  a  “Hot-Topics”  Section. 

Dr.  Sivaram  Gogineni  (ISSI)  was  invited  to  participate  in  Executive  Independent  Review  Team 
briefings  on  augmentors,  which  was  held  21  September  2005  in  Manchester,  CT,  and  in  the 
Augmentor  Review  Meeting  at  Arnold  Engineering  and  Development  Center,  which  was  held 
17-18  May  2006  at  Arnold  Air  Force  Base,  TN. 

An  invited  paper  entitled,  “Terahertz  Propulsion  Applications,”  by  T.  R.  Meyer,  S.  Roy,  M.  S. 
Brown  (all  of  ISSI),  J.  R.  Gord  (AFRL),  G.  J.  Fiechtner  (Sandia  National  Laboratories),  J.  V. 
Rudd,  and  D.  Zimdars  (both  of  Picometrix,  Inc.),  was  presented  at  the  Terahertz  Ohio  Workshop, 
23  September  2005,  Dayton,  OH.  Dr.  Roy  was  Co-Organizer  of  this  workshop. 

Dr.  Sivaram  Gogineni  (ISSI)  was  instrumental  in  organizing,  chairing,  and  obtaining  corporate 
sponsorships  for  the  1st  ASME  Dayton  Engineering  Sciences  Symposium,  which  was  held  31 
October  2005  in  Dayton,  OH,  to  celebrate  the  Dayton  Region’s  strong  tradition  of  engineering 
innovation,  to  help  commemorate  ASME’s  125th  anniversary  in  Dayton,  to  facilitate 
communication  between  members  of  the  local  technical  community,  and  to  provide  a  forum  for 
sharpening  technical-presentation  skills  among  students,  engineers,  and  scientists.  The  event 
was  organized  and  sponsored  by  the  Executive  Committee  of  the  Dayton  Section  of  ASME, 
Wright  State  University,  ISSI,  and  the  Ohio  Aerospace  Institute.  Dr.  Terry  Meyer  (ISSI)  served 
as  Communications  and  Publications  Co-Chair,  and  Dr.  Jordi  Estevadeordal  (ISSI)  served  as 
Registrations  Co-Chair.  Dr.  Gogineni  will  serve  as  a  committee  member  to  help  organize  the 
second  symposium. 

Dr.  Sivaram  Gogineni  (ISSI)  was  informed  in  November  of  2005  that  he  has  been  elected  to  the 
grade  of  Fellow  of  the  AIAA.  He  received  the  award  in  April  2006  at  the  Annual  Fellows 
Dinner  in  Washington,  D.  C.,  in  conjunction  with  “Inside  Aerospace  -  An  International 
Perspective.” 
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Dr.  Sivaram  Gogineni  (ISSI)  served  as  Organizer  of  the  Flow  Control  Symposium  at  the 
International  Conference  on  Computational  and  Experimental  Engineering  and  Sciences,  which 
was  held  1-6  December  2005  in  Chennai,  India. 

Dr.  Larry  Goss  (ISSI)  received  the  AIAA  Aerodynamic  Measurement  Technology  Award  in 
February  2006.  He  was  nominated  by  Dr.  Sivaram  Gogineni. 

Dr.  Sivaram  Gogineni  (ISSI)  was  a  member  of  the  Program  Committee  for  the  NASA  Advanced 
Sensors  for  Propulsion  Conference. 

Dr.  Terrence  Meyer  (ISSI)  was  Presider  of  the  Combustion-I  Session  at  the  OS  A  Laser 
Applications  to  Chemical,  Security,  and  Environmental  Analysis  Topical  Meeting  and  Tabletop 
Exhibit,  5-9  February  2006,  Incline  Village,  NV. 

Dr.  Sivaram  Gogineni  (ISSI)  is  a  member  of  the  AIAA  Management  Technical  Committee.  He 
is  Chair  of  the  Membership  Sub-Committee  and  is  a  member  of  the  Honors  and  Awards  Sub- 
Committee. 

Dr.  Sukesh  Roy  (ISSI)  received  the  Superachiever  40  Under  40  Award  from  the  Dayton 
Business  Journal  in  March  of  2006.  He  was  nominated  by  Dr.  Sivaram  Gogineni. 

Dr.  Sivaram  Gogineni  (ISSI)  was  informed  in  January  of  2006  that  he  had  been  selected  to 
receive  the  2006  Outstanding  Engineers  and  Scientists  Award,  which  is  sponsored  by  the 
Affiliate  Societies  Council  of  Dayton.  He  was  recognized  in  the  Research  Category  and  received 
the  award  at  the  47th  Annual  Awards  Ceremony,  2  March  2006,  at  Sinclair  Community  College. 

Dr.  Michael  Brown  (ISSI)  was  Chair  of  the  Session  on  Fluid  Dynamics  III:  High-Speed  Flow 
Plasmas  at  the  31st  Annual  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  which  was 
held  7  March  2006  in  Dayton,  OH. 

Dr.  Sivaram  Gogineni  (ISSI)  is  a  member  of  the  Executive  Committee  of  the  American  Physical 
Society,  Division  of  Fluid  Dynamics. 

Dr.  Sivaram  Gogineni  (ISSI)  organized  the  Keynote  Session  for  the  31st  Annual  AIAA  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  which  was  held  7  March  2006  in  Dayton.  The 
keynote  speaker  was  Roger  Launius  who  is  Chairman  of  Space  History  at  the  Smithsonian 
Institute’s  National  Air  and  Space  Museum  in  Washington,  D.  C.  His  presentation  on  humans 
and  robots  in  space  was  appropriate  because  of  local  work  in  aerospace  and  robotics.  Dr. 
Gogineni  also  served  as  Corporate  Sponsorship  Co-Chair  for  this  symposium. 

Dr.  Sivaram  Gogineni  (ISSI)  took  part  in  the  AIAA-Sponsored  Congressional  Visits  Day,  which 
was  held  4-6  April  2006  in  Washington,  D.  C.  He  also  participated  in  the  Washington,  D.  C. 
Community  Fly-In  to  advocate  for  funding  for  local  projects  from  the  U.  S.  Congress. 
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Dr.  Sivaram  Gogineni  (ISSI)  was  a  member  of  the  Program  Committee  for  the  Sensors  for 
Propulsion  Measurement  Applications  Conference,  which  is  a  part  of  the  SPIE  Defense  and 
Security  Symposium  2006;  the  conference  was  held  17-21  April  2006  in  Orlando,  FL. 

Dr.  Viswanath  Katta  (ISSI)  was  invited  to  participate  in  the  Fire  Model  Validation  and  Heat 
Transfer  in  Fires  Workshops,  which  were  held  7-9  May  2006  in  Albuquerque,  NM. 

At  the  Honors  and  Awards  Banquet  of  the  AIAA  Dayton-Cincinnati  Section  on  25  May  2006, 

Dr.  Sivaram  Gogineni  (ISSI)  received  the  Chairman’s  Award  for  his  contributions  to  the  Section 
during  the  past  year. 

Dr.  Sukesh  Roy  (ISSI)  served  as  a  Session  Chair  at  the  2nd  Dayton  Engineering  Sciences 
Symposium,  which  was  held  30  October  2006  in  Dayton,  OH. 

In  October  2006  Dr.  Fred  Schauer  (AFRF)  and  his  AFOSR-sponsored  team  were  selected  to 
receive  the  AFOSR  Star  Team  Award  for  their  role  in  pulse-detonation  technology  research  and 
development.  Team  members  from  AFRF  are  Dr.  Fred  Schauer,  Dr.  Jeff  Stutrud,  Capt.  Timothy 
Helfrich,  and  Capt.  Paul  Fitke.  Team  members  from  ISSI  are  Dr.  John  Hoke,  Mr.  Royce 
Bradley,  and  Mr.  Curt  Rice. 

In  November  2006  Dr.  Gogineni  was  recommended  by  the  faculty  of  Wright  State  University 
and  appointed  by  George  Huang,  Chair  of  the  Department  of  Mechanical  and  Materials 
Engineering,  to  serve  a  three-year  term  on  the  External  Advisory  Board  for  this  department.  The 
board  is  composed  of  12  experts  from  Government,  industry,  and  academia  having  diverse 
backgrounds  and  interests  who  will  review  the  programs  and  operations  of  the  department. 

Dr.  Sukesh  Roy  (ISSI)  was  invited  to  present  a  paper  entitled,  “High-Repetition  Rate  Gas-Phase 
Temperature  Measurements  in  Reacting  Flows  Using  fs-CARS,”  at  the  37th  Winter  Colloquium 
on  the  Physics  of  Quantum  Electronics,  5  January  2007,  Snowbird,  UT. 

Dr.  Michael  Brown  (ISSI)  was  Chair  of  Session  16:  Jet  Flow  at  the  32nd  Annual  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  which  was  held  6  March  2007  in  Dayton.  At  this 
conference,  a  paper  presented  by  Dr.  Brown  entitled,  “Imaging  of  Faser-Generated  Micro- 
Plasmas”  [with  C.  F.  Rettig,  K.  D.  Frische  (both  of  ISSI),  J.  Nees  (University  of  Michigan),  J.  R. 
Gord,  and  W.  M.  Roquemore  (both  of  AFRF)],  received  the  Best-Presentation  Award  in  the 
Combustion  Category. 

A  poster  entitled,  “Soot  Spirals,”  by  S.  Stouffer,  G.  Justinger  (both  of  UDRI),  A.  Fynch,  J. 
Miller,  M.  Roquemore,  V.  Belovich,  R.  Pawlik,  J.  Gord,  J.  Zelina  (all  of  AFRF),  V.  Katta,  S. 
Roy,  and  K.  Grinstead  (all  of  ISSI)  was  displayed  at  the  Art-in-the-Science  Competition  that  was 
held  in  conjunction  with  the  32nd  AIAA  Dayton-Cincinnati  Aerospace  Science  Symposium,  6 
March  2007,  Dayton,  OH.  Of  the  15  entries  in  the  competition,  this  poster  received  the  Second- 
Place  Award. 
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Dr.  Sivaram  Gogineni  (ISSI)  was  Affiliate  Societies  Delegate  and  Regional  Representative  and 
served  as  Organizing-Committee  Chair  for  securing  the  keynote  speaker  at  the  32nd  Annual 
Dayton-Cincinnati  Aerospace  Science  Symposium,  which  was  held  6  March  2007  in  Dayton. 

A  poster  entitled,  “Soot  Spirals  in  Laminar  Flames,”  by  S.  Stouffer  (UDRI),  V.  Katta  (ISSI),  W. 
Roquemore  (AFRL),  G.  Justinger  (UDRI),  V.  Belovich,  A.  Lynch,  J.  Miller,  R.  Pawlik,  J.  Zelina 
(all  of  AFRL),  S.  Roy,  K.  Grinstead  (both  of  ISSI),  and  J.  Gord  (AFRL)  was  displayed  at  the  Art 
Exhibition  during  the  5th  U.  S.  National  Combustion  Meeting,  which  was  held  25-28  March  2007 
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Abstract 

Two  types  of  triple-pump  coherent  anti-Stokes  Raman  scattering  (CARS)  systems  for  the  simultaneous  measure¬ 
ment  of  temperature  and  multiple-species  concentrations  are  presented.  In  the  first  system,  the  ro-vibrational  transitions 
of  N2,  02,  and  H2  are  probed  using  three  narrowband  pump  beams  and  a  broadband  Stokes  beam.  In  the  second 
system,  pure  rotational  transitions  of  N2/02  and  the  ro-vibrational  transitions  of  N2/C02  are  probed  using  two  nar¬ 
rowband  pump  beams,  a  broadband  pump  beam,  and  a  broadband  Stokes  beam.  The  use  of  a  broadband  pump  source 
in  the  second  CARS  system  allows  rotational  and  ro-vibrational  transitions  of  different  molecules  to  be  probed  si¬ 
multaneously.  For  both  CARS  systems,  the  signals  appear  at  two  distinct  wavelengths.  The  CARS  signals  at  the  two 
wavelengths  are  separated  by  dichroic  mirrors  before  being  detected  by  two  spectrometer-CCD  detection  systems.  For 
proof-of-concept  demonstrations,  single-shot  and  averaged  measurements  are  performed  in  an  atmospheric-pressure 
hydrogen-air  diffusion  flame  and  in  a  carbon  dioxide-seeded,  near-adiabatic  hydrogen-air  flame  stabilized  over  a 
Hencken  burner.  These  are,  to  our  knowledge,  the  first  reported  experiments  of  triple-pump  coherent  anti-Stokes 
Raman  scattering  for  the  simultaneous  measurement  of  temperature  and  multiple-species  concentrations. 

©  2003  Elsevier  B.V.  All  rights  reserved. 

PACS:  52.35.Mw;  07.57.-c;  07.60.-j 


1.  Introduction 
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Characterizing  the  performance  and  chemical 
efficiency  of  advanced  reacting  flow  systems  re¬ 
quires  the  determination  of  temperature  and  spe¬ 
cies  concentrations  both  in  the  reaction  zone  and 
in  the  exhaust  stream.  Typically,  these  kinds  of 
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data  are  acquired  by  implementing  several  inde¬ 
pendent  techniques  that  are  often  executed  serially. 
Ideally,  these  measurements  would  be  accom¬ 
plished  simultaneously  to  minimize  test-cell 
operation  time  and  to  enable  the  correlation  of 
high-order  time-varying  statistics.  Triple-pump 
coherent  anti- Stokes  Raman  scattering  (CARS) 
offers  the  possibility  of  monitoring  the  local  tem¬ 
perature  and  concentrations  of  two  target  species 
with  respect  to  a  reference  species  (generally 
nitrogen)  using  a  single  hardware  platform  with 
high  spatial  and  temporal  resolution. 

The  first  proof-of-concept  measurements  of  two 
triple-pump  CARS  systems  for  temperature  and 
multiple-species  concentration  measurements  in 
reacting  flows  are  discussed  in  this  paper.  These 
works  extend  the  previous  successful  demonstra¬ 
tion  of  temperature  and  concentration  measure¬ 


Fig.  1.  (a)  Schematic  diagram  of  the  first  triple-pump  CARS 
rowband  dye  laser;  BBDL,  broadband  dye  laser;  OSC,  oscillator: 
CARS  system  for  detecting  N2,  02,  and  H2  molecules. 


ments  in  laboratory  flames  and  combustor  test 
facilities  using  dual-pump  CARS  by  Lucht  et  al.  [1]. 
The  dual-pump  CARS  technique,  first  demon¬ 
strated  by  Lucht  [2],  has  been  used  for  the  simul¬ 
taneous  measurement  of  N2/02  [2,3],  N2/H2  [4],  N2/ 
CH4  [5],  and  N2/C02  [6].  In  dual-pump  CARS,  the 
wavelength  of  the  second  pump  beam  is  selected 
such  that  the  CARS  spectra  for  the  two  species 
under  study  are  observed  at  nearly  the  same  fre¬ 
quency,  enabling  detection  with  a  single  spectrom¬ 
eter  and  charge-coupled-device  (CCD)  camera  and 
eliminating  systematic  errors  due  to  wavelength 
dependence  of  the  detection  system  efficiency. 

Several  other  CARS  techniques  such  as  dual 
broadband  rotational  CARS  [7-10]  and  simulta¬ 
neous  vibrational  and  rotational  CARS  [11-14] 
have  been  used  as  tools  for  temperature  and 
multiple-species  concentration  measurements. 


N8DL 


:em  for  detecting  N2,  02,  and  H2  molecules.  NBDL,  tunable  nar- 
AMP,  amplifier,  (b)  Energy-level  diagram  of  the  first  triple-pump 


(b)  N2/C02  Pair 


N2/02  Pair 


Fig.  2.  (a)  Schematic  diagram  of  the  second  triple-pump  CARS  system  for  detecting  N2,  02,  and  C02  molecules,  (b)  Energy-level 
diagram  of  the  second  triple-pump  CARS  system  for  detecting  N2,  02,  and  C02  molecules. 
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The  triple-pump  CARS  techniques  described 
here  allow  concentration  measurements  of  three 
species  as  well  as  simultaneous,  accurate  temper¬ 
ature  measurements  at  both  low  and  high  tem¬ 
perature.  The  first  triple-pump  CARS  system, 
depicted  schematically  in  Fig.  1,  is  used  to  probe 
the  ro-vibrational  transitions  of  the  N2,  H2,  and 
02  molecules.  This  system  is  essentially  a  combi¬ 
nation  of  two  dual-pump  CARS  systems  using 
four  laser  beams  to  generate  CARS  signals  near 
two  distinct  wavelengths.  Both  wavelength  regions 
exhibit  an  N2  CARS  signal  along  with  the  CARS 
signal  from  another  target  molecule.  Each  pair  of 
CARS  signals  is  generated  over  a  relatively  narrow 
wavelength  region  and  can  be  captured  with  fixed- 
wavelength  detection.  For  proof-of-concept  ex¬ 
periments,  CARS  measurements  were  performed 
in  an  atmospheric-pressure  laminar  H2-air  diffu¬ 
sion  flame. 

In  the  second  triple-pump  CARS  system,  the 
pure  rotational  transitions  of  N2  and  02  molecules 
and  the  ro-vibrational  transitions  of  N2  and  C02 
molecules  are  probed.  The  system  is  shown  in 
Fig.  2.  In  this  system  a  dual-broadband  rotational 
CARS  system  is  combined  with  a  dual-pump 
CARS  system,  and  four  laser  beams  are  used  to 
generate  CARS  signals  near  two  distinct  wave¬ 
lengths.  One  of  the  pump  beams  in  this  system  is 
broadband,  allowing  us  to  probe  rotational  and 
ro-vibrational  transitions  simultaneously,  unlike 
the  first  triple-pump  CARS  system  which  employs 
either  single-longitudinal-mode  or  narrowband 
pump  beams.  One  of  the  main  advantages  of  this 
technique  is  that  very  accurate  temperature  mea¬ 
surements  can  be  acquired  at  both  low  and  high 
temperatures.  In  the  combustion  zone  or  the  ex¬ 
haust  of  a  real  combustor,  there  is  a  wide  spatial 
and  temporal  variation  of  temperature  due  to  the 
inherent  turbulent  nature  of  the  flow  field.  Under 
these  circumstances,  the  rotational  spectra  of  N2/ 
02  will  provide  better  temperature  accuracy  at 
lower  temperatures,  generally  below  1500  K  [15]; 
whereas  the  ro-vibrational  spectra  of  N2/C02  will 
provide  improved  temperature  accuracy  at  higher 
temperatures  as  population  is  transferred  to  higher 
energy  levels.  The  proof-of-concept  measurements 
using  the  second  triple-pump  CARS  experiment 
were  performed  in  an  atmospheric-pressure  near- 


adiabatic  hydrogen-air  flame  seeded  with  C02  and 
stabilized  on  a  Hencken  burner. 

Detailed  measurements  of  temperature  and 
multiple-species  concentrations  using  triple-pump 
CARS  systems  in  laboratory  flames  and  also  in  the 
exhaust  stream  of  a  liquid-fueled  swirl-stabilized 
combustor  are  in  progress  at  the  US  Air  Force 
Research  Laboratory  at  Wright-Patterson  Air 
Force  Base. 


2.  Experimental  setup 

The  experimental  schematic  and  energy-level 
diagrams  of  the  first  triple-pump  CARS  system  are 
shown  in  Figs.  1(a)  and  (b),  respectively.  In  this 
system  the  wavelengths  of  the  laser  beams  were 
chosen  to  simultaneously  probe  the  ro-vibrational 
transitions  of  N2,  02,  and  H2  molecules.  As  evident 
in  Fig.  1,  this  technique  is  essentially  a  combination 
of  two  dual-pump  CARS  systems,  one  generating  a 
CARS  signal  from  the  N2/02  pair  and  the  other 
generating  a  CARS  signal  from  the  N2/H2  pair. 
Two  injection-seeded  Nd:YAG  lasers  operating  at 
10  Hz  (Continuum:  Powerlite  Precision  8010  and 
Powerlite  9010)  were  used  to  pump  two  narrow- 
band  dye  lasers  and  a  broadband  dye  laser  while 
also  providing  a  532-nm  CARS  pump  beam.  The 
broadband  dye  laser  was  used  to  generate  a  Stokes 
beam  for  each  of  the  four  CARS  signals,  with  a 
frequency  spectrum  centered  near  607  nm.  The  two 
narrowband  dye  lasers  were  used  to  provide  the 
pump  beams  for  02  and  H2.  The  first  narrowband 
dye  laser  (pumped  with  the  532-nm  laser)  provides 
light  at  554  nm.  The  interaction  of  the  532-nm 
pump  beam  with  the  607-nm  Stokes  beam  pro¬ 
duces  an  N2  Raman  polarization  that  coherently 
scatters  the  554-nm  pump  beam,  yielding  an  N2 
CARS  signal  near  491  nm.  At  the  same  time,  in¬ 
teraction  of  the  554-nm  pump  beam  with  the 
607-nm  Stokes  beam  produces  an  02  Raman  po¬ 
larization  that  scatters  the  532-nm  pump  beam, 
yielding  an  02  CARS  signal  that  also  appears  near 
491  nm.  The  second  narrowband  dye  laser  is 
pumped  with  the  355-nm  laser  beam  and  generates 
light  at  486  nm.  An  N2  CARS  signal  appearing 
near  437  nm  is  produced  as  the  486-nm  beam 
is  scattered  by  the  N2  Raman  polarization.  An  H2 
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polarization  arising  from  the  combination  of  the 
486  and  607-nm  beams  scatters  the  532-nm  beam, 
producing  an  H2  signal  that  is  also  near  437  nm. 
The  incident  beams  are  phase-matched  using  fol¬ 
ded  BOXCARS  geometry  [7],  with  the  554  and 
486-nm  beams  arranged  co-linearly. 

For  the  proof-of-concept  measurements,  a  two- 
channel  system  consisting  of  two  spectrometers 
and  two  CCD  cameras  is  used.  The  CARS  signals 
at  437  and  491  nm  are  isolated  using  a  dichroic 
mirror  which  transmits  the  437-nm  signal  and  re¬ 
flects  the  491-nm  signal.  The  CARS  signals  are 
dispersed  using  a  1.0-m  spectrometer  (SPEX 
1000M),  equipped  with  a  2400-grooves/mm  grat¬ 
ing.  At  each  spectrometer  exit,  a  pair  of  lenses  is 
used  to  focus  the  CARS  spectra  onto  a  CCD  chip. 
The  magnifications  of  the  relay  lens  systems  were 
approximately  unity.  For  the  N2/H2  detection 
system,  a  Pixelvision  UV-enhanced,  back-illumi¬ 
nated,  unintensified  CCD  camera  with  an 
1150  x  350-pixel  array  is  used.  For  the  02/N2  de¬ 
tection  system,  a  back-illuminated  interline-trans¬ 
fer  CCD  camera  with  a  1300  x  1110-pixel  array  is 
used.  Both  cameras  and  the  second  Nd:YAG  laser 
were  synchronized  with  respect  to  one  of  the 
Nd:YAG  lasers  (Powerlite  8010).  This  experiment 
was  performed  at  Texas  A&M  University. 

The  experimental  schematic  and  energy-level 
diagrams  of  the  second  triple-pump  CARS  system 
are  shown  in  Figs.  2(a)  and  (b),  respectively.  This 
experiment  was  performed  at  Wright-Patterson 
Air  Force  Base.  This  second  triple-pump  CARS 
system  differs  from  the  first  in  that  one  of  the 
pump  beams  is  of  the  broadband  nature.  As 
evident  in  Fig.  2,  this  technique  is  essentially  a 
dual-pump  CARS  system  combined  with  a  dual¬ 
broadband  CARS  system,  generating  ro-vibra- 
tional  CARS  spectra  from  the  N2/C02  pair  and 
rotational  CARS  signal  from  the  N2/02  pair. 

An  injection-seeded  Nd:YAG  laser  (Spectra 
Physics  Pro  290)  was  used  to  pump  one  narrow- 
band  dye  laser  and  a  broadband  dye  laser  while 
providing  a  532-nm  CARS  pump  beam.  The 
broadband  dye  laser  is  pumped  by  the  532-nm 
beam,  and  the  broadband  dye  output,  centered 
about  607  nm,  serves  as  the  Stokes  beam  for  each 
of  the  CARS  signals  generated  as  well  as  the  pump 
beam  for  the  dual-broadband  rotational  CARS 


system.  The  narrowband  dye  laser  is  also  pumped 
by  the  532-nm  beam  and  provides  laser  radiation 
at  approximately  560  nm.  The  combination  of  the 
532-nm  pump  beam  with  the  607-nm  Stokes  beam 
produces  a  ro-vibrational  N2  Raman  polarization 
that  coherently  scatters  the  560-nm  pump  beam, 
yielding  an  N2  CARS  signal  near  496  nm.  At  the 
same  time,  the  560-nm  pump  and  the  607-nm 
Stokes  beam  produce  a  C02  Raman  polarization 
that  scatters  the  532-nm  pump  beam,  yielding  a 
C02  CARS  signal  that  also  appears  near  496-nm. 

The  spectral  width  of  the  broadband  dye  laser  is 
approximately  200  cm-1.  This  spectral  width  is 
large  enough  to  excite  the  pure  rotational  transi¬ 
tions  of  N2  and  02  molecules  at  the  ground  vi¬ 
brational  state  up  to  J  values  of  approximately  30. 
The  broadband  pump  beam  and  the  broadband 
Stokes  beam  produce  rotational  Raman  polariza¬ 
tions  for  both  N2  and  02  molecules,  which  then 
scatter  the  532-nm  pump  beam.  The  pure  rota¬ 
tional  CARS  spectra  appear  at  a  wavelength  of 
approximately  528  nm.  The  incident  beams  are 
again  phase-matched  using  the  folded  BOXCARS 
geometry,  with  the  560  and  607-nm  pump  beams 
arranged  co-linearly.  The  frequency  of  the  rota¬ 
tional  CARS  signal  is  very  close  to  the  pump  beam 
at  532  nm.  This  poses  the  significant  challenge  of 
discriminating  the  scattered  light  at  532  nm  from 
the  CARS  signal  at  528  nm.  To  minimize  the 
scattered  light  at  532  nm,  the  polarization  of  one 
of  the  broadband  pump  beams  at  607  nm  was 
oriented  to  be  orthogonal  to  that  of  the  532-nm 
beam.  The  polarization  of  the  broadband  dye 
beam  that  serves  as  the  Stokes  beam  for  the  N2/ 
C02  CARS  was  not  rotated.  With  this  configura¬ 
tion  the  polarization  of  the  pure  rotational  CARS 
signal  was  orthogonal  to  that  of  the  532-nm  pump 
beam.  The  CARS  signal  at  528-nm  was  isolated 
from  the  background  532-nm  scattered  light  by 
placing  an  analyzer  in  the  detection  channel  with  a 
transmission  axis  perpendicular  to  the  532-nm 
pump  beam,  as  shown  in  Fig.  2(a).  The  CARS 
signals  at  496  and  528-nm  were  separated  using  a 
dichroic  mirror  before  being  simultaneously  de¬ 
tected  by  two  1.0-m  spectrometers  and  two  inter¬ 
line-transfer  CCD  cameras  with  1300  x  1110  pixel 
arrays.  The  advantage  of  using  the  interline- 
transfer  CCD  camera  for  the  acquisition  of 


118 


S.  Roy  et  al.  /  Optics  Communications  224  (2003)  131-137 


135 


broadband  CARS  spectra  has  been  described  in 
detail  by  Roy  et  al.  [16]. 

The  spectra  acquired  from  both  triple-pump 
CARS  systems  are  normalized  using  a  non-reso¬ 
nant  spectrum  to  account  for  the  effects  of  laser 
power  drift  and  spectral  variations  in  dye  power 
[7].  The  non-resonant  spectrum  is  recorded  by 
placing  the  beam-overlap  region  within  an  open 
argon  flow  tube. 

3.  Results  and  discussion 

The  proof-of-concept  demonstration  measure¬ 
ments  for  the  N2/02/H2  triple-pump  CARS  system 
described  in  Fig.  1  were  performed  in  an  atmo¬ 
spheric-pressure,  laminar,  hydrogen-air  diffusion 
flame.  The  exit  diameter  of  the  nozzle  exit  was  10 
mm.  The  ro-vibrational  N2/02  and  N2/H2  spectra 
shown  in  Figs.  3(a)  and  (b),  respectively,  were 
acquired  at  approximately  2  mm  from  the  center 
of  the  nozzle  and  0.5  mm  above  the  nozzle  lip.  The 
spectra  presented  in  Fig.  3  were  acquired  simul¬ 
taneously  at  2  Hz  and  averaged  over  100  laser 
shots.  The  wavelengths  of  the  tunable  narrowband 
dye  lasers  were  tuned  such  that  the  02  and  H2 
spectra  were  separated  from  the  N2  spectrum  on 
the  CCD  chips.  For  the  spectra  shown  in  Fig.  3, 


the  temperature  and  relative  concentration  are 
evaluated  by  fitting  the  experimental  CARS  spec¬ 
tra  with  the  theoretical  spectrum  generated  by  the 
Sandia  CARSFT  code  [17].  The  temperature 
evaluated  from  the  N2/02  spectrum  is  within  ap¬ 
proximately  4%  of  that  evaluated  from  the  N2/H2 
spectrum.  The  oxygen-to-nitrogen  ratio  was  found 
to  be  0.2  and  the  hydrogen-to-nitrogen  ratio  was 
found  to  be  0.58.  The  evaluated  oxygen-to-nitro- 
gen  and  the  hydrogen-to-nitrogen  ratios  are  con¬ 
sistent  with  the  results  of  a  previous  dual-pump 
CARS  experiments  in  this  flame  [3,4]. 

The  proof-of-concept  measurements  using  the 
N2/02/C02  triple-pump  CARS  system  described  in 
Fig.  2  were  performed  in  atmospheric-pressure, 
near-adiabatic  hydrogen-air  flames  seeded  with 
C02  and  stabilized  on  a  Hencken  burner.  The 
ro-vibrational  spectra  of  N2/C02  and  the  pure 
rotational  spectra  of  N2/02  were  acquired  simul¬ 
taneously  at  10  Hz.  Typical  single-shot  ro-vibra- 
tional  spectra  of  N2/C02  and  single-shot  rotational 
spectra  of  N2/02  are  shown  in  Figs.  4(a)  and  (b), 
respectively,  for  an  equivalence  ratio  of  0.25.  The 
measured  temperature  from  the  ro-vibrational 
spectra  of  N2/C02  is  within  4-5%  of  the  tempera¬ 
ture  evaluated  from  the  rotational  spectra  of  N2/ 
02.  From  Fig.  4(b)  it  is  evident  that  the  agreement 
between  the  theoretical  and  experimental  oxygen 


Fig.  3.  (a)  N2/02  and  (b)  N2/H2  CARS  spectra  in  atmospheric-pressure  hydrogen-air  diffusion  flame.  Each  spectrum  shown  above  is 
averaged  over  100  laser  shots. 
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Fig.  4.  Single-laser-shot  (a)  N2/C02  and  (b)  N2/02  spectra  acquired  from  near-adiabatic,  hydrogen-air-C02  flame  stabilized  on  a 
Hencken  burner  at  (f>  =  0.25.  *  represents  the  02  spectral  lines  and  Jg  denotes  the  ground-level  rotational  quantum  number. 


lines  is  not  as  good  as  for  the  nitrogen  lines.  We  are 
currently  working  on  addressing  some  of  the  issues 
related  to  the  modeling  of  the  pure  rotational 
spectra  of  the  oxygen  molecule  in  the  CARSFT 
code.  Probability  density  functions  (PDF)  of 
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Temperature  (K) 

Fig.  5.  PDF  of  temperature  determined  from  single-laser-shot 
N2/C02  spectra  acquired  from  near-adiabatic  hydrogen-air 
flame  seeded  with  C02. 


temperature  and  the  carbon  dioxide-to-nitrogen 
ratio  evaluated  from  650  single-shot  spectra  are 
shown  in  Figs.  5  and  6,  respectively.  The  mean 
temperature  and  the  carbon  dioxide-to-nitrogen 
ratio  are  888  K  and  0.09,  respectively.  The 


Ratio  of  CO /N  Mole  Fraction 

2  2 

Fig.  6.  PDF  of  carbon  dioxide-to-nitrogen  ratio  determined 
from  single-laser-shot  N2/C02  spectra  acquired  from  near-adi¬ 
abatic  hydrogen-air  flame  seeded  with  C02. 
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standard  deviation  of  the  temperature  measure¬ 
ments  is  approximately  2.3%  of  the  mean  value  and 
that  of  the  carbon  dioxide-to-nitrogen  ratio  is  ap¬ 
proximately  6%  of  the  mean  value.  These  standard 
deviations  are  a  significant  improvement  upon 
previous  measurements  carried  out  in  the  same 
flame  using  the  dual-pump  CARS  technique  [1]. 
The  mean  carbon  dioxide-to-nitrogen  ratio  is  ap¬ 
proximately  25%  higher  than  the  expected  equi¬ 
librium  value.  Similar  discrepancies  between  the 
measured  and  expected  equilibrium  value  of  C02 
were  reported  by  Lucht  et  al.  [1].  A  series  of  ex¬ 
periments  is  currently  being  planned  to  address  a 
number  of  issues  related  to  the  modeling  of  C02 
spectra. 

4.  Conclusions 

Two  different  types  of  triple-pump  coherent 
anti-Stokes  Raman  scattering  systems  for  the  si¬ 
multaneous  measurements  of  temperature  and 
multiple-species  concentrations  were  demon¬ 
strated.  To  our  knowledge,  these  are  the  first  re¬ 
ported  experiments  demonstrating  the  triple-pump 
CARS  technique  for  the  simultaneous  detection  of 
temperature  and  multiple-species  concentrations 
in  reacting  flows.  The  first  triple-pump  CARS 
system  is  used  to  probe  the  ro-vibrational  transi¬ 
tions  of  N2,  02,  and  H2,  whereas  the  second  system 
is  used  to  probe  the  pure  rotational  transitions  of 
N2/02  and  the  ro-vibrational  transitions  of  N2/ 
C02.  For  both  systems,  the  CARS  spectra  of  each 
molecule  pair  occur  within  a  distinct  wavelength 
band,  allowing  two  molecular  spectral  pairs  to  be 
acquired  simultaneously  using  a  detection  system 
composed  of  two  spectrometers  and  two  cameras. 
Since  nitrogen  is  a  common  species  for  each  mol¬ 
ecule  pair,  it  can  be  used  as  a  common  reference 
for  normalizing  species  concentrations  and  for 
improving  the  accuracy  and  dynamic  range  of  the 
temperature  measurement.  Proof-of-concept  mea¬ 
surements  were  performed  in  a  hydrogen-air  dif¬ 
fusion  flame  and  a  C02 -seeded  hydrogen-air 
Hencken-burner  flame.  Simultaneous  single-shot 
measurements  of  temperature  and  multiple-species 
concentrations  in  the  exhaust  stream  of  a  liquid- 


fueled  swirl- stabilized  combustor  are  in  progress  at 
the  US  Air  Force  Research  Laboratory,  Wright  - 
Patterson  Air  Force  Base. 
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A  dual-pump,  dual-broadband  (DPDB)  CARS  system  for  the  simultaneous  measurement  of  temperature  and 
multiple-species  concentrations  is  demonstrated  in  the  exhaust  stream  of  a  liquid-fueled,  CFM56,  model  gas- 
turbine  combustor.  The  DPDB  CARS  approach  employs  four  laser  beams  generating  CARS  signals  near  two 
distinct  wavelengths,  enabling  highly  accurate,  spatially  resolved,  single-shot  measurements  within  the  full 
range  of  combustor  operating  conditions.  For  the  proof-of-concept  experiments,  CARS  signals  from  N2-02 
and  N2-C02  pairings  were  collected.  Single-shot  measurements  were  carried  out  for  different  jet  fuels,  fuel 
additives,  and  equivalence  ratios  to  document  correlations  between  particulate  size  distribution, 
concentrations  of  carbon  dioxide  and  oxygen,  temperature,  and  fuel  composition. 


Introduction 

Characterization  of  advanced  propulsion  systems 
requires  the  determination  of  performance  and 
combustion  efficiency  through  measurements  of 
temperature  and  species  concentrations  in  the  exhaust 
stream.  Typically  these  kinds  of  data  are  acquired  by 
implementing  several  independent  techniques,  which 
are  often  executed  serially.  Ideally  these 
measurements  would  be  accomplished 
simultaneously  with  a  minimum  number  of 
diagnostics.  Dual-pump,  dual-broadband  (DPDB) 
coherent  anti-Stokes  Raman  scattering  (CARS)  offers 
the  possibility  of  monitoring  the  local  temperature 
and  concentrations  of  two  target  species  with  respect 
to  a  reference  species  (usually  nitrogen)  using  a 
single  hardware  platform  that  provides  high  spatial 
and  temporal  resolution. 


Research  Scientist,  Member,  AIAA 
^  Professor,  Associate  Fellow,  AIAA 
**  R&D  Engineer,  Member,  AIAA 
^  R&D  Engineer,  Senior  Member,  AIAA 
*  Principal  Research  Chemist,  Associate  Fellow, 
AIAA 

Published  by  the  American  Institute  of  Aeronautics 
and  Astronautics,  Inc. 


We  present  here  the  demonstration  of  a  dual¬ 
pump,  dual-broadband  CARS  system  for  temperature 
and  concentration  measurements  in  reacting  flows  of 
practical  interest.  This  work  extends  our  previous 
demonstrations  of  temperature  and  concentration 
measurements  in  laboratory  flames  and  combustor 
test  facilities  using  dual-pump  and  triple-pump 
CARS.1"2  This  technique  is  unique  in  that  it  allows 
for  accurate  temperature  measurements  both  at  low 
and  high  temperatures.  In  the  combustion  zone  or  the 
exhaust  of  a  real  combustor,  there  is  a  wide  spatial 
and  temporal  variation  of  temperature  due  to  the 
inherent  turbulent  nature  of  the  flow  field.  In  the 
current  system,  the  rotational  transitions  of  N2-02 
and  the  ro- vibrational  transitions  of  N2-C02  are 
probed.  The  rotational  spectra  of  N2-02  provide 
better  temperature  accuracy  at  lower  temperatures, 
generally  below  1500  K,3  whereas  the  ro-vibrational 
spectra  of  N2-C02  provide  improved  temperature 
accuracy  at  higher  temperatures.  To  our  knowledge, 
this  is  the  first  CARS  technique  that  uses  three  pump 
beams  to  simultaneously  excite  the  transitions  of 
three  different  molecules  to  achieve  two  rotational 
spectra  (e.g.,  N2  and  02)  and  two  ro-vibrational 
spectra  (N2  and  C02).  The  rotational  spectra  provide 
better  accuracy  at  low  temperature  because  most  of 
the  population  resides  at  lower  energy  levels.  At 
higher  temperatures  population  is  transferred  to 
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higher  energy  levels,  which  is  reflected  in  more 
accurate  ro-vibrational  spectra. 

The  DPDB  CARS  system  is  essentially  a  special 
triple-pump  CARS  system  where  one  of  the  pump 
beams  is  of  broadband  nature  whereas  in  traditional 
triple-pump  CARS  technique  the  bandwidth  of  all  the 
pump  beams  are  either  single-longitudinal  mode  or 
very  narrow.1  The  dual-pump  CARS  technique, 
which  was  first  demonstrated  by  Lucht,4  has  been 
used  for  the  simultaneous  measurement  of  nitrogen 
and  oxygen,4"5  nitrogen  and  hydrogen,6  nitrogen  and 
methane,7  and  nitrogen  and  carobon-dioxide.8  In 
dual-pump  CARS,  the  wavelengths  of  the  input 
beams  are  adjusted  such  that  the  CARS  spectra  for 
the  two  species  under  study  are  observed  at  nearly  the 
same  frequency.  This  arrangement  largely  eliminates 
potential  errors  arising  from  wavelength-dependent 
variations  in  signal  transmission  or  detector 
efficiency  that  can  complicate  other  multi-species 
CARS  techniques  such  as  dual-Stokes  and  dual¬ 
broadband  CARS.9 

The  dual-pump  CARS  technique  was  applied  by 
Lucht  et  al.2  in  the  exhaust  stream  of  a  practical 
combustor  for  measuring  temperature  and  C02 
concentration  from  a  single  laser  shot.  However, 
those  measurements  were  limited  to  an  overall 
equivalence  ratio  ((|>)  of  less  than  0.5.  Several  other 
CARS  techniques  such  as  dual-broadband  rotational 
CARS,10  and  simultaneous  vibrational  and  rotational 
CARS11  have  also  been  used  for  temperature  and 
multiple-species  concentration  measurements. 

In  the  DPDB  CARS  system  a  dual-broadband 
CARS  system  is  superimposed  on  a  dual-pump 
CARS  system.  Four  laser  beams  are  used  to  generate 
CARS  signals  near  two  distinct  wavelengths.  Both 
wavelength  regions  exhibit  an  N2  CARS  signal  along 
with  the  CARS  signal  from  another  target  molecule. 
Each  pair  of  CARS  signals  is  generated  over  a 
relatively  narrow  wavelength  region  and  can  be 
captured  with  fixed  wavelength  detection. 
Temperature  and  relative  concentrations  of  the  target 
species  (with  respect  to  N2)  are  extracted  either  by 
fitting  the  measured  CARS  spectrum  with  a 
theoretical  spectrum  or  through  a  Boltzmann  plot. 
Temperatures  from  the  N2-C02  and  N2-02  pairs 
were  evaluated  by  fitting  the  CARS  spectra  with  the 
theoretical  spectra. 

Since  the  N2  concentration  is  typically  known, 
the  amplitude  of  the  target-species  signal  relative  to 
that  of  the  paired  N2  signal  provides  an  absolute 
measure  of  the  target-species  concentration. 
Measurements  were  carried  out  in  the  exhaust  stream 
of  a  liquid- fueled,  swirl-stabilized  CFM56 
combustor.  The  objectives  of  this  investigation  were 
to  perform  single-laser-shot  temperature  and  02  and 
CO  2  concentration  measurements  in  the  exhaust 


stream  of  a  liquid-fueled  practical  combustor  under 
sooting  conditions.  Measurements  were  performed 
for  a  number  of  different  jet  fuels  and  additive 
concentrations  over  a  wide  range  of  equivalence 
ratios  (4>  =  0.4  to  (|>  =  1.1).  These  measurements  are 
used  to  provide  benchmark  statistical  distributions  of 
temperature  and  concentrations  of  C02  and  02  in  the 
exit  plane  of  the  combustor  and  to  evaluate  the 
effects  of  particulate  mitigating  additives  on  flame 
chemistry.  These  measurements  are  also  used  to 
assess  the  viability  of  future  dual-pump  CARS 
measurements  in  the  reaction  zone  of  the  combustor 
under  sooting  conditions.  These  data  complement 
laser-induced  incandescent  (LII)  and  planar  laser- 
induced  fluorescence  (PLIF)  measurements  of  soot 
volume  fraction  and  OH  radical  concentrations, 
respectively,  which  are  ongoing  in  the  current 
combustor. 


Experimental  Setup 

The  schematic  and  the  energy  level  diagrams  of 
the  dual-pump,  dual-broadband  CARS  system  are 
shown  in  Figs.  1  and  2,  respectively.  In  the  DPDB 
CARS  technique  a  dual-pump  CARS  system  is 
superimposed  on  a  dual-broadband  CARS  system 
which  is  generated  with  a  single  pump-laser  system. 

An  injection  seeded  Nd:YAG  laser  (Quanta  Ray, 
Pro  290,  Spectra  Physics)  is  used  to  pump  one 
narrowband  dye  laser  and  a  broadband  dye  laser 
while  providing  a  532-nm  CARS  pump  beam.  In  the 
current  configuration,  the  broadband  dye  laser 
(pumped  by  532  nm)  provides  an  output  beam 
centered  about  607  nm  that  serves  as  the  Stokes  laser 


Figure  1.  Schematic  diagram  of  the  dual -pump, 
dual-broadband  CARS  system.  A:  Analyzer,  P: 
Polarizer,  BBDL:  Broadband  Dye  Laser,  NBDL: 
Tunable  Narrowband  Dye  Laser. 
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N2/C02  Pair 


N2/02  Pair 


Figure  2.  Energy-level  diagram  of  the  dual-pump, 
dual-broadband  CARS  system.  NBDL:  Tunable 
Narrowband  Dye  Laser,  BBDL:  Broadband  Dye 
Laser. 


for  each  of  the  four  generated  CARS  signals.  The 
broadband  output  at  607  nm  also  provides  the  pump 
beam  for  the  dual -broadband  rotational  CARS 
system.  The  narrowband  dye  laser  is  also  pumped  by 
the  532-nm  beam  and  provides  laser  radiation  at 
approximately  560  nm.  The  combination  of  the  532- 
nm  pump  beam  with  the  607-nm  Stokes  beam 
produces  a  ro-vibrational  N2  Raman  polarization  that 
coherently  scatters  the  560-nm  pump  beam,  yielding 
an  N2  CARS  signal  near  496  nm.  At  the  same  time, 
the  560-nm  pump  and  the  607-nm  Stokes  beam 
produce  a  C02  Raman  polarization  that  scatters  the 
532-nm  pump  beam,  yielding  a  C02  CARS  signal 
that  also  appears  near  496  nm. 

The  spectral  width  of  the  broadband  dye  laser  is 
approximately  200  cm"1.  This  spectral  width  is  large 
enough  to  excite  the  pure  rotational  transitions  of  N2 
and  02  molecules  at  the  ground  and  excited 
vibrational  state  up  to  J  values  of  approximately  30. 
The  broadband  pump  beam  and  the  broadband  Stokes 
beam  produce  rotational  Raman  polarizations  for 
both  N2  and  02  molecules,  which  then  scatter  the 
532-nm  pump  beam.  The  pure  rotational  CARS 
spectra  appear  at  a  wavelength  of  approximately  528 
nm.  The  incident  beams  are  phase  matched  using  the 
folded  BOXCARS  geometry,  with  the  560-nm  and 
607-nm  pump  beams  arranged  co-linearly.  The 
frequency  of  the  rotational  CARS  signal  is  very  close 
to  the  pump  beam  at  532  nm.  This  poses  the 
significant  challenge  of  discriminating  the  scattered 
light  at  532  nm  from  the  CARS  signal  at  528  nm.  To 
minimize  the  scattered  light  at  532  nm,  the 
polarization  of  one  of  the  broadband  pump  beams  at 
607  nm  was  oriented  to  be  orthogonal  to  that  of  the 
532-nm  beam.  The  polarization  of  the  broadband  dye 
beam  that  serves  as  the  Stokes  beam  for  the  N2-C02 


CARS  was  not  rotated.  With  this  configuration  the 
polarization  of  the  pure  rotational  CARS  signal  was 
orthogonal  to  that  of  the  532-nm  pump  beam.  The 
CARS  signal  at  528-nm  was  isolated  from  the 
background  532-nm  scattered  light  by  placing  an 
analyzer  in  the  detection  channel  with  a  transmission 
axis  perpendicular  to  the  532-nm  pump  beam,  as 
shown  in  Fig.  1.  The  CARS  signals  at  496-nm  and 
528-nm  were  separated  using  a  dichroic  mirror  before 
being  simultaneously  detected  by  two  1.0-m 
spectrometers  and  two  back-illuminated  CCD 
cameras  with  2000x5 12-pixel  arrays. 

The  CARS  spectra  are  normalized  using  a  non¬ 
resonant  spectrum  to  account  for  the  effects  of  pulse- 
to-pulse  laser  power  fluctuations,  long-term  power 
drifts,  and  spectral  variations  in  dye  power.9  The  non¬ 
resonant  spectrum  is  recorded  by  flowing  argon 
through  a  flow  tube  into  the  beam  overlap  region. 

The  combustor  facility  is  described  in  detail  by 
Roy  et  al.n 


Results  and  Discussion 


Temperature  and  C02  concentration 
measurements  were  performed  in  the  exhaust  stream 
of  the  liquid-fueld,  swirl-stabilized  combustor  over  a 
wide  range  of  equivalence  ratios  for  three  jet  fuels 
using  the  dual-pump,  dual-broadband  CARS 
technique.  This  CARS  system  exhibited  excellent 
accuracy,  as  determined  from  temperature  and  C02 
concentration  measurements  in  a  calibrated,  laminar 
flame.1  The  standard  deviations  of  the  measured 
single-shot  temperatures  and  C02  concentrations 
evaluated  from  the  N2-C02  spectra  in  the  calibrated 
flame  were  2.3%  and  6%  of  the  mean  values, 
respectively,  for  a  wide  range  of  equivalence  ratios.1 
The  jet  fuels  used  for  the  current  experiment  were  JP- 
8,  JP-8X45,  and  semi-synthetic  fuel.  JP-8  is  the 
standard  jet  fuel,  which  consists  of  commercial  jet- A 
fuel  with  additives.  JP-8X45  is  a  high  energy-density 
fuel  high  in  aromatics  and  cycloparaffms.  The  semi¬ 
synthetic  fuel  consists  of  50%  JET-A  and  50%  coal- 
derived  compounds.  The  carbon-to-hydrogen  ratios 
for  the  JP-8,  JP-8X45,  and  semi-synthetic  fuels  are 
0.52,  0.6,  and  0.5,  respectively.  The  aromatic  content 
of  the  JP-8,  JP-8X45,  and  semi-synthetic  fuels  are 
15.9%,  40.8%,  and  10.0%,  respectively,  measured 
using  a  standard  ASTM  method.  The  objectives  of 
this  study  were  to  measure  single-shot  temperature 
and  concentrations  of  C02  and  02  at  high 
equivalence  ratios  under  sooting  conditions. 

Typical  single-shot  N2-C02  andN2-02  spectra  of 
the  DPDB  CARS  system  acquired  in  the  exhaust 
stream  of  the  JP-8-fueled  combustor  for  an 
equivalence  ratio  of  0.45  are  shown  in  Figs.  3a  and 
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3b,  respectively.  The  solid  line  represents  the 
experimental  CARS  signal,  and  the  dotted  line 
represents  the  theoretical  CARS  spectrum.  The  N2- 
C02  CARS  spectrum  was  fitted  using  Sandia 
CARSFT  code13  and  the  N2-02  rotational  spectrum 
was  fitted  using  the  code  described  by  Bood  et  al. 10 
The  temperature  and  relative  C02  and  02 
concentrations  were  evaluated  by  comparing  the 
experimental  spectrum  with  that  of  a  theoretical  one. 


as  shown  in  Fig.  3.  Probability  density  functions 
(PDF’s)  of  temperatures  evaluated  from  the  single¬ 
shot  N2-02  rotational  spectra  and  the  N2-C02  ro- 
vibrational  spectra  are  shown  in  Figs.  4a  and  4b, 
respectively.  The  difference  in  standard  deviations  of 
the  rotational  and  ro-vibrational  spectra  may  be  due 
to  the  difference  in  the  signal-to-noise  ratio  and  the 
quality  of  the  least-square-fitting  of  the  experimental 
spectra.  Two  different  theoretical  codes  were  used  to 


120 

100 

o 

_c 

C 0 

80 

i_ 

CD 

CO 

CD 
_ 1 

60 

o 

i_ 

CD 

-Q 

E 

3 

40 

20 

(b) 

From  single-shot 
rotational  spectra 


Fuel  :  JP8 
c|) :  0.45 
T  : 1209  K 

mean 

Std.  Dev  :  39  Kl 


1075  1125  1175  1225  1275  1325 

Temperature  (K) 


Figure  3:  Single-shot  (a)  ro-vibrational  spectrum 
of  N2-C02  and  (b)  rotational  spectrum  of  N2-02 
acquired  in  the  exhaust  stream  of  the  JP-8-fueled 
combustor  for  an  equivalence  ratio  of  0.45.  Both 
spectra  were  acquired  simultaneously. 

spectrums  agree  to  within  experimental  uncertainty 


Figure  4:  Single-shot  temperature  PDF’s 
evaluated  from  the  (a)  ro-vibrational  spectrum  of 
N2-C02  and  (b)  rotational  spectrum  of  N2-02 
acquired  in  the  exhaust  stream  of  the  JP-8-fueled 
combustor  for  an  equivalence  ratio  of  0.45. 

fit  the  single-shot  ro-vibrational  spectra  and  the 
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single-shot  rotational  spectra.  The  standard 
deviations  of  the  temperature  evaluated  from  the  N2- 
C02  spectra  and  N2-02  spectra  are  approximately 
3.75%  and  3.25%  of  the  mean  value,  respectively;  the 
mean  temperature  is  approximately  1209  K.  The 
PDF’s  of  the  ratio  of  C02  and  N2  mole  fractions  and 
the  ratio  of  02  and  N2  mole  fractions  are  shown  in 
Figs.  5a  and  5b,  respectively. 

PDF’s  of  single-shot  temperature  and  C02  mole 
fraction  for  an  equivalence  ratio  of  1.0  are  shown  in 


stoichiometric  equivalence  ratios  are  significantly 
higher  than  the  equivalence  ratios  of  previous 
measurements  performed  in  this  combustor,  single¬ 
shot  or  time-averaged.2,14  These  show  that  the  current 
setup  is  suitable  to  acquire  flow- field  statistics  at  high 
equivalence  ratios  under  steady  and  unsteady  sooting 
conditions.  The  data  for  the  determination  of  oxygen 
concentration  have  not  yet  been  analyzed.  The 
standard  deviations  for  the  measured  temperatures 


Figure  5:  PDF’s  of  the  ratio  of  (a)  C02  and  N2 
and  (b)  02  and  N2  evaluated  from  the  single-shot 
CARS  spectra  as  discussed  in  Figs.  3  and  4. 


Figs.  6a  and  6b,  respectively.  These  near- 


Figure  6:  PDF’s  of  (a)  temperature  and  (b)  C02 
mole  fraction  determined  from  single-laser-shot, 
dual-pump  N2-C02  spectra  acquired  at  the 
exhaust  of  the  JP-8-fueled  combustor  for  an 
equivalence  ratio  of  1.0. 

and  C02  mole  fractions  as  determined  from  single- 
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laser-shot,  dual-pump  N2-C02  CARS  spectra  are 
approximately  4%  and  20%  of  the  mean  values, 
respectively.  These  standard  deviations  are  larger 
than  those  measured  in  the  calibration  flame  (2.3% 
and  6%,  respectively)  due  in  part  to  reduced  signal- 
to-noise  ratios,  as  well  as  to  increased  unsteadiness  in 
the  swirl- stabilized  combustor.  The  increase  in 
combustor  unsteadiness  is  verified  in  Fig.  7,  which 
shows  correlation  diagrams  for  the  measured  C02 
concentrations  and  gas-phase  temperatures 
determined  from  the  single-shot,  dual-pump  N2-C02 
spectra.  A  least-square  fit  through  the  data  points 
shows  a  correlated  increase  in  C02  concentration 
with  temperature,  indicating  that  temperature 
fluctuations  are  accompanied  by  shot-to-shot 
fluctuations  in  equivalence  ratio. 


Figure  7:  Temperature  -  C02  mole-fraction 
correlations  for  the  single-shot  CARS  data  for  an 
equivalence  ratio  of  1.0  in  the  exhaust  stream  of 
the  JP-8-fueled  combustor. 


The  temperature  and  the  C02  concentration 
measurements  for  all  three  fuels  are  shown  in  Figs. 
8a  and  8b,  respectively.  The  increase  in  the  standard 
deviation  of  the  C02  mole  fraction  with  equivalence 
ratio  could  be  attributed  to  combustor  unsteadiness  or 
CARS  system  uncertainty,  as  discussed  above.  Both 
the  temperature  and  the  C02  concentration  increase 
monotonically  with  equivalence  ratio  (4>)  before 
reaching  a  maximum  near  an  equivalence  ratio  of  1.0, 
as  expected.  The  temperature  and  C02 
concentrations  begin  to  decrease  beyond  (|>  =  1.0.  As 


evident  from  Fig.  8a,  JP-8X45  produces  the  highest 
temperature  due  to  the  fuel’s  high  aromatic/carbon 
content.  Semi-synthetic  fuel,  which  consists  of  50% 
coal-derived  compounds  and  50%  JP-8  fuel,  is  the 
least  sooting  among  the  three  (due  to  its  lower 
aromatic  content)  and  displays  the  lowest 
temperature.  Based  on  the  C/H  ratio,  C02 
concentrations  for  JP-8X  should  be  higher  than  JP-8 
or  the  semi-synthetic  fuel,  as  confirmed  in  Fig.  8b, 
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Figure  8:  (a)  Temperature  profiles  and  (b)  C02 
concentration  profiles  in  the  exhaust  stream  of  a 
liquid- fueled  swirl- stabilized  combustor  for 
different  jet  fuels.  The  uncertainties  were 
calculated  based  on  the  analysis  of  single-laser- 
shot,  dual-pump  N2-C02  CARS  spectra. 
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while  the  semi-synthetic  fuel  should  be  slightly  lower 
than  JP-8,  contrary  to  the  results  shown  in  Fig.  8b. 
The  CO 2  concentrations  were  evaluated  by  fitting  the 
experimental  N2-C02  dual-pump  spectra  with  that  of 
the  theoretical  ones.  The  fitting  results  depend  on  the 
quality  of  the  acquired  spectra.  The  baselines  of  the 
spectra  acquired  for  the  semi- synthetic  fuel  were  very 
noisy  due  to  strong  background  scattered  light. 
Because  of  the  limited  stock  of  the  semi- synthetic 
fuel,  we  were  unable  to  repeat  the  experiments  with 
this  fuel.  However,  we  were  able  to  reduce  the 
background  scattered  light  and  the  flame  luminosity 
at  high  equivalence  ratios  significantly  by  placing 
apertures  at  strategic  locations  during  the 
experiments  with  JP-8  fuel.  Due  to  this  added  spatial 
filtering,  the  quality  of  the  spectra  acquired  for  the 
JP-8  fuel  was  higher  than  that  of  the  other  fuels. 

A  comparison  with  theoretical  JP-8  temperature 
and  C02/N2  data  from  an  equilibrium  combustion 
code15  is  shown  in  Figs.  9a  and  9b,  respectively.  The 
molecular  formula  of  JP-8  fuel  is  Ci0.9H20.9  and  the 
heat  of  formation  is  equal  to  -2.48  x  105  kJ/K  [private 
communication,  T.  Edwards,  U.S.  Air  Force 
Research  Laboratory,  Wright-Patterson  Air  Force 
Base,  2001].  The  measured  temperatures  are  lower 
than  the  adiabatic  flame  temperatures  by  21%  during 
lean  combustor  operation  and  by  28%  at  the  richest 
condition  (phi  =  1.1).  The  increase  in  this 
discrepancy  at  higher  equivalence  ratios  is  expected 
due  to  increased  heat  losses  at  higher  temperatures 
via  heat  conduction  and  soot  radiation.  The  measured 
C02/N2  mole  fractions  follow  the  correct  trend  with 
equivalence  ratio,  but  are  about  15%  too  high  in  the 
lean  condition.  Under  stoichiometric  to  rich 
conditions,  the  difference  between  measured  and 
theoretical  C02/N2  mole  fractions  decreases  to  about 
7-9%.  These  discrepancies  are  mostly  due  to  issues 
related  to  the  spectral  modeling  of  the  C02  CARS 
spectra.1"2  These  modeling  issues  are  the  subject  of 
ongoing  investigation  and  are  beyond  the  scope  of 
the  current  work. 

As  stated  earlier,  the  effects  of  particulate- 
mitigating  additives  on  temperature  and  C02 
concentrations  were  also  studied.  It  was  hypothesized 
that  these  additives  may  alter  the  flame  temperature 
via  soot  reduction  or  changes  in  flame  chemistry.  The 
additive  used  with  JP-8  fuel  is  known  as  MKLEENM. 
The  results  of  the  additive  study  with  JP-8  fuel  using 
dual-pump  N2-C02  CARS  are  summarized  in  Table 
1.  The  current  dual-pump  CARS  data  showed  no 
significant  change  in  the  exhaust  temperature  or  C02 
concentration,  however,  for  various  levels  of  additive 
concentrations  with  JP-8  fuel.  These  additives  affect 
the  particle  count  significantly,  but  seem  to  do  so 
through  a  mechanism  that  does  not  alter  the  final 
state  of  the  combustion  products  (i.e.,  temperature 


and  C02).  This  infers  that  other  parameters,  such  as 
combustion  efficiency  and  CO  emissions,  may  also 
remain  relatively  unchanged  with  additive 
concentration.  A  more  careful  study  in  the  primary 
flame  zone  where  soot  production  takes  place  is 
necessary  for  more  definitive  conclusions  regarding 
the  effects  of  additives  on  flame  chemistry,  and  is  the 
subject  of  ongoing  study.  These  measurements  show 
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Figure  9:  Comparison  of  the  experimental  results 
with  that  of  the  equilibrium  calculations  for  JP-8 
fuel  (a)  temperature  profiles  and  (b)  C02 
concentration  profiles. 
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that  the  precision  of  the  current  CARS  system  is 
ideally  suited,  however,  for  fuel  and  additive  studies 
in  the  exhaust  stream  (as  in  the  current  work)  or  in 
the  primary  flame  zone  (for  future  work). 

Conclusions  and  Future  Direction 

The  application  of  dual-pump,  dual-broadband 
CARS  to  characterize  the  exit  conditions  in  a  swirl- 
stabilized  CFM56  combustor  has  been  demonstrated. 
This  technique  is  capable  of  providing  measurements 
of  temperature  along  with  concentrations  of  two 
target  species.  Simultaneous,  single-shot  data 
acquisition  enhances  the  precision  and  accuracy  of 
the  temperature  measurements  due  to  the  correlation 
afforded  by  the  common  presence  of  N2  in  each  of 
the  two  spectral  windows.  Experiments  were  carried 
out  to  measure  the  temperature  and  the 
concentrations  of  carbon-dioxide  and  oxygen  at  the 
exhaust  stream  of  the  combustor  for  different 
operating  conditions.  Moreover  the  effect  of 
additives  on  the  temperature  and  the  carbon-dioxide 
concentration  in  the  exhaust  stream  of  the  combustor 
were  also  investigated.  Experiments  were  performed 
for  three  different  jet  fuels  for  equivalence  ratios 
ranging  from  0.4  to  1.1  under  low-to-high  sooting 
conditions.  The  standard  deviations  of  the  measured 
temperature  and  C02  mole  fraction  as  determined 
from  single-laser-shot,  dual-pump  N2-C02  CARS 
spectra  were  approximately  3-4%  and  9-20%  of  the 
mean  values,  respectively,  for  the  full  range  of 
equivalence  ratios.  The  wide  variation  in  the  single¬ 
shot  C02  concentration  was  due,  in  part,  to  the 
variation  in  temperature,  as  shown  in  Fig.  7.  For  a 
fixed  equivalence  ratio,  the  C02  mole  fraction  clearly 
showed  an  upward  trend  with  temperature,  indicating 
a  positive  correlation  between  temperature  and 
equivalence  ratio  fluctuations.  Both  the  temperature 
and  the  C02  concentration  peak  near  an  equivalence 
ratio  of  1.0,  as  expected.  Measurements  of 
temperature  and  C02  concentration  for  a  variety  of 
particulate-mitigating  additives  did  not  show  changes 
greater  than  the  experimental  uncertainty  of  the 
current  CARS  system.  These  measurements  will 
allow  us  to  pursue  future  CARS  measurements  in  the 
reaction  zone  of  the  combustor  under  sooting 
conditions  to  complement  laser-induced 
incandescence  (LII)  and  planar  laser-induced 
fluorescence  (PLIF)  measurements. 
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Table  1.  Summary  of  additive  study  results  with  JP-8  fuel  at  two  different  equivalence  ratios. 


Additive 

Cone. 

(mg/L) 

4)  =  0.7 

Fuel:  JP-8,  Additive:  KLEEN 

4>=  l.i 

Fuel:  JP-8,  Additive:  KLEEN 

Exhaust 

Temp.  (K) 

Product  Moles 

co2/n2 

Particle 

Count 

Change 

Exhaust 

Temp.  (K) 

Product  Moles 

co2/n2 

Particle 

Count 

Change 

0 

1540  +  49 

0.135  ±0.02 

- 

1699  ±64 

0.144  ±0.025 

- 

7800 

1549  +  51 

0.142  ±0.022 

+  11.1% 

1709  ±62 

0.130  ±0.028 

- 

15600 

1560  ±48 

0.128  ±0.02 

+  28.3% 

1708  ±72 

0.150  ±0.022 

-  19.1% 

31200 

1558  ±51 

0.144  ±0.018 

+  44.0% 

1724  ±70 

0.134  ±0.032 

-31.3% 
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Abstract 

Two-color,  two-photon  laser-induced  polarization  spectroscopy  (LIPS)  of  atomic  hydrogen  has  been  demon¬ 
strated  and  applied  in  atmospheric  pressure  hydrogen/air  flames.  Fundamental  and  frequency-doubled  beams  from 
a  single  486-nm  dye  laser  were  used  in  the  experiments.  The  243-nm  pump  beam  in  the  measurements  was  tuned 
to  the  two-photon  n  =  1  n  =  2  resonance  of  the  hydrogen  atom.  The  486-nm  probe  beam  was  tuned  to  the 
single-photon  n  =  2  n  =  4  resonance  of  the  hydrogen  atom.  Measurements  were  performed  in  an  atmospheric 
pressure  F^/air  flame  stabilized  on  a  near- adiabatic,  flat-flame  calibration  burner  (the  Hencken  burner).  For  the 
range  of  pump  beam  intensities  used,  the  LIPS  signal  was  found  to  be  nearly  proportional  to  the  square  of  the 
pump  beam  intensity  over  a  wide  range  of  flame  equivalence  ratios.  Spectral  lineshapes  were  recorded  at  flame 
equivalence  ratios  ranging  from  0.85  to  2.10.  Vertical  H-atom  number  density  distribution  profiles  were  measured 
in  the  Hencken  burner.  The  vertical  H-atom  number  density  profiles  measured  along  the  burner  centerline  for  vari¬ 
ous  flame  equivalence  ratios  were  compared  with  the  results  of  a  numerical  flame  calculation  using  the  UNICORN 
(Unsteady  Ignition  and  Combustion  with  Reactions)  code.  Good  agreement  between  theory  and  experiment  was 
obtained  for  stoichiometric  and  rich  flame  conditions.  For  flames  with  equivalence  ratios  greater  than  1.5,  the 
H-atom  concentration  was  substantially  above  the  adiabatic  equilibrium  value,  even  at  50  mm  above  the  burner 
surface.  The  slow  approach  to  the  adiabatic  equilibrium  H-atom  concentration  value  can  be  explained  by  assuming 
partial  equilibrium  in  the  postflame  gases;  the  H-atom  concentration  is  proportional  to  the  O2  concentration  which 
requires  significant  residence  time  to  decrease  to  its  very  low  equilibrium  concentration.  These  results  suggest  that 
the  use  of  the  Hencken  burner  as  a  radical  measurement  technique  calibration  source  may  be  of  questionable  value 
for  equivalence  ratios  greater  than  1.5  and  less  than  0.8. 

©  2004  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

_  Atomic  hydrogen  is  a  key  species  in  the  chain- 
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stability.  A  reliable,  proven  technique  for  measuring 
atomic  hydrogen  will  have  a  large  impact  on  stud¬ 
ies  of  fundamental  flame  structure.  We  introduce  here 
the  technique  of  two-color,  two-photon  laser-induced 
polarization  spectroscopy  (LIPS),  which  has  the  ma¬ 
jor  advantages  of  high  sensitivity  and  ease  of  optical 
alignment.  LIPS  is  an  optical  diagnostic  technique 
that  is  essentially  a  spatially  resolved  absorption  mea¬ 
surement  [1-3].  The  LIPS  signal  is  a  coherent  laser¬ 
like  beam  and  the  optical  alignment  is  fairly  simple 
because  the  signal  beam  is  collinear  with  the  probe 
beam  [4] .  In  most  LIPS  experiments,  both  pump  beam 
and  the  probe  beam  are  of  the  same  frequency,  and  a 
single-photon  resonance  is  probed  [5-10]. 

Two-photon  LIPS  has  been  demonstrated  for 
both  atomic  and  molecular  species  such  as  nitrogen 
(N2)  [11],  ammonia  (NH3)  [12],  carbon  monoxide 
(CO)  [12],  and  monatomic  hydrogen  (H)  [13-15]. 
However,  in  these  studies  the  pump  and  probe  beam 
frequencies  were  the  same.  Use  of  a  two-photon  ab¬ 
sorption  process  for  these  species  is  required  for 
the  pump  process,  but  not  for  the  probe  process. 
For  atomic  species  such  as  the  H  atom,  selection  of 
a  single-photon  probe  step  enhances  detection  sen¬ 
sitivity  significantly  because  of  the  high  oscillator 
strengths  of  the  single-photon  transitions.  For  the 
H  atom,  a  single  dye  laser  can  be  used  with  the 
fundamental  beam  used  for  the  probe  step  and  the 
frequency-doubled  beam  used  for  the  pump  process; 
this  would  not  be  the  case  for  other  atomic  species 
such  as  monatomic  oxygen. 

Theoretical  studies  of  LIPS  have  focused  almost 
exclusively  on  the  investigation  of  single-photon  res¬ 
onances  [1-3].  Theoretical  LIPS  lineshapes  have  been 
calculated  and  saturation  effects  have  been  investi¬ 
gated  theoretically  for  the  case  where  the  pump  and 
probe  beam  are  at  the  same  frequency  and  tuned  to 
a  single-photon  resonance  [16].  The  pressure  depen¬ 
dence  of  LIPS  signals  has  also  been  studied  [17]. 
A  theoretical  treatment  of  LIPS  in  cases  where  the 
pump  and  probe  have  been  tuned  to  the  IS-2S  two- 
photon  resonance  of  the  H  atom  has  been  reported  by 
Dux  et  al.  [13],  although  the  hyperfine  structure  of  the 
transition  was  not  included  in  this  treatment. 

The  energy  level  structure  and  spectroscopy  of  the 
hydrogen  atom  have  of  course  been  studied  exten¬ 
sively  [18,19].  As  is  the  case  for  many  atomic  species 
in  flames,  the  first  few  accessible  electronic  energy 
levels  for  the  H  atom  lie  in  the  vacuum  ultravio¬ 
let  (YUV)  spectral  region.  Excitation  of  the  ground 
level  (n  =  1)  to  the  lowest  excited  level  ( n  =  2)  of 
atomic  hydrogen  requires  vacuum  ultraviolet  (UV) 
radiation  at  121.6  nm.  Aside  from  the  difficulty  of  ap¬ 
plying  nonlinear  optical  methods  such  as  frequency 
tripling  to  the  generation  of  laser  radiation  at  VUV 
frequencies,  the  laser  radiation  and  resulting  fluores¬ 


cent  radiation  would  be  strongly  absorbed  in  the  flame 
medium.  Thus,  the  technique  of  single-photon  LIF  us¬ 
ing  excitation  of  the  n  =  2  level  in  atomic  hydrogen 
cannot  be  used  in  flame  media  [20]. 

Multiphoton  excitation  schemes  can  be  used  to 
overcome  these  difficulties.  Various  schemes  of  mul¬ 
tiphoton  excitation  to  the  excited  n  =  2,  n  =  3,  and 
n  =  4  levels  of  atomic  hydrogen  are  possible  with 
UV  excitation  wavelengths.  Lucht  et  al.  [21]  demon¬ 
strated  two-photon  laser-induced  fluorescence  (LIF) 
measurements  of  atomic  hydrogen  in  flames  for  the 
first  time.  Since  then,  Alden  et  al.  [22],  Goldsmith 
and  co-workers  [23-27],  and  Salmon  and  Lauren- 
deau  [28]  have  applied  different  multiphoton  fluo¬ 
rescence  schemes  for  detection  of  atomic  hydrogen 
in  flames.  Czarnetzki  et  al.  [20]  present  a  com¬ 
prehensive  comparison  of  the  advantages  and  dis¬ 
advantages  of  various  possible  excitation  schemes 
in  exciting  n  =  3  and  n  —  4  levels.  In  the  single¬ 
laser  two-step  (SLATS)  fluorescence  detection  tech¬ 
nique  for  atomic  hydrogen  demonstrated  by  Gold¬ 
smith  and  Laurendeau  [23],  there  is  the  additional 
advantage  of  experimental  simplicity,  as  a  single 
laser  source  is  used  to  generate  the  required  exci¬ 
tation  wavelengths  for  the  two  atomic  transitions. 
The  fundamental  486-nm  beam  and  the  frequency- 
doubled  243-nm  beam  from  an  Nd:YAG  pumped  dye 
laser  were  in  simultaneous  resonance  with  the  single¬ 
photon  n  —  2  n  =  4  transition  and  the  two-photon 
n  =  1  — >  n  =  2  transition,  respectively.  Bertagnolli 
et  al.  [29]  and  Lowe  et  al.  [30]  applied  three-photon 
LIF  to  measure  H-atom  profiles  in  stagnation-flow 
and  low-pressure  diamond  forming  flames,  respec¬ 
tively.  Photochemical  effects  of  multiphoton  exci¬ 
tation  LIF  detection  of  H  atoms  have  been  studied 
extensively  by  Goldsmith  and  co-workers  [31-33]. 
Several  other  laser  spectroscopic  techniques  have  also 
been  demonstrated  for  detecting  atomic  hydrogen  in 
flames.  Laser-induced  grating  spectroscopy  [34],  two- 
photon-excited  stimulated  emission  [35],  photoion¬ 
ization  controlled-loss  spectroscopy  [36],  and  two- 
photon-resonant  four-wave-mixing  spectroscopy  [37] 
are  among  them. 

Two-color,  two-photon,  LIPS  for  detecting  atomic 
hydrogen  in  flames  has  been  demonstrated  for  the 
first  time,  to  our  knowledge,  in  our  laboratory.  The 
LIPS  technique  described  in  this  work  is  based  on 
an  excitation  technique  for  atomic  hydrogen  similar 
to  that  used  by  Goldsmith  and  Laurendeau  [23]  for 
LIF  measurements  and  by  Gray  et  al.  [34]  for  laser- 
induced  grating  spectroscopy.  In  our  measurements, 
the  circularly  polarized  pump  beam  was  tuned  to  the 
two-photon  243-nm  n  =  1  ->  n  =  2  resonance  of  the 
hydrogen  atom,  and  the  linearly  polarized  probe  beam 
was  tuned  to  the  single-photon  486-nm  n  =  2  -> 
n  =  4  resonance  of  the  hydrogen  atom.  Fundamental 
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and  frequency-doubled  beams  from  a  single  486-nm 
dye  laser  were  used.  This  new  technique  was  suc¬ 
cessfully  demonstrated  in  atmospheric-pressure  hy¬ 
drogen/air  flames  and  has  also  been  applied  for  mea¬ 
surements  of  H-atom  profiles  near  the  deposition  sub¬ 
strate  in  low-pressure  diamond  forming  flames  [38]. 
The  focus  of  this  article  is  the  experimental  mea¬ 
surements  that  have  been  performed  in  near- adiabatic 
atmospheric-pressure  hydrogen/air  flames. 

2.  Two-color  pump/probe  LIPS  scheme 

The  two-color  pump/probe  scheme  for  LIPS  de¬ 
tection  of  atomic  hydrogen  is  shown  in  Fig.  1.  The  hy- 
perfine  structure  of  the  IS1/2,  2Si/2>  and  4Pi/2  levels 
is  depicted  schematically.  As  indicated  in  Fig.  1,  the 
pump  beam  is  circularly  polarized  and  two-photon  ab¬ 
sorption  occurs  between  the  lower  (F  —  1,  Mp  =  —  1) 
state  and  the  upper  (F  =  1,  Mp  =  +1)  state.  (Note:  In 
the  absence  of  hyperfine  splitting  of  the  IS  and  2 S 
levels  two-photon  absorption  of  the  circularly  polar¬ 
ized  radiation  would  not  be  allowed.)  The  two-photon 
absorption  process  results  in  an  anisotropic  distribu¬ 
tion  of  population  in  the  Zeeman  states  in  the  upper 
2Si/2  level.  This  anisotropic  distribution  is  probed 
using  a  linearly  polarized  486-nm  beam  tuned  to 
the  single-photon  2S\/2~^P\/2  transition  (the  2S\/2~ 
4P3/2  transition  is  not  shown  for  reasons  of  clarity). 
The  linearly  polarized  486-nm  beam  can  be  regarded 
as  a  superposition  of  left-  and  right-circularly  polar¬ 
ized  laser  radiation.  In  the  absence  of  the  pump  beam, 


the  two  components  will  be  unaffected  by  passage 
through  the  flame  medium  and  the  probe  beam  po¬ 
larization  will  remain  linear.  After  passing  through 
the  flame,  the  probe  beam  is  blocked  by  a  Glan- 
laser  polarizer,  termed  the  analyzer,  oriented  with  its 
transmission  axis  normal  to  the  direction  of  the  lin¬ 
ear  polarization  of  the  probe  beam.  However,  as  the 
probe  beam  traverses  the  medium  containing  the  two- 
photon-pumped  H  atoms,  one  of  the  components  is 
absorbed  to  a  greater  extent  than  the  other  compo¬ 
nent,  resulting  in  a  slight  elliptical  polarization  for  the 
probe  beam.  The  increased  leakage  through  the  an¬ 
alyzer  due  to  the  elliptical  polarization  of  the  probe 
beam  is  the  LIPS  signal. 


3.  Experimental  apparatus  and  procedure 

A  schematic  diagram  of  the  experimental  system 
for  the  two-color,  two-photon  LIPS  experiment  is 
shown  in  Fig.  2.  The  355-nm  third  harmonic  of  a 
Nd:  YAG  laser  (Continuum  Model  Powerlite  Precision 
8010)  is  used  to  pump  a  dye  laser  (Continuum  Model 
ND  6000).  The  Q-switched  Nd:YAG  laser  has  a  rep¬ 
etition  rate  of  10  Hz  and  a  maximum  pulse  energy  of 
350  mJ  at  355  nm.  The  dye  laser  was  operated  us¬ 
ing  LD  490  laser  dye.  The  lasing  maximum  of  this 
dye  was  at  489  nm  and  the  tunable  range  was  466- 
518  nm  [39].  The  dye  was  dissolved  in  methanol  and 
concentrations  of  560  mg/L  for  the  oscillator  and 
80  mg/L  for  the  amplifier,  determined  by  experiment 


F  =  1 


F=  0 


Mp  = -1  Mp  =  0  Mp  = +1  Mp  =  0 


Mp  =  -1  Mp  =  0  Mp  =  +1  Mp  -  0 
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Fig.  1.  Schematic  diagram  of  the  two-color,  two-photon  LIPS  technique  for  the  measurement  of  atomic  hydrogen.  Two-photon 
excitation  of  the  n  =  2  level  with  a  circularly  polarized  pump  beam  at  243  nm  is  followed  by  single-photon  absorption  of  the  lin¬ 
early  polarized  probe  beam  at  486  nm.  The  linearly  polarized  pump  beam  can  be  considered  as  a  superposition  of  left-circularly 
and  right-circularly  polarized  beams  of  equal  magnitude. 
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Fig.  2.  Schematic  diagram  of  the  two-color,  two-photon 
laser-induced  polarization  spectroscopy  (LIPS)  experimen¬ 
tal  apparatus.  P,  prism;  L,  lens;  FD,  frequency  doubler/auto 
tracker;  DM,  dichroic  mirror;  M,  mirror;  PB,  Pellin-Broca; 
BD,  beam  dump;  HWP,  half-wave  plate;  GP,  Gian  polarizer; 
QWP,  quarter- wave  plate;  NDF,  neutral  density  filters;  JM, 
Joule  meter;  AP,  aperture;  BPF,  band-pass  filter;  PMT,  pho¬ 
tomultiplier  tube. 

for  our  laser  system,  were  used  to  obtain  pulse  en¬ 
ergies  of  25-35  mJ.  According  to  the  manufacturer’s 
specifications  the  dye  laser  pulse  has  a  linewidth  of 
0.07  cm-1  at  515  nm  when  using  a  UY  grating.  The 
minimum  tunable  step  size  is  0.001  nm,  set  by  the 
dye  laser  control  computer  program.  The  specified  re- 
settability  of  the  tunable  grating  in  the  dye  laser  is 
±0.05  nm. 

The  486-nm  output  beam  of  the  dye  laser  was 
passed  through  a  telescope  having  a  positive  lens 
and  a  negative  lens  with  focal  lengths  of  ±200  and 
—  150  mm,  respectively.  The  distance  between  two 
lenses  was  set  at  50  mm  to  produce  a  nearly  colli¬ 
mated  beam  directed  into  the  frequency-doubling  ap¬ 
paratus  (Inrad  Model  Autotracker  III).  The  243 -nm 
output  beam  had  a  maximum  pulse  energy  of  1.5  mJ 
when  the  input  laser  power  was  35  mJ.  The  incom¬ 
ing  486-nm  beam  was  vertically  polarized  and  the 
frequency  doubled  243 -nm  beam  was  horizontally  po¬ 
larized. 

The  ultraviolet  output  beam  from  the  Autotracker 
III  was  then  reflected  once  from  a  243 -nm  mirror  and 


directed  to  a  Pellin-Broca  prism.  The  Pellin-Broca 
prism  was  used  to  disperse  the  243 -nm  beam  and  the 
residual  486-nm  beam.  The  residual  486-nm  beam 
from  the  Pellin-Broca  prism  was  carefully  dumped 
with  minimal  scatter.  The  243 -nm  beam  was  reflected 
from  a  90°  prism  and  then  transmitted  through  a  high- 
quality  a-BBO  (beta  barium  borate)  polarizer  with  a 
horizontal  transmission  axis.  This  polarizer  was  set 
with  its  transmission  axis  in  a  vertical  orientation. 
A  zero-order  248 -nm  UV- grade  half-wave  plate  was 
inserted  before  the  polarizer  and  rotated  until  power 
was  maximized  through  the  a-BBO  polarizer.  The 
pump  beam  was  then  directed  through  a  zero-order, 
anti-reflection-coated,  UV-grade  fused  silica  quarter- 
wave  plate  (QWP)  centered  at  248  nm.  The  QWP 
axis  was  set  at  an  angle  of  45°  to  the  polarization 
direction  of  the  incoming  beam  to  obtain  circular  po¬ 
larization  of  the  pump  beam.  The  circularly  polarized 
pump  beam  was  then  directed  through  a  90°  prism 
and  focused  by  a  ±200-mm  plano-concave  lens.  The 
focusing  lens  was  mounted  on  a  translation  stage  with 
its  translation  axis  parallel  to  the  direction  of  the  beam 
propagation.  The  pump  beam  was  then  reflected  us¬ 
ing  another  90°  prism  across  the  middle  of  the  burner. 
The  pump  beam  was  placed  as  close  as  possible  to  the 
edge  of  the  final  prism  to  obtain  the  minimum  cross¬ 
ing  angle  with  the  probe  beam.  All  prisms  and  the 
focusing  lens  were  UV-grade  fused  silica  and  were 
AR-coated  for  the  range  225-308  nm.  After  passing 
through  the  flame,  the  243 -nm  beam  was  reflected 
from  another  fused  silica  prism,  directed  through  two 
50%  transmission  neutral  density  filters,  and  then  fo¬ 
cused  onto  a  Joulemeter  (Molectron  Model  J3-05) 
using  a  ±50-mm  fused-silica  plano-convex  lens.  The 
Joulemeter  was  used  to  record  the  pump-beam  pulse 
energy. 

The  486-nm  beam  was  transmitted  through  the 
243 -nm  mirror  placed  after  the  Autotracker  III  and 
then  reflected  using  a  glass  window.  The  front  re¬ 
flection  from  the  glass  window,  with  an  intensity  of 
approximately  4%  of  the  total  beam,  was  used  as  the 
probe  beam  for  LIPS.  It  was  directed  through  the  cen¬ 
ter  of  the  burner  in  such  a  way  that  it  just  cleared  the 
vertical  edge  of  the  fused  silica  prism,  which  directed 
the  pump  beam  onto  the  burner  to  achieve  the  min¬ 
imum  crossing  angle  of  1.8°.  The  probe  beam  was 
passed  through  a  set  of  neutral  density  (ND)  filters 
mounted  on  two  filter  wheels  to  control  its  intensity 
before  entering  the  flame.  A  ±500-mm,  plano-convex 
BK7  lens  mounted  on  a  translation  stage  was  used  to 
focus  the  probe  beam  at  the  center  of  the  burner.  Im¬ 
mediately  after  the  focusing  lens,  the  probe  beam  was 
directed  through  a  calcite  Glan-laser  polarizer  with  a 
vertical  transmission  axis.  Another  calcite  Glan-laser 
polarizer,  termed  the  analyzer,  was  placed  after  the 
burner  in  the  probe  beam  path.  This  second  polarizer 
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was  mounted  on  a  high-precision  rotary  mount  having 
an  angular  resolution  of  15  arcsec.  The  transmission 
axis  of  the  analyzer  was  horizontal  and  was  adjusted 
such  that  two  polarizers  were  crossed.  The  rejection 
ratio  of  the  crossed  polarizers  was  measured  to  be 
(4.2  =b  0.2)  x  10-5.  The  rejection  ratio  is  the  ratio 
of  the  probe  intensity  transmitted  through  crossed  po¬ 
larizers  to  the  probe  intensity  transmitted  through  un¬ 
crossed  polarizers.  The  probe  intensity  when  the  po¬ 
larizers  were  crossed  was  measured  by  adjusting  the 
analyzer  until  the  photomultiplier  tube  (PMT)  signal 
was  minimized.  To  measure  the  intensity  transmitted 
when  the  polarizers  were  uncrossed,  the  analyzer  was 
turned  until  the  PMT  signal  became  maximum.  How¬ 
ever,  in  this  case  additional  ND  filters  with  known 
optical  density  were  placed  in  front  of  the  PMT  to 
maintain  the  signal  level  below  the  saturation  limit 
for  the  PMT.  This  signal  reading  was  then  divided 
by  the  transmittance  of  ND  filters  to  obtain  the  probe 
beam  intensity  when  the  polarizers  were  uncrossed. 
To  ensure  that  the  probe  and  pump  beams  focused 
and  crossed  exactly  over  the  center  of  the  burner,  a 
100- pm  pinhole  was  mounted  on  the  centerline  of  the 
burner.  The  probe  and  the  pump  beams  were  adjusted 
so  that  they  were  focused  as  close  as  possible  to  the 
pinhole  and  so  that  each  of  them  passed  through  the 
pinhole. 

To  align  the  optics  in  the  signal  channel,  the  sec¬ 
ond  Gian  polarizer  was  slightly  uncrossed  and  the 
486-nm  beam  that  leaked  through  was  collimated 
using  a  +300-mm-focal-length  BK7,  plano-convex 
lens.  The  collimated  beam  was  passed  through  an 
aperture  and  focused  onto  another  aperture  using  a 
+200-mm  BK7,  plano-convex  lens.  The  second  aper¬ 
ture  was  placed  65  mm  in  front  of  a  Hamamatsu  R212 
PMT.  The  PMT  was  approximately  2.5  m  from  the 
burner.  The  PMT  was  powered  by  a  regulated  high- 
voltage  power  supply  (Stanford  Research  Systems, 
Inc.,  Model  PS  325/2500V-25W).  A  486-nm  band¬ 
pass  filter  (Thermo  Corrion  Model  P10-486-F)  was 
placed  in  front  of  the  PMT  to  block  scattered  ultra¬ 
violet  light  and  flame  emission.  A  set  of  ND  filters 
was  placed  in  the  beam  path  to  control  the  inten¬ 
sity  of  the  signal  directed  onto  the  PMT.  In  addi¬ 
tion,  a  series  of  black  extension  beam  tubes  were 
inserted  around  the  beam  from  the  first  aperture  all 
the  way  to  the  PMT,  and  the  whole  system  was  cov¬ 
ered  by  a  thick  black  cloth.  By  doing  this,  the  level 
of  scattered  light  incident  on  the  PMT  was  reduced 
to  a  negligible  level  compared  with  the  probe  leak¬ 
age  through  the  analyzer.  The  outputs  of  the  PMT 
and  the  Joulemeter  were  connected  to  two  separate 
gated  integrator  modules  (Stanford  Research  Systems 
Model  SR  250).  When  needed,  the  PMT  signal  out¬ 
put  was  amplified  using  a  fast  preamplifier  (Stanford 
Research  Systems  Model  SR  240).  A  digital  oscillo¬ 


scope  (Hewlett  Packard  Model  Infinium,  500  MHz) 
was  used  for  real-time  monitoring  of  the  averaged 
signal  output  and  the  gate  pulse  from  each  gated  in¬ 
tegrator.  The  digital  outputs  of  the  gated  integrators 
were  recorded  using  a  custom  virtual  instrument  (VI) 
program  in  Lab  VIEW  6.1. 

The  non-premixed,  two-dimensional,  near-adia¬ 
batic,  flat-flame  Hencken  calibration  burner  from  Re¬ 
search  Technologies  (Model  RD15X15)  was  used 
to  produce  atmospheric  pressure  H2/air  flames.  The 
geometry  of  the  Hencken  burner  and  the  arrange¬ 
ment  of  fuel  and  oxidizer  channels  are  illustrated  in 
Fig.  3.  This  burner  is  designed  such  that  rapid  mix¬ 
ing  of  fuel  and  the  oxidizer  takes  place  immediately 
above  the  burner  surface.  The  burner  incorporates  a 
36.5-mm  square  hastalloy  honeycomb  on  the  top,  sup¬ 
porting  stainless- steel  fuel  tubes  in  every  fourth  hon- 


Fig.  3.  (a)  Hencken  calibration  burner  used  to  generate  hy¬ 
drogen/air  flames,  (b)  Top  view  of  the  burner  showing  the 
arrangement  of  fuel  tubes  and  oxidizer  channels. 
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eycomb  cell.  The  fuel  tubes  are  of  0.508-mm  inside 
diameter  and  0.813-mm  outside  diameter.  The  tubes 
are  uniformly  distributed.  The  honeycomb  cells  are 
0.813  mm  in  diameter  and  have  a  0.051 -mm  wall 
thickness.  The  fuel  tubes  are  well  sealed  from  the  ox¬ 
idizing  gas.  The  oxidizer  flows  around  the  fuel  tubes 
and  through  the  honeycomb  to  mix  with  the  fuel 
above  the  burner  surface  and,  hence,  a  combustible 
mixture  occurs  only  above  the  burner  surface.  The 
36.5-mm  inner  square  region  is  surrounded  by  a  6.5- 
mm-wide  area  which  can  be  used  to  flow  an  inert  gas 
co-flow  around  the  main  flame,  thus  creating  a  shroud 
for  the  flame. 

The  burner  assembly  was  mounted  on  a  platform 
that  can  be  moved  horizontally  on  slide  rails.  The 
burner  assembly  can  be  moved  vertically  using  a  step¬ 
per  motor  drive  system.  The  smallest  step  size  of  the 
vertical  motion  was  0.013  mm.  A  linear  dial  gauge 
having  a  resolution  of  0.025  mm  was  fixed  between 
the  burner  assembly  and  the  floor.  It  was  used  to  mea¬ 
sure  the  vertical  movement  of  the  burner. 

The  air  and  nitrogen  flows  were  regulated  using 
0-4  standard-cubic-feet-per-minute  (scfm)  rotameters 
(King  Instrument  Co.)  with  needle  control  valves. 
The  hydrogen  was  made  to  flow  at  a  regulated  pres¬ 
sure  of  40  psig  and  the  hydrogen  flow  was  controlled 
by  another  rotameter  (Gilmont  Instruments,  Model 
GF-532 1-1502-65  mm)  with  a  needle  control  valve. 
All  rotameters  were  calibrated  using  a  BIOS  Inter¬ 
national,  DryCal  DC-1  primary  airflow  meter  with 
DC-1HC  interchangeable  flow  cell.  The  accuracy  of 
calibration  was  ±1%  in  10-sample  averaged  readings. 
According  to  our  experience,  to  obtain  a  stable  hydro¬ 
gen/air  flame  in  the  equivalence  ratio  range  0  =  0.75 
to  0  =2.00,  the  airflow  rate  was  fixed  at  53.5  slpm 
and  the  hydrogen  flow  rate  was  varied  from  15  to 
50  slpm.  Although  the  airflow  rate  was  held  con¬ 
stant,  the  rotameter  used  in  the  air  line  had  to  be 
adjusted  from  time  to  time  to  account  for  the  pres¬ 
sure  variations  in  the  supply  line.  It  was  found  that 
this  rotameter  had  an  uncertainty  as  high  as  5.5  slpm. 
Thus  the  uncertainty  of  the  calculated  equivalence  ra¬ 
tio  values  using  the  flow  rate  readings  from  the  above 
flowmeters  is  between  13  and  17%  for  equivalence  ra¬ 
tio  variation  between  0.75  and  2.00.  For  lean  flames, 
the  uncertainty  increases  because  the  hydrogen  flow 
rates  are  lower. 


4.  Experimental  results 

4.1.  Single-laser,  two-step  excitation  LIF 
measurements 

Initially,  single-laser,  two-step  (SLATS)  LIF  de¬ 
tection  of  the  H  atom  was  performed.  As  the  laser 


Fig.  4.  Single-laser,  two-step  laser-induced  fluorescence 
(LIF)  signal  of  4P-2S  radiative  decay  of  atomic  hydrogen. 
This  spectrum  was  recorded  in  the  F^/air  flame  stabilized  at 
atmospheric  pressure  on  the  Hencken  calibration  burner. 

excitation  schemes  of  SLATS  and  LIPS  are  similar, 
the  SLATS  measurements  were  performed  to  cal¬ 
ibrate  the  dye  laser  wavelength.  Fluorescence  was 
collected  at  right  angles  to  the  laser  beams  using 
a  +150-mm-focal-length,  50-mm-diameter  lens.  The 
fluorescence  collected  was  then  focused  using  another 
+300-mm-focal-length,  50-mm-diameter  lens  onto 
the  R212  PMT.  A  486-nm  bandpass  filter  was  used  to 
block  the  ultraviolet  scattered  light  and  flame  emis¬ 
sion.  Although  a  mechanical  shutter  synchronized 
with  the  laser  was  incorporated  in  front  of  the  PMT 
to  block  background  flame  emission,  no  significant 
amount  of  emission  was  observed  from  the  F^/air 
flame.  The  dye  laser  was  scanned  from  243.050  to 
243.150  nm  at  a  rate  of  0.001  nm/s  and  the  signal 
was  averaged  for  30  laser  shots.  The  recorded  SLATS 
LIF  signal  is  shown  in  Fig.  4. 

4.2.  Laser-induced  polarization  spectroscopy 
measurements 

Based  on  calibration  results  from  the  LIF  experi¬ 
ment,  the  LIPS  signal  was  obtained  for  the  first  time 
in  the  F^/air  flame.  To  obtain  the  spectral  lineshape  of 
the  hydrogen  transition  using  LIPS,  the  243 -nm  UV 
beam  was  scanned  across  the  peak  transition  wave¬ 
length  determined  previously.  The  peak  signal  was 
observed  at  243.090  nm  and  hence  the  UV  pump 
beam  was  scanned  from  243.050  to  243.150  nm.  The 
signal  was  recorded  in  one  data  file  for  300-500  laser 
shots,  at  one  particular  setting  of  the  pump  beam 
wavelength.  Then  the  pump  beam  was  blocked  and 
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Fig.  5.  LIPS  lineshapes  recorded  for  different  flame  equivalence  ratios  at  25  mm  above  burner  surface  in  F^/air  flame  stabilized 
on  the  Hencken  burner  with  64-slpm  nitrogen  shroud  flow.  The  absolute  signal  is  normalized  by  dividing  by  the  pump  laser 
intensity  raised  to  the  power  2.50. 


the  background  was  recorded  for  the  same  number 
of  laser  shots  as  a  separate  data  file.  The  quantities 
were  averaged  and  the  absolute  LIPS  signal  was  ob¬ 
tained  by  subtracting  the  background  from  the  sig¬ 
nal.  The  pump  beam  was  scanned  in  larger  steps  of 
about  0.006  nm  when  the  pump  beam  wavelength 
was  far  from  the  resonance  and  when  the  wavelength 
was  near  the  resonance  the  step  size  was  reduced 
to  0.002  nm.  By  these  means  the  data  acquisition 
process  was  expedited,  hence  minimizing  the  decay 
of  the  dye  laser  power  during  a  scan.  A  set  of  spectral 
lines  were  obtained  3  and  25  mm  above  the  burner 
surface  while  operating  the  Hencken  burner  with  an 
H2/air  mixture  for  different  equivalence  ratios.  The 
results  are  shown  in  Fig.  5.  The  LIPS  signals  obtained 
were  very  strong,  and  care  was  required  to  operate 
the  signal  PMT  in  the  linear  regime.  The  LIPS  sig¬ 
nals  were  clearly  visible  on  the  digital  oscilloscope 
on  single  laser  shots  for  all  equivalence  ratios.  Ini¬ 
tially,  we  recorded  lineshapes  that  were  quite  broad 
due  to  PMT  saturation.  Subsequent  to  our  initial  mea¬ 
surements,  neutral  density  filters  were  inserted  in  the 
signal  channel  to  ensure  that  the  PMT  did  not  saturate 
for  the  acquisition  of  the  spectra  shown  in  Fig.  5. 

The  spectral  lineshapes  shown  in  Fig.  5  are  plot¬ 
ted  with  peak  amplitudes  normalized  to  a  value  of  1.0 
in  Fig.  6  for  equivalence  ratios  ranging  from  0.75  to 
2.00.  The  spectral  lines  are  plotted  versus  twice  the 
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Fig.  6.  LIPS  lineshapes  for  flame  equivalence  ratios  of  0.75, 
1.25,  1.50,  and  2.00  recorded  at  a  height  of  25  mm  above  the 
burner  surface  as  shown  in  Fig.  5,  normalized  to  a  peak  at 
1.0.  The  solid  line  is  a  gaussian  profile  with  a  full  width  at 
half-maximum  of  2.55  cm-1 . 

frequency  of  the  243 -nm  pump  beam.  A  gaussian  pro¬ 
file  with  a  full  width  at  half-maximum  of  2.55  cm-1 
is  also  plotted  in  Fig.  6;  this  corresponds  to  the 
Doppler  profile  for  the  1S-2S  H-atom  transition  for 
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a  flame  temperature  of  2000  K.  To  within  the  exper¬ 
imental  scatter,  the  measured  lineshapes  are  in  very 
good  agreement  with  this  calculated  Doppler  pro¬ 
file  at  each  equivalence  ratio.  This  is  an  indication 
that  the  both  the  collisional  linewidth  and  the  laser 
spectral  widths  at  243  and  486  nm  are  much  less 
than  the  Doppler  width  for  these  flame  conditions. 
The  estimated  laser  spectral  width  is  approximately 
0.2  cm-1. 

The  pump  laser  power  dependence  of  the  LIPS 
signal  was  investigated  for  different  flame  equiva¬ 
lence  ratios.  To  vary  the  pump  power,  a  half-wave 
plate  was  placed  in  front  of  the  first  polarizer  in  the 
pump  beam  path  and  gradually  rotated.  When  both 
the  pump  and  probe  laser  intensities  are  low  enough 
that  no  resonance  saturation  occurs,  the  LIPS  signal 
will  be  given  by 

2  4 

Slips  OC  WH^ump^probe*  (1) 

where  Slips  is  the  LIPS  signal  (arbitrary  units),  nn  is 
the  number  density  (m-3)  of  H  atoms  in  the  ground 
IS  level,  and  /pump  and  /probe  are  the  pump  and 
probe  laser  intensities  (W /m2),  respectively.  The  re¬ 
sults  of  the  investigation  of  the  dependence  of  the 
LIPS  signal  on  pump  laser  power  are  shown  in  Fig.  7. 
For  each  of  the  equivalence  ratios,  the  signal  is  ap¬ 
proximately  proportional  to  the  square  of  the  pump 


laser  power,  indicating  that  the  243-nm  1S-2S  two- 
photon  transition  is  saturated  to  a  significant  extent. 

For  all  measurements  subsequent  to  the  initial 
lineshape  measurements  we  were  careful  to  operate 
the  PMT  in  the  linear  response  region  because  the 
LIPS  signal  was  very  strong.  The  PMT  saturation 
characteristics  were  investigated  separately.  To  oper¬ 
ate  in  the  linear  region  of  the  PMT,  it  was  found  that 
it  is  necessary  to  operate  with  a  peak  PMT  signal 
level  below  60  mV  as  observed  on  the  digital  oscil¬ 
loscope  with  a  50-/2  input  impedance  and  a  PMT 
voltage  of  800  V.  The  maximum  signal  level  for 
each  case  was  observed  using  the  digital  oscilloscope 
prior  to  data  acquisition,  and  additional  neutral  den¬ 
sity  filters  were  placed  in  the  signal  channel  when 
needed.  The  pulse  energy  of  the  probe  beam  was  not 
monitored  during  these  experiments.  The  probe  in¬ 
tensity  should  be  approximately  proportional  to  the 
square  root  of  the  pump  intensity  as  they  originated 
from  the  same  dye  laser.  Also  for  sufficiently  low 
probe  intensities,  the  absolute  LIPS  signal  will  have 
a  linear  dependence  on  the  probe  intensity.  The  ab¬ 
solute  LIPS  signal  was  normalized  by  dividing  by 
the  pump  intensity  raised  to  the  power  2.50  for  all 
cases;  we  used  a  value  for  pump  power  dependence 
that  was  approximately  the  average  of  the  measure¬ 
ments  at  different  equivalence  ratios.  For  analysis  of 
the  experimental  data,  therefore,  we  used  the  follow- 


L°g  io  (PumP  Power) 

Fig.  7.  Saturation  profiles  of  the  LIPS  signal  for  different  flame  equivalence  ratios.  The  FL/air  flame  was  operated  with  an  N2 
shroud  flow  of  64  slpm  in  each  case.  Careful  attention  was  given  to  avoid  any  possible  detector  saturation  at  high  signal  levels. 


138 


W.D.  Kulatilaka  et  al.  /  Combustion  and  Flame  137  (2004)  523-537 


531 


Fig.  8.  Vertical  profiles  of  the  H-atom  LIPS  signal  along  the  flame  centerline  for  varying  equivalence  ratios.  All  Hencken  burner 
flames  were  operated  with  an  airflow  rate  of  53.5  slpm  and  with  a  nitrogen  co-flow  of  64  slpm.  The  H2  flow  rate  was  varied  from 
16.8  to  44.7  slpm  and  with  nitrogen  co-flow  of  64  slpm.  The  LIPS  signal  was  normalized  by  dividing  the  pump  intensity  to  the 
power  2.50.  The  H-atom  distribution  profile  calculated  using  the  UNICORN  code  is  shown  above  the  plot  for  the  equivalence 
ratio  1.75  case. 


ing  formula: 

c  rv  r2.00  j  2  t2.50 

^LIPS  rcH/pump/probe  <x  rcH/pump.  (2) 

The  region  just  above  the  surface  of  the  Hencken 
burner  is  a  complex  region  where  mixing  between 
the  fuel  and  air  occurs  and  hundreds  of  millimeter- 
scale  diffusion  flames  are  established.  The  products 
from  these  millimeter- scale  diffusion  flamelets  mix 
and  continue  to  react  until  chemical  equilibrium  is  es¬ 
tablished  in  the  postflame  gases.  The  mixing/reaction 
processes  were  investigated  by  performing  vertical 
H-atom  profile  measurements  along  the  centerline  of 
the  burner  for  different  equivalence  ratios.  This  mea¬ 
surement  is  of  particular  interest  for  identifying  re¬ 
gions  where  chemical  equilibrium  is  established  be¬ 
cause  the  Hencken  burner  is  frequently  used  as  a  cali¬ 
bration  burner.  Vertical  scans  were  performed  for  dif¬ 
ferent  equivalence  ratios.  To  compensate  for  the  vari¬ 
ation  in  pump  beam  power  due  to  loss  of  dye  power  in 
486-nm  dye  laser,  the  burner  was  first  moved  down¬ 
ward  in  steps  of  5  mm,  and  then  moved  upward  in 
steps  of  5  mm,  covering  the  intermediate  2.5-mm  in¬ 
tervals.  The  recorded  vertical  LIPS  signal  profiles  for 
five  different  equivalence  ratios  are  compared  with 


numerical  calculations  of  the  H-atom  mole  fraction 
profiles  in  Fig.  8. 

The  numerical  calculations  were  performed  using 
the  UNICORN  (Unsteady  Ignition  and  Combustion 
with  Reactions)  code  that  was  developed  for  Navier- 
Stokes  simulations.  More  details  concerning  this  code 
can  be  found  in  Refs.  [40-43].  The  flame  formed  over 
the  Hencken  burner  can  be  viewed  as  the  combination 
of  several  diffusion  flamelets.  Each  of  the  diffusion 
flamelets  is  independently  supported  with  a  separate 
fuel  tube  (Fig.  3).  The  exact  nature  of  the  flamelet, 
such  as,  diffusion,  premixed,  or  partially  premixed 
type,  depends  on  the  flow  conditions.  The  finite- 
rate-chemistry  code,  UNICORN,  can  be  used  to  pre¬ 
dict  this  flame  type  through  detailed  simulation.  The 
flamelet  established  over  the  fuel  tube  of  0.81 -mm 
outer  diameter  and  0.15-mm-thick  wall  is  modeled 
as  an  axisymmetric  flame.  The  hexagonal  opening 
around  the  fuel  tube  through  which  air  flows  is  mod¬ 
eled  as  a  1.83-mm-diameter  co-annular  tube.  Axisym¬ 
metric  calculations  are  performed  for  a  physical  do¬ 
main  of  0.915  x  50  mm  using  a  31  x  151  grid  system. 
While  symmetric  conditions  are  forced  at  the  axis  as 
well  as  at  the  outer  boundary  in  the  radial  direction, 
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Fig.  9.  Vertical  H-atom  distribution  in  the  Hencken  burner  modeled  using  UNICORN  code  for  a  flame  equivalence  ratio  of  1.75. 
(a)  H-atom  mole  fraction  plotted  for  a  distance  of  50  mm  above  the  burner  surface,  (b)  Expanded  view  near  the  burner  surface. 


outflow  conditions  are  used  at  the  exit  in  the  axial  di¬ 
rection  (height).  Fuel  and  air  velocities  at  the  burner 
entrance  are  estimated  from  the  measured  flow  rates. 
Adiabatic-flow  conditions  are  used  at  the  fuel-tube 
wall.  Steady-state  flames  for  each  equivalence  ratio 
case  are  obtained  in  approximately  2000  time  steps. 

A  calculated  H-atom  mole  fraction  distribution  in 
the  region  with  a  height  of  50  mm  and  a  length  equiv¬ 
alent  to  approximately  five  fuel  tubes,  i.e.,  5.5  mm, 
for  the  equivalence  ratio  of  1.75  is  also  shown  on  the 
top  of  the  plot  in  Fig.  8  and  in  more  detail  in  Fig.  9. 
The  vertical  H-atom  profiles  for  stoichiometric  and 
fuel-rich  flame  conditions  show  good  agreement  with 
the  theoretical  calculations  starting  from  distances  of 
approximately  10-20  mm  above  the  burner  surface. 
As  mentioned  earlier  the  LIPS  signal  was  normalized 
by  dividing  by  the  pump  laser  intensity  raised  to  the 
power  2.50  to  account  for  the  variation  in  both  pump 
and  probe  intensities  in  these  cases. 

The  experimental  results  shown  in  Fig.  8  were 
scaled  such  that  experiment  and  theory  agreed  in 


the  postflame  region  for  an  equivalence  ratio  of  1.1; 
for  the  other  equivalence  ratios  it  was  assumed  that 
the  experimental  H-atom  number  density  was  propor¬ 
tional  to  the  square  root  of  the  LIPS  signal.  The  mole 
fraction  was  calculated  from  the  number  density  by 
multiplying  by  the  ratio  equilibrium  flame  tempera¬ 
ture  for  a  given  equivalence  ratio  and  the  equilibrium 
flame  temperature  for  an  equivalence  ratio  of  1.1. 
The  estimated  uncertainty  in  the  determination  of  the 
experimental  equivalence  ratio  was  13-17%  as  dis¬ 
cussed  under  Experimental  Apparatus  and  Procedure. 
The  measured  experimental  equivalence  ratios  were 
estimated  to  be  low  by  about  10%  based  on  a  compar¬ 
ison  of  measured  and  calculated  H-atom  mole  frac¬ 
tions  versus  equivalence  ratio  at  various  heights  above 
the  burner  surface.  One  of  these  profiles  is  shown  in 
Fig.  10.  All  of  the  measured  profiles  seemed  to  in¬ 
dicate  that  the  experimental  value  of  the  equivalence 
ratio  was  consistently  low,  and  the  shifted  value  was 
well  within  the  value  of  the  uncertainty  in  the  mea¬ 
sured  value. 
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Equivalence  Ratio 

Fig.  10.  Comparison  of  measured  and  calculated  H-atom 
mole  fractions  versus  equivalence  ratio  at  a  height  30  mm 
above  the  burner  surface.  The  equivalence  ratio  for  the  mea¬ 
sured  H-atom  mole  fractions  has  been  increased  by  0.1  for 
each  data  point  for  best  agreement  with  the  calculated  val¬ 
ues.  The  measured  H-atom  mole  fraction  is  normalized  to 
the  calculated  value  for  an  equivalence  ratio  of  1.35. 


5.  Discussion  of  results 

The  H-atom  distributions  shown  in  Figs.  8  and  9 
for  H2/air  flames  reveal  some  important  character¬ 
istics  that  may  have  a  significant  influence  on  the 
measurements  made  using  the  multiflamelet  Hencken 
burner.  First,  the  hydrogen  atom  seems  to  reach  an 
equilibrium  state  fairly  rapidly  (approx  20  mm  high) 
for  the  near- stoichiometric  flames  while  a  consider¬ 
able  delay  is  evident  in  the  fuel-rich  flames.  Second, 
the  equilibrium  concentration  of  H  atom  decreased 
significantly  when  the  equivalence  ratio  was  reduced 
to  0.75  from  the  stoichiometric  value.  In  addition,  the 
simulations  also  revealed  that  the  peak  concentration 
of  the  H  atom  is  nearly  independent  of  equivalence  ra¬ 
tio.  To  understand  these  characteristics  the  numerical 
solutions  obtained  for  various  equivalence  ratios  are 
analyzed. 

The  calculated  concentration  profiles  for  the  H 
and  OH  radicals  and  the  O2  molecule  are  shown  in 
Fig.  11  for  several  equivalence  ratios.  A  logarith¬ 
mic  scale  was  chosen  for  magnifying  the  variations 
in  the  species  concentrations.  The  dramatic  decrease 
in  H-atom  concentration  for  the  0  =  0.75  flame 
compared  with  the  other  flames  is  clearly  shown  in 
Fig.  11a.  Moreover,  the  H-atom  concentration  for  the 
0  =  2.0  case  did  not  reach  an  equilibrium  value  even 
at  50  mm  above  the  burner  surface.  The  OH-radical 
concentration  (Fig.  lib),  on  the  other  hand,  decreases 
gradually  with  decreasing  equivalence  ratio  and  the 


(b) 


Position  Above  Burner  Surface  (mm) 

(c) 


Fig.  11.  Mole  fraction  profiles  for  (a)  H  atom,  (b)  OH,  and 
(c)  O2  versus  height  above  the  burner  surface  for  various 
equivalence  ratios,  calculated  using  the  UNICORN  code. 


value  at  0  =  0.75  is  only  slightly  lower  than  that 
obtained  for  the  stoichiometric  condition.  The  exten¬ 
sion  of  the  nonequilibrium  regime  beyond  the  50-mm 
height  for  the  0  =  2.0  flame  is  also  evident  in  the  OH 
and  O2  plots  (Figs,  lib  and  lie). 

Calculations  and  experiments  for  the  data  pre¬ 
sented  in  Fig.  8  were  performed  in  such  a  way  that 
the  flow  rate  of  air  was  kept  constant  and  the  flow  rate 
of  fuel  was  varied  to  obtain  the  desired  equivalence 
ratio.  As  a  result,  at  a  given  location  in  the  burner  the 
fluid  velocity  increases  and,  hence,  the  residence  time 
decreases  when  equivalence  ratio  is  increased.  For  ex¬ 
ample,  the  velocity  at  the  50-mm  location  increases 
from  14  m/s  for  the  0  =  1.0  flame  to  16.8  m/s  for 
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the  0  =  2.0  flame.  This  corresponds  to  a  decrease  of 
almost  20%  in  residence  time  for  the  0  =  2.0  flame 
compared  with  the  0  =  1.0  flame. 

The  results  of  perfectly  stirred  reactor  (PSR)  cal¬ 
culations  [44]  for  H2-air  flames  at  various  equiva¬ 
lence  ratios  are  shown  in  Figs.  12a  and  12b.  The 
H  -atom  mole  fraction  at  the  exit  of  the  PSR  is  plotted 
as  a  function  of  residence  time  for  equivalence  ratios 
from  0.5  to  2.0.  Note  that  the  H-atom  mole  fraction 
reaches  its  equilibrium  value  [45]  at  residence  times 
on  the  order  of  100  ms  for  the  0  =  1.0  flame.  For  the 
0  =  2.0  flame,  on  the  other  hand,  the  H-atom  mole 
fraction  is  still  about  four  times  its  equilibrium  value 
at  a  residence  time  of  100  ms.  The  slow  approach  to 
equilibrium  for  the  0  =  0.75  flame  is  also  evident 
from  Figs.  12a  and  12b. 

The  slow  approach  to  the  equilibrium  concentra¬ 
tion  for  the  H-atom  profile  for  the  rich  flames  can  be 
understood  by  assuming  that  the  following  bimolecu- 
lar  reactions  are  in  partial  equilibrium  in  the  postflame 
region: 

0H  +  H2^H20  +  H,  (Rl) 

H  +  02^0H  +  0,  (R2) 

O  +  H2  <=►  OH  +  H.  (R3) 

As  discussed  by  Warnatz  [46]  the  mole  fractions  of 
the  radical  species  H,  O,  and  OH  can  be  expressed 
in  terms  of  the  “stable”  species  H2,  02,  and  H20  if 
reactions  (R1)-(R3)  and  are  assumed  to  be  in  partial 


equilibrium.  These  relations  are  [47] 

/klfk2fk3fx02xu2  \  1/2 

\  k\rk2rk3rxft2o  / 

(3) 

klfk2fx02xU2 

klrhrXH20 

(4) 

fk2fhfX02XH2\l/2 

XOH  =  {  tlrhr  )  ' 

(5) 

where  k\f  and  k\r  are  the  rate  coefficients  (cm3/g  mol) 
for  reactions  R(,  i  =  1,  2,  3,  listed  in  Eqs.  (R1)-(R3). 
For  the  flame  with  an  equivalence  ratio  of  2.0,  the 
slow  approach  to  the  equilibrium  value  of  the  H  atom 
as  a  function  of  PSR  residence  time  is  a  result  of  the 
slow  approach  of  the  02  concentration  to  equilibrium. 
The  slow  approach  of  the  02  mole  fraction  profile  to 
its  very  low  equilibrium  value  of  2.05  x  10-7  is  also 
evident  in  Fig.  11.  Assuming  partial  equilibrium  in 
the  postflame  zone  of  the  H2-air  flames,  the  H-atom 
mole  fraction  will  be  proportional  to  the  square  root 
of  the  02  mole  fraction  and  will  approach  equilib¬ 
rium  on  the  same  time  scale  as  the  02  mole  fraction. 
A  comparison  of  the  H-atom  mole  fraction  at  the  exit 
of  the  PSR  and  that  calculated  assuming  partial  equi¬ 
librium  at  the  exit  of  the  PSR  is  shown  in  Fig.  13;  for 


Fig.  12.  Results  of  PSR  calculations  of  H-atom  mole  frac¬ 
tions  as  a  function  of  residence  time  for  H2-air  flames  at 
various  equivalence  ratios,  (a)  Plot  of  H-atom  mole  fraction, 
(b)  Ratio  of  the  H-atom  mole  fraction  to  its  adiabatic  equi¬ 
librium  value. 


the  partial  equilibrium  calculations  shown  in  Fig.  13 
the  values  of  the  rate  constants  were  evaluated  from 
data  given  in  Turns  [47],  As  is  evident  from  Fig.  13, 
the  H-atom  mole  fraction  at  the  PSR  exit  is  within 
a  factor  of  2  of  the  partial  equilibrium  value  for  all 
residence  times.  The  H-atom  mole  fraction  cannot 
reach  its  equilibrium  value  until  the  02  mole  frac¬ 
tion  reaches  its  very  low  equilibrium  value  due  to  the 
partial  equilibrium  established  by  the  fast  bimolecular 
reactions  (R1)-(R3). 

Similar  reasoning  would  explain  the  slow  ap¬ 
proach  to  equilibrium  for  the  lean  0  =  0.75  flame, 
except  that  in  this  case  it  would  be  the  H2  mole  frac- 


142 


W.D.  Kulatilaka  et  al.  /  Combustion  and  Flame  137  (2004)  523-537 


535 


Residence  Time  (msec) 

Fig.  13.  H-atom  mole  fraction  as  calculated  from  the  PSR 
code  versus  residence  time,  compared  with  the  H-atom  mole 
fraction  calculated  from  Eq.  (3)  assuming  the  reactions 
(R1)-(R3)  are  in  partial  equilibrium.  For  the  partial  equilib¬ 
rium  calculations,  the  values  of  xh2  ,  xo2 »  and  vh20  anc^  ^ 
were  taken  from  the  PSR  code  at  the  given  residence  time. 

tion  that  would  have  to  decrease  to  its  very  low  equi¬ 
librium  value  for  the  H-atom  mole  fraction  to  reach 
its  equilibrium  value.  For  the  0  —  1 .0  flame,  the  equi¬ 
librium  mole  fractions  for  H2  and  O2  are  0.0153  and 
0.00481,  respectively,  and  these  equilibrium  values 
are  reached  quickly.  Thus  in  the  0  =  1.0  flame  equi¬ 
librium  values  of  radical  concentrations  are  reached 
at  residence  times  much  shorter  than  for  the  <P  =  2.0 
and  0  =  0.75  flames.  A  comparison  between  H-atom 
mole  fractions  and  temperatures  calculated  at  a  height 
of  50  mm  above  the  burner  surface  using  the  UNI¬ 
CORN  code  with  the  adiabatic  equilibrium  values  are 
shown  in  Fig.  14.  As  is  evident  from  Fig.  14,  the 
H-atom  mole  fractions  are  significantly  higher  than 
the  adiabatic  equilibrium  values  for  equivalence  ra¬ 
tios  of  1.5  or  greater,  but  the  calculated  temperature 
is  very  close  to  the  adiabatic  equilibrium  value  at  all 
equivalence  ratios. 

Near  the  burner  surface,  the  UNICORN  H-atom 
mole  fraction  is  much  higher  than  that  evident  from 
the  experimental  measurements.  This  can  be  under¬ 
stood  by  comparing  the  UNICORN  profile  shown  in 
Fig.  9  with  the  Hencken  burner  geometry  shown  in 
Fig.  3.  The  H-atom  mole  fraction  profiles  shown  in 
Fig.  8  are  calculated  along  a  vertical  line  centered  on 
a  fuel  tube.  Our  experimental  probe  volume  is  approx¬ 
imately  3  mm  in  length  in  the  direction  of  propagation 
of  the  laser.  Thus,  for  the  experimental  measurements, 
the  H-atom  distribution  is  averaged  over  several  fuel 
tubes,  resulting  in  lower  H-atom  mole  fractions  near 
the  burner  surface  as  compared  with  the  numerical 
calculations. 


Fig.  14.  H-atom  mole  fraction  and  flame  temperatures  as 
calculated  from  the  UNICORN  code  at  50  mm  above  the 
burner  surface  for  the  Hencken  burner  compared  with  adia¬ 
batic  equilibrium  values. 

For  the  lean  flame  conditions,  specifically  for  the 
0  =0.75  flame,  the  H-atom  concentration  values  cal¬ 
culated  using  the  UNICORN  code  are  less  than  exper¬ 
imentally  observed  values,  as  is  evident  from  Fig.  8. 
For  lean  conditions  the  LIPS  signal  is  comparatively 
low  and  the  uncertainty  in  determining  the  equiva¬ 
lence  ratio  is  also  high  as  the  gas  flow  rates  are  small. 
In  this  region  the  H-atom  mole  fraction  is  very  depen¬ 
dent  on  the  equivalence  ratio.  Therefore  it  is  believed 
that  this  deviation  is  partly  due  to  uncertainty  in  ex¬ 
perimental  measurements  of  gas  flow  rates.  Because 
of  the  low  value  of  the  H-atom  mole  fraction,  there 
is  also  more  uncertainty  associated  with  the  subtrac¬ 
tion  of  the  LIPS  background  signal.  It  is  also  possible 
that  photochemical  production  of  H  atoms  from  water 
vapor  is  more  significant  under  these  lean  conditions. 
Goldsmith  [31]  observed  a  high  degree  of  photochem¬ 
ical  production  of  H-atoms  from  the  243-nm  IS-2S 
step  for  lean  flames.  This  behavior  will  be  further 
investigated  in  our  future  experiments.  By  incorpo¬ 
rating  mass  flow  controllers  to  control  gas  flow  rates, 
we  will  be  able  to  significantly  reduce  the  uncertainty 
in  the  measurement  of  the  equivalence  ratio.  We  also 
plan  to  use  a-BBO  polarizers  in  future  experiments; 
crossed  a-BBO  polarizers  will  have  rejection  ratios 
of  10-7  or  better  [48],  significantly  enhancing  our  de¬ 
tection  sensitivity  and  reducing  uncertainty  associated 
with  background  subtraction. 

6.  Conclusions  and  future  efforts 

Two-color,  two-photon,  laser-induced  polarization 
spectroscopy  of  atomic  hydrogen  was  demonstrated 
in  atmospheric  pressure  hydrogen/air  flame  oper¬ 
ated  on  the  Hencken  burner.  Spectral  lineshapes  were 
recorded  at  different  flame  equivalence  ratios.  Satura¬ 
tion  characteristics  of  the  243-nm  15-25  two-photon 
excitation  step  were  investigated.  For  all  equivalence 
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ratios,  the  LIPS  signal  was  approximately  propor¬ 
tional  to  the  square  of  the  pump  power,  although  the 
power  dependence  did  tend  to  increase  as  the  equiv¬ 
alence  ratio  decreased.  In  the  unsaturated  regime,  the 
LIPS  signal  is  proportional  to  the  pump  power  raised 
to  the  fourth  power,  so  the  243-nm  IS-2S  two-photon 
excitation  step  was  significantly  saturated  for  these 
measurements. 

Measured  H-atom  mole  fraction  vertical  profiles 
in  hydrogen/air  flames  for  flame  equivalence  ratios 
of  1.10-2.10  show  good  agreement  with  theoretical 
profiles  for  heights  greater  than  20  mm  above  the 
burner  surface,  although  the  collisional  environments 
in  these  cases  are  quite  different.  The  spectral  line- 
shape  for  the  LIPS  measurements  was  very  similar 
for  the  different  flame  equivalence  ratios  investigated. 
These  results  indicate  that  the  two-color,  two-photon 
LIPS  process  is  fairly  insensitive  to  the  collisional 
quenching  environment.  The  slower  approach  to  the 
equilibrium  H-atom  mole  fraction  for  the  rich  flames 
that  is  evident  in  both  experiment  and  theory  is  a  re¬ 
sult  of  the  slow  approach  to  equilibrium  of  the  O2 
molecule.  The  slow  approach  of  the  H-atom  mole 
fraction  to  its  equilibrium  value  can  be  explained  by 
assuming  that  the  fast  bimolecular  reactions  in  the 
H2/O2  system  are  in  partial  equilibrium  in  the  post¬ 
flame  region. 

The  development  and  testing  of  a  numerical  model 
for  the  Hencken  burner  are  of  great  significance  be¬ 
cause  of  the  widespread  use  of  this  burner  as  a  cal¬ 
ibration  burner  for  laser  diagnostics  of  combustion 
systems  [29,49-51].  The  results  of  a  comparison  of 
experiment  and  numerical  calculations  presented  in 
this  article  indicate  that  care  must  be  exercised  in 
using  this  burner  as  a  calibration  standard  for  minor 
species  measurements  for  very  fuel-rich  or  very  fuel- 
lean  flames.  Decreasing  the  flow  rate  of  the  gases  to 
increase  the  residence  time  is  one  option  for  obtaining 
postflame  radical  concentrations  that  are  closer  to  adi¬ 
abatic  equilibrium  values,  but  decreasing  the  flow  rate 
will  also  increase  the  heat  loss  to  the  burner.  If  sig¬ 
nificant  heat  transfer  to  the  burner  occurs,  the  flame 
conditions  will  of  course  depart  from  the  adiabatic 
equilibrium  condition. 

The  LIPS  technique  demonstrated  in  this  work  has 
the  advantages  of  high  signal  levels  and  experimen¬ 
tal  simplicity.  Future  efforts  will  be  directed  at  im¬ 
proving  theoretical  and  numerical  models  of  the  LIPS 
process  and  at  developing  a  tunable,  high-resolution, 
solid-state  laser  source  to  increase  the  accuracy  and 
precision  of  the  measurements.  However,  one  of  the 
major  difficulties  with  performing  the  H-atom  mea¬ 
surements  discussed  in  this  article  was  the  limited 
lifetime  of  the  laser  dyes  used  to  produce  the  486-nm 
laser  radiation.  The  rapid  degradation  of  the  dye  laser 
power  complicated  the  measurements  and  made  it  dif¬ 


ficult  to  normalize  for  laser  power  fluctuations.  We 
are  currently  developing  an  injection- seeded  optical 
parametric  generator  system  [52]  based  on  355-nm 
pumping  of  solid-state  /LBBO  crystals  for  generation 
of  single-mode,  tunable  486-nm  laser  radiation.  This 
system  will  be  used  in  future  experiments  and  will 
eliminate  problems  associated  with  laser  dye  degra¬ 
dation.  Theoretical  and  numerical  modeling  analysis 
of  the  LIPS  process  will  also  continue  and  will  be  the 
subject  of  forthcoming  publications. 
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A  dual-pump,  dual-broadband  coherent  anti-Stokes  Raman  scattering  system  for  simultaneous  measurements 
of  temperature  and  concentrations  of  N2,  02,  and  C02  in  reacting  flows  is  demonstrated.  In  this  system  pure 
rotational  transitions  of  N2  — 02  and  rovibrational  transitions  of  N2  — C02  are  probed  simultaneously  with  two 
narrowband  pump  beams,  a  broadband  pump  beam,  and  a  broadband  Stokes  beam.  The  main  advantage  of 
this  technique  is  that  it  permits  accurate  temperature  measurements  at  both  low  and  high  temperatures  as 
well  as  concentration  measurements  of  three  molecules.  ©  2004  Optical  Society  of  America 
OCIS  codes :  120.1740,  300.6230. 


A  dual-pump,  dual-broadband  coherent  anti-Stokes 
Raman  scattering  (CARS)  system  for  simultaneous 
temperature  and  multiple-species  concentration  mea¬ 
surements  in  reacting  flows  is  demonstrated.  This 
work  extends  our  previous  demonstrations  of  tempera¬ 
ture  and  multiple-species  concentration  measurements 
in  laboratory  flames  and  combustor  test  facilities 
using  dual-  and  triple-pump  CARS.1,2  Several  other 
CARS  techniques,  such  as  dual-broadband  rotational 
CARS3,4  and  simultaneous  vibrational  and  rota¬ 
tional  CARS5  that  employ  a  single-pump  laser,  have 
also  been  used  as  tools  for  simultaneous  temperature 
and  multiple-species  concentration  measurements. 

The  current  technique  allows  accurate  temperature 
measurements  at  both  low  and  high  temperatures. 
In  the  combustion  zone  or  the  exhaust  of  a  real  com¬ 
bustor  there  are  wide  spatial  and  temporal  variations 
of  temperature  as  a  result  of  the  inherently  turbulent 
nature  of  the  flow  field.  In  the  current  system  the 
rotational  transitions  of  N2-O2  and  the  rovibrational 
transitions  of  N2-CO2  are  probed.  The  rotational 
spectra  of  N2-O2  provide  improved  temperature 
accuracy  at  lower  temperatures,  generally  below 
1500  K,6  whereas  the  rovibrational  spectra  of  N2-CO2 
provide  improved  temperature  accuracy  at  higher 
temperatures.  To  our  knowledge  this  is  the  first 
CARS  technique  that  employs  two  narrowband  pump 
beams  and  a  broadband  pump  beam  to  excite  the 
transitions  of  three  different  molecules  simultaneously 
to  achieve  two  rotational  spectra  (e.g.,  N  2  and  O2)  and 
two  rovibrational  spectra  (N  2  and  CO2). 

The  experimental  schematic  and  energy-level  dia¬ 
grams  of  the  dual-pump,  dual-broadband  CARS 
system  are  shown  in  Figs.  1(a)  and  1(b),  respectively. 
As  is  evident  from  Fig.  1,  this  technique  is  essentially 
a  combination  of  a  dual-pump  and  a  dual-broadband 
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CARS  system,  the  former  generating  a  rovibrational 
CARS  signal  from  the  N2-C02  pair  and  the  latter 
generating  a  pure  rotational  CARS  signal  from  the 
N2-O2  pair.  An  injection-seeded  Nd:YAG  laser  is 
used  to  pump  one  narrowband  dye  laser  and  one 
broadband  dye  laser  while  providing  a  532-nm  CARS 


(a) 


N2/C02  Pair 


Na/02  Pair 


Fig.  1.  (a)  Schematic  of  the  dual-pump,  dual-broadband 

CARS  system  for  detecting  temperature  and  concentra¬ 
tions  of  N2,  02,  and  C02.  NBDL,  narrowband  dye  laser; 
BBDL,  broadband  dye  laser;  P,  polarizer;  A,  analyzer, 
(b)  Energy-level  diagram  of  the  dual-pump,  dual¬ 
broadband  CARS  system. 
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pump  beam.  The  broadband  dye  output,  centered 
about  607  nm,  serves  as  the  Stokes  beam  for  each 
of  the  CARS  signals  generated  as  well  as  the  pump 
beam  for  the  dual-broadband  rotational  CARS  system. 
The  narrowband  dye  laser  provides  laser  radiation 
at  —560  nm.  The  combination  of  the  532-nm  pump 
beam  with  the  607-nm  Stokes  beam  produces  a 
rovibrational  N2  Raman  polarization  that  coherently 
scatters  the  560-nm  pump  beam,  yielding  an  N2 
CARS  signal  near  496  nm.  At  the  same  time  the 
560-nm  pump  beam  and  the  607-nm  Stokes  beam 
produce  a  CO2  Raman  polarization  that  scatters  the 
532-nm  pump  beam,  yielding  a  CO2  CARS  signal  that 
also  appears  near  496  nm.  The  polarization  of  the 
broadband  pump  beams  at  607  nm  is  oriented  to  be 
orthogonal  to  that  of  the  532-nm  beam. 

The  broadband  pump  beam  and  the  broadband 
Stokes  beam  produce  rotational  Raman  polarizations 
for  both  N2  and  O2  molecules,  which  then  scatter 
the  532-nm  pump  beam.  The  pure  rotational  CARS 
spectra  appear  mainly  in  the  525-531-nm  range. 
The  incident  beams  are  phase  matched  using  the 
folded  BOXCARS  geometry,  with  the  560-  and  607-nm 
pump  beams  arranged  collinearly.  The  CARS  signals 
at  496  and  528  nm  are  separated  using  a  dichroic 
mirror  before  being  simultaneously  detected  by  two 
1.0-m  spectrometers  and  two  nonintensified,  back- 
illuminated  CCD  cameras.  The  CARS  spectra  are 
normalized  using  a  nonresonant  spectrum  to  account 
for  the  finite  bandwidth  of  the  dye-laser  spectral 
profiles  and  the  spectral  variations  in  dye  power. 
The  nonresonant  spectrum  is  recorded  by  placing  the 
beam-overlap  region  within  an  open  argon  flow  tube. 

Measurements  were  performed  in  an  atmospheric- 
pressure,  near-adiabatic,  hydrogen-air  flame  seeded 
with  CO2  and  stabilized  on  a  Hencken  burner.  The 
rovibrational  spectra  of  N2-CO2  and  the  pure  rota¬ 
tional  spectra  of  N2-O2  were  acquired  simultaneously 
at  10  Hz.  Typical  100-shot-average  rotational  spectra 
of  N2-O2  and  rovibrational  spectra  of  N2-CO2  are 
shown  in  Fig.  2.  An  inherent  consequence  of  setting 
up  a  simultaneous  vibrational  and  rotational  CARS 
system  is  that  an  additional  broadband  vibrational 
CARS  signal  will  contribute  to  the  background  of 
the  rotational  spectra  of  N2-O2.5  This  background 
contribution  is  subtracted  by  fitting  a  smooth  curve 
through  the  base  of  the  rotational  CARS  spectra.  The 
temperature  and  the  relative  CO2  and  O2  concentra¬ 
tions  are  evaluated  by  comparison  of  the  experimental 
spectra  with  theoretical  ones.  As  expected,  the  tem¬ 
peratures  evaluated  from  both  spectra  agree  to  within 
experimental  uncertainty,  as  shown  in  Fig.  2.  Proba¬ 
bility  density  functions  of  temperatures  evaluated 
from  the  single-shot  N2-CO2  rovibrational  spectra 
and  from  the  N2-O2  rotational  spectra  are  shown 
in  Figs.  3(a)  and  3(b),  respectively.  Two  different 
theoretical  codes  were  used  to  fit  the  single-shot 
rovibrational  spectra  and  the  single-shot  rotational 
spectra.  The  standard  deviations  of  the  temperature 
evaluated  from  the  N2-CO2  spectra  and  from  the 
N2-O2  spectra  are  —2%  and  —2.5%  of  the  mean 
values,  respectively.  The  standard  deviations  of  the 
rotational  and  the  rovibrational  spectra  are  related 


mainly  to  laser-mode  fluctuations,  as  discussed  in 
Ref.  7  and  the  references  therein.  The  probability 
density  functions  of  the  ratio  of  CO2  and  N2  mole 
fractions  and  the  ratio  of  O2  and  N2  mole  fractions  are 
shown  in  Figs.  3(c)  and  3(d),  respectively. 

A  comparison  of  the  experimental  results  with  an 
equilibrium  calculation  is  shown  in  Fig.  4.  As  is  evi¬ 
dent  from  Fig.  4(a),  the  measured  temperatures  from 
the  rovibrational  spectra  are  approximately  20-50  K 
lower  than  those  from  the  equilibrium  calculations. 
The  temperatures  evaluated  from  the  rotational  spec¬ 
tra  are  —40  K  lower  at  low  equivalence  ratios,  and  the 
difference  between  the  experimental  and  theoretical 
temperatures  increases  at  higher  temperatures.  The 
discrepancy  between  the  measured  and  the  calculated 
temperatures  may  be  due  to  the  following  three 
reasons:  (1)  uncertainty  with  the  mass-flow  con¬ 
troller,  (2)  radiation  heat  loss  to  the  burner  (— 5  K 
for  the  equivalence  ratios  reported  here),  and  (3)  the 
signal-to-noise  ratio  of  the  experimental  spectra  that 
affects  the  least-squares  fitting  with  the  theoreti¬ 
cal  spectra.  At  higher  temperatures  the  rotational 
spectra  of  02-N2  underpredict  the  equilibrium  tem¬ 
peratures  by  —150  K,  possibly  as  the  result  of  a  low 
signal-to-noise  ratio  of  the  spectra  and  the  fact  that 
the  subtraction  of  the  broadband  vibrational  CARS 
signal  affects  the  evaluated  temperature  to  a  large 
extent  under  those  conditions.5  The  measured  ratios 
of  02 — N2  and  C02-N2  mole  fractions  show  reasonably 
good  agreement  with  the  equilibrium  calculations, 
as  shown  in  Fig.  4(b).  There  are  still  some  issues 
related  to  the  modeling  of  the  C02  spectra  that  are 


Fig.  2.  Typical  (a)  N2-C02  and  (b)  N2-02  spectra 
acquired  simultaneously  in  a  near-adiabatic,  hydrogen  - 
air-C02  flame  stabilized  on  a  Hencken  burner  at  ^  =  0.25. 
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Fig.  3.  Single-shot  probability  density  functions  acquired  in  a  near-adiabatic,  hydrogen- air -CO2  flame  stabilized  on 
a  Hencken  burner  at  </>  =  0.25  for  (a)  temperature  evaluated  from  rovibrational  spectra  of  N2-C02,  (b)  temperature 
evaluated  from  rotational  spectra  of  N2-02,  and  the  ratios  of  (c)  C02/N2  and  (d)  02/N2. 


Equivalence  Ratio  (<J>) 


Equivalence  Ratio  (<J>) 

Fig.  4.  Comparison  of  experimental  results  and  equilib¬ 
rium  calculations:  (a)  temperature  profiles  and  (b)  pro¬ 
files  of  the  ratios  of  C02/N2  and  02/N2. 

beyond  the  scope  of  this  work.2  At  high  equivalence 
ratios  the  O2/N2  concentrations  are  higher  than  ex¬ 


pected,  which  may  be  because  of  problems  associated 
with  the  subtraction  of  the  undesired  background 
contribution.  At  higher  temperatures  the  coupling 
between  nonresonant  susceptibility  and  concentration 
is  higher,  especially  since  the  O2  concentration  is 
lower  at  high  temperature. 

In  summary,  a  dual-pump,  dual-broadband  CARS 
system  for  simultaneous  measurements  of  temperature 
and  multiple-species  concentrations  in  reacting  flows 
was  demonstrated.  This  system  will  allow  tempera¬ 
ture  measurement  in  both  low-  and  high-temperature 
regions  in  dynamically  reacting  flows  along  with  the 
concentration  of  multiple  species. 

Funding  for  this  research  was  provided  by  the  Air 
Force  Research  Laboratory,  Propulsion  Directorate, 
Wright-Patterson  Air  Force  Base,  under  contracts 
F33615-03-D-M2329  and  F33615-00-C-2020  and  by 
the  U.S.  Air  Force  Office  of  Scientific  Research  (Julian 
Tishkoff,  Program  Manager).  S.  Roy’s  e-mail  address 
is  sukesh@innssi.com. 

References 

1.  S.  Roy,  T.  R.  Meyer,  M.  S.  Brown,  V.  N.  Velur,  R.  P. 
Lucht,  and  J.  R.  Gord,  Opt.  Commun.  224,  131  (2003). 

2.  R.  P.  Lucht,  V.  N.  Velur,  G.  J.  Fiechtner,  C.  D.  Carter, 
K.  D.  Grinstead,  Jr.,  J.  R.  Gord,  P.  M.  Danehy,  and 
R.  L.  Farrow,  AIAA  J.  41,  679  (2003). 

3.  A.  Thumann,  M.  Schenk,  J.  Jonuscheit,  T.  Seeger,  and 
A.  Leipertz,  Appl.  Opt.  36,  3500  (1997). 

4.  J.  Bood,  P.-E.  Bengtsson,  and  M.  Alden,  Appl.  Phys.  B 
70,  607  (2000). 

5.  C.  Brackmann,  J.  Bood,  P.-E.  Bengtsson,  T.  Seeger, 
M.  Schenk,  and  A.  Leipertz,  Appl.  Opt.  41,  564  (2002). 

6.  M.  Alden,  P.-E.  Bengtsson,  H.  Edner,  S.  Kroll,  and 
D.  Nilsson,  Appl.  Opt.  28,  3206  (1989). 

7.  M.  Afzelius  and  P.-E.  Bengtsson,  J.  Raman  Spectrosc. 
34,  940  (2003). 


148 


HTITlL  ABSTRACT  *  LlflKS 


JOURNAL  OF  CHEMICAL  PHYSICS  VOLUME  121,  NUMBER  20  22  NOVEMBER  2004 

Nonperturbative  modeling  of  two-photon  absorption  in  a  three-state  system 

Robert  R  Luchta) 

School  of  Mechanical  Engineering,  Purdue  University,  West  Lafayette,  Indiana  47907-2088 

Sukesh  Roy 

Innovative  Scientific  Solutions,  Inc.,  Dayton,  Ohio  45440 

James  R.  Gord 

Air  Force  Research  Laboratory,  Propulsion  Directorate,  Wright-Patterson  Air  Force  Base,  Ohio  45433-7251 
(Received  8  July  2004;  accepted  2  September  2004) 

The  physics  of  the  two-photon  absorption  process  is  investigated  for  a  three-state  system.  The 
density-matrix  equations  for  the  two-photon  interaction  are  solved  in  the  steady-state  limit  assuming 
that  the  pump  laser  radiation  is  monochromatic.  Collisional  broadening,  saturation,  and  Stark 
shifting  of  the  two-photon  resonance  are  investigated  in  detail  by  numerical  solution  of  the 
steady-state  density-matrix  equations.  Analytical  expressions  for  the  saturation  intensity  and  the 
Stark  shift  are  derived  for  the  case  where  the  single-photon  transitions  between  the  intermediate 
state  and  the  initial  and  final  states  are  far  from  resonance  with  the  pump  laser.  For  this  case,  it  is 
found  that  the  direction  of  the  Stark  shift  is  dependent  on  the  relative  magnitudes  of  the 
dipole-moment  matrix  elements  for  the  single-photon  transitions  that  couple  the  intermediate  state 
with  the  initial  and  final  states.  Saturation  and  Stark  shifting  are  also  investigated  for  the  case  where 
the  single-photon  transitions  between  the  intermediate  state  and  the  initial  and  final  states  are  close 
to  resonance  with  the  pump  laser.  ©  2004  American  Institute  of  Physics. 
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L  INTRODUCTION  AND  MOTIVATION 

Two-photon  absorption  was  first  discussed  by 
Goppert-Mayer,1  but  it  was  not  until  the  development  of  the 
laser  that  the  technique  of  fluorescence  detection  following 
two-photon  absorption  became  useful  as  a  spectroscopic 
probe.2-4  Over  the  last  two  decades,  spectroscopic  tech¬ 
niques  based  on  the  interaction  of  laser  radiation  with  two- 
photon-absorption  resonances  have  emerged  as  powerful 
techniques  for  probing  flames  and  plasmas.  Following  the 
initial  demonstration  of  the  technique  of  two-photon- 
absorption  laser-induced  fluorescence  (TPA-LIF)  for  detec¬ 
tion  of  the  species  O  and  N  in  a  flow  discharge  by  Bischel, 
Perry,  and  Crosley,5  TPA-LIF  detection  of  H,6  O,7  CO,8  C,9 
and  N  (Ref.  10)  in  flames  was  demonstrated.  Alden  et  al.,n 
Goldsmith  and  co-workers, 12-16  and  Salmon  and 
Laurendeau17  have  applied  different  multi-photon-excited 
fluorescence  detection  schemes  for  atomic  hydrogen  in 
flames.  Czarnetzki  et  a/.18  present  a  comprehensive  compari¬ 
son  of  the  advantages  and  disadvantages  of  various  possible 
TPA-LIF  excitation  schemes  for  the  detection  of  the  hydro¬ 
gen  atom. 

Other  diagnostic  techniques  based  on  the  TPA  process 
were  developed  following  the  demonstration  of  TPA-LIF. 
The  phenomenon  of  amplified  stimulated  emission  (ASE) 
following  TPA  was  first  observed  for  O-atom  spectroscopy  in 
flames.19  ASE  was  then  detected  following  TPA  in  H,20  C,21 
and  N.22  Two-wavelength  TPA-induced  ASE  was  demon¬ 
strated  by  Georgiev  et  al.23  and  a  TPA-pump,  single-photon- 
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probe  technique  was  developed  by  Brown  and  Jeffries.24 
TPA-based  laser-induced-grating  spectroscopy  (TPA-LIGS) 
detection  of  atomic  hydrogen  was  demonstrated  by  Gray, 
Goldsmith,  and  Trebino25  and  Gray  and  Trebino.26  Two- 
photon  laser-induced  polarization  spectroscopy  (LIPS)  has 
been  demonstrated  for  both  atomic  and  molecular  species 
such  as  nitrogen  (N2),27  ammonia  (NH3),28  carbon  monox¬ 
ide  (CO),28  and  atomic  hydrogen.29-31,32 

Despite  the  numerous  diagnostic  applications  of  TPA- 
LIF,  TPA-LIGS,  and  more  recently  TPA-LIPS,  theoretical 
analysis  of  the  TPA  process  for  these  diagnostic  techniques 
has  in  general  been  limited  to  the  results  of  second-order 
perturbation  theory.1,33,34  The  effects  of  collisions  and 
Doppler  broadening  on  the  TPA  line  shape  are  discussed  by 
Cagnac,  Grynberg,  and  Biraben,35  Bischel,  Kelly,  and 
Rhodes,36  Dux  et  al.37  and  Fiechtner  and  Gord.38 

In  this  paper  we  extend  the  previous  second-order  per¬ 
turbative  theoretical  treatments  with  a  nonperturbative  analy¬ 
sis,  allowing  us  to  include  in  a  rigorous  manner  the  effects  of 
saturation  and  Stark  shifting  on  the  two-photon  resonance 
transition.  The  density-matrix  equations  for  the  two-photon 
absorption  process  are  solved  in  the  limit  of  steady  state  and 
assuming  that  both  the  two-photon  transition  and  the  single¬ 
photon  resonances  with  the  intermediate  state  are  homoge¬ 
neously  broadened.  Analytical  expressions  for  the  saturation 
intensity  and  the  Stark  shift  are  derived  for  the  case  where 
the  incident  laser  radiation  is  far  from  resonance  with  the 
single-photon  resonances  between  the  initial  state  and  the 
intermediate  state,  and  between  the  final  state  and  the  inter- 
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mediate  state.  The  steady- state  equations  are  also  solved  nu¬ 
merically  to  investigate  the  effects  of  collisions,  saturation, 
and  Stark  shifting  on  the  TPA  line  shape. 


II.  DENSITY  MATRIX  ANALYSIS  FOR  THE 
INTERACTION  OF  A  TWO-STATE  RESONANCE 
WITH  MONOCHROMATIC  LASER  RADIATION 


The  time-dependent  density-matrix  equations  for  a  mul¬ 
tistate  system  irradiated  by  laser  radiation  are  given 

by33’39'41 


d_pn 

dt 


T  (  VjmPmj  ~  Pjm  ^ mj )  —  ^  jPjj 


+  2  r 

m^j 


mjPmm  ? 


dpe/jjt) 

dt 


(VtfmPmj  P  VmY mj)  ■> 


(1) 


(2) 


where  the  diagonal  matrix  element  pjj  is  the  occupation 
probability  for  state  j,  proportional  to  the  population  of  state 
j,  and  the  off-diagonal  matrix  element  is  a  measure  of  the 
coherence  between  states  €  and  j.  In  Eqs.  (1)  and  (2),  h  is 
Planck’s  constant  (J  s),  Tj  is  the  rate  coefficient  (s-1)  for 
population  transfer  from  state  j  to  all  other  states,  Tmj  is  the 
rate  coefficient  (s-1)  for  population  transfer  from  state  m  to 
state  j,  (o^j  is  the  resonance  frequency  (s-1)  between  states  € 
and  j ,  and  is  the  rate  coefficient  (s_1)  for  coherence¬ 
dephasing  collisions.  The  interaction  term  Vmj  (J)  is  given 
by 

Vmj  =  ~P'mj-E(r,t),  (3) 

where  jHmj  =  (if/m\jil\  ipj)  is  the  electric  dipole  matrix  element 
(Cm)  and  E(r,t )  is  the  laser  electric  field  (J/Cm).  The  laser 
field  is  given  by 

E(r,t)  =  |-eA(f,f)exp[  + /(£•  r—  &>/)]  + c.c.,  (4) 

where  e  is  the  complex  unit  vector  for  the  laser  field 
(e-e*  =  l),  r  is  the  position  vector  (m),  A(r,f)  is  the  slowly 
varying  amplitude  function  (J/C  m)  for  the  electric  field,  kL  is 
the  propagation  vector  (m_1),  and  o)L  is  the  angular  fre¬ 
quency  (s-1).  For  the  analysis  of  two-photon  absorption  in 
this  paper  we  will  assume  that  r  =  0  and  that  the  electric-field 
amplitude  is  constant,  and  thus  Eq.  (4)  reduces  to 

E(t)  =  \eA  exp (  —  i(ot)  +  \e*A*  exp (  +  ia)t).  (5) 

A.  Density-matrix  elements  for  transition 
between  ground  state  a  and  excited  state  c 

The  three- state  system  that  will  be  analyzed  in  this  paper 
is  illustrated  in  Fig.  1.  The  initial  and  final  states,  a  and  b, 
respectively,  of  the  two-photon  transition  are  coupled 
through  the  intermediate  state  c.  Assuming  that  Vaa  =  Vbb 
—  Vcc  =  0  and  that  states  a  and  b  are  not  coupled  by  a  single- 


FIG.  1.  Schematic  diagram  of  the  three-state  system  and  the  two-photon 
absorption  process  for  the  case  (ocb  =  0. 


photon  electric-dipole  resonance  (Vab=Vba  =  0),  the 
density-matrix  equations  for  the  three-state  system  are  given 
by 


Pea  Pcaii^ca^-  If ca)  j^^caiPaa  Pcc)  j^^cbPbaf 

(6) 

i  i 

Pcb~  Pcbii^cb^-  y cb)  ^  ^ caPab  ^  ^ cbiPbb  Pcc)? 

(7) 

i 

Pba~  Pba^i^ba^  yba)  bcPca  Pbc^ca)’  (^) 


Paa  r  aPaa^T  baPbb^~^'  caPcc  j^i^acPca  Pac^ca)’ 

(9) 

i 

Pbb  r  bPbb~^~^  cbP  cc  r  a  bPaa  ^  ( VbcPcb  Pbc^cb)’ 

(10) 

i 

Pcc~  ^  cPcc^-^  acPaa^-^  bcPbb  ^i^caPac  PcaYac) 


i 

J~(VcbPbc  Pcb^bc)-  (H) 

The  angular  frequencies  are  given  by 

<0ca  =  (ec-€a)lh,  (12) 

<*>cb  =  (ec-eb)/h’  (13) 

^ba  =  (^b-^a)lh.  (14) 

The  following  slowly  varying  density-matrix  elements  are 
defined  at  this  point: 

Pca=vca^  p(-i(ot),  (15) 

Pcb  =  acb  exp(  +  i(ot),  (16) 

Pba=Vba  exp(  -  i2(Ot) .  (17) 


Substituting  Eq.  (17)  and  the  time  derivative  of  Eq.  (15)  into 
Eq.  (6)  we  obtain 


Downloaded  12  Jul  2005  to  198.30.120.22.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://jcp.aip.org/jcp/copyright.jsp 


9822  J.  Chem.  Phys.,  Vol.  121,  No.  20,  22  November  2004 
&ca  exp(  —  i cot)  —  i o(Tca  exp(  —  i cot) 

i 

=  -  aca  exp(  -iwt)(iwca+yca)-^Vca(aaa-acc) 
i 

~  Vcb^ba  exp(  —  i2<at).  (18) 

At  this  point  let  us  define  the  radiative  interaction  terms, 
vcb  =  Vcb  exP(  +  i(0t)  +  V~b  exp(  -iwt),  (19) 

vca  =  Vca  exp(  +  i cot)  +  V “  exp( -iwt).  (20) 

Similar  relations  apply  for  V ac  and  Vbc .  Substituting  Eqs. 
(19)  and  (20)  into  Eq.  (18)  and  rearranging  we  obtain 

o'cfl  exp  (-iwt) 

=  -  aca  exp(  -iwt)[i(wca-w)  +  yca] 
i 

~frtVca  exP(  +  io>t)  +  Vca  exp(  -  i  wt)](paa-  pcc) 
i  ~ , 

-fr[ycb  exP(  +  i<0t)  +  Vcb  exp(  -  i  cot)] 

X  crba  exp(  -  ilcot) .  (21) 

Equating  terms  in  Eq.  (21)  that  have  the  time  dependence 
exp (—icot)  and  neglecting  terms  that  oscillate  at  exp(  —  Boot) 
and  exp (+icot),  we  obtain 

°-Ca=  ~  <TCaU(<*)Ca-  <*)+  yca] 

^ftiVcaiPaa-PcO+VcbVba]-  (22) 

Writing  the  real  and  imaginary  components  of  the  density- 
matrix  elements  and  the  radiative  interaction  terms  we  obtain 
the  following  equation: 

<rrca  +  io-'ca  =  ~  (■ <rrca  +  U Old (  Mca ~  «)  +  Tc  J 

“  ^(Vcar+iVCa)(Paa~Pcc) 

-jriVtb'+iVtbXvla  +  iO-  (23) 

Writing  separate  equations  for  the  real  and  imaginary  terms 

we  obtain 

1  ~-i 

® ca~  ® ca,y ca~^~  ^ca^^ca  w)  ^  y ca  (Paa  Pcc ) 

...  r  1  ~_r 

® ca~  ® ca^ ca  ^ca^^ca  w)  ^  y ca  ( Paa  Pcc ) 

Repeating  a  similar  process  for  Eq.  (7)  we  obtain 
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&cb  exp(  +  i cot)  =  -  (Tcb  exp(  +  i cot) [ i ( cocb +  co)  +  ych\ 
i 

-frVcaVab  exp(  +  ilcot) 
i 

cb^Pbb  Pcc )•  (2-6) 

Substituting  Eq.  (20)  into  Eq.  (26)  and  equating  terms  that 
oscillate  at  exp (+icot)  we  obtain 

°cb  =-Ccbli(<*>cb+M)+  7cb\ 

-  ft[Vcb(Pbb-Pcc)+V~ao-ab]-  (27) 

Writing  the  real  and  imaginary  components  of  the  density- 
matrix  elements  and  the  radiative  interaction  terms  we  obtain 
the  following  equation: 

<7rcb+i°'cb=-(a'rcb  +  io'cb)[i(Ucb+(0)+ycb ] 

-^(Vcb+iVeb)(Pbb-pCc) 

-^(0+O)KO'0-  (28) 

Writing  separate  equations  for  the  real  and  imaginary  terms 
we  obtain 

1  ~  +  ; 

a’cb--(Tcbycb+a',cb(Mcb+M)+  ftVcb(Pbb~  Pcc) 

+  ^(Karaiab+v;yab),  (29) 

■i  i  r  1  ~  +  r 

^cb  ^ cby cb  ^cb(^cb^-  ^)  f~Vcb{pbb  Pcc) 

+  ^(-y;ar<b+y;J<b)-  m 

Repeating  a  similar  process  for  Eq.  (8)  we  obtain 

Vba  exp(  -i2wt)=- (Tba  exp( -i2wt)[i(wba-2w)  +  yba\ 
i 

-  ^[VhcO-ca  exp  (-iwt) 
-crbcexp(-iwt)Vca\.  (31) 

Substituting  for  the  radiative  interaction  terms  and  solving 

(24)  for  terms  that  oscillate  at  exp(—i2cot)  we  obtain 

i 

°ba  =  -  o-ba[i(wba-2w)+  yba]~  Vbc(Tca -  (TbcVca). 

(32) 

(25)  Writing  the  real  and  imaginary  components  of  the  density- 
matrix  elements  and  the  radiative  interaction  terms  we  obtain 
the  following  equation: 
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°ba  +  i&'ba=~( aba  +  t(Tba)[i((Oba-  2  w)  +  yba\ 

-^(ybcr+iVbc)«a  +  i<a) 


+  ^  (33) 


Writing  separate  equations  for  the  real  and  imaginary  terms 
we  obtain 


1 

°ba  =  “  °ba  Vba+ v'ba(Mba- 2 <•>)+£  (  V/>>ca  +  V  O 


+  ^(-°'feC'/J-0’6cycar), 


(34) 


o'L  =-<nr<4(“jr2“)+j(-  +  vb‘a‘ca) 


+  f-(<rrbcV;ar-aicv;‘). 


(35) 


III.  STARK  SHIFTING  AND  SATURATION  INTENSITY 
FOR  THE  TWO-PHOTON  RESONANCE 
TRANSITION 

Analytical  expressions  for  the  Stark  shift  and  saturation 
intensity  of  the  two-photon  resonance  transition  transition 
are  derived  in  this  section.  The  Stark  shift  is  determined  from 
an  expression  for  the  real  part  of  the  coherence  density- 
matrix  element  crba  between  the  final  and  initial  states  for  the 
two-photon  transition.  The  steady-state  solution  for  crba  is 
found  by  setting  &ba  =  0  in  Eq.  (32)  and  is  given  by 


aba  — ' 


i(Vbc  V  ca  -^TbcV_  ca ) 

h\_i(uba-2u)+yba\' 


(42) 


The  steady-state  solutions  for  the  density-matrix  elements 
c t ca  and  crbc  are  found  from  Eqs.  (22)  and  (27),  respectively, 
and  are  given  by 


i[V 

ca^Paa  Pcc )  V cb&bcA 
h[i((x)ca-(x))+yca\ 


(43) 


The  equations  for  the  slowly  varying  population  terms  be¬ 
come 


Paa~^  baPbb^^  caPcc  J^i^ac^ca  &  ac^  ca) 


1  _ 


-  r baPbb  +  r caPcc  +  ^  (  Vac^ca  +  V ac^ca) 


+  ^(- <cv;:  -  c j*acv;ar) + \ 


+*‘<cO+ 


(36) 


It  is  not  immediately  obvious  that  the  imaginary  terms  in  Eq. 
(36)  are  zero.  However,  using  the  relations 


C=-i^c-(^A*)  =  -HMcJ**(^)*  =  (y-) 

and 

i 

we  can  simplify  Eq.  (36)  to  obtain 

2 


(37) 

(38) 


Paa  ~  r baPbb  +  T caPcc  +  ^  (  V ac  a  +  Vac' ^ca)  ■  (39) 


In  a  similar  fashion  we  obtain 


2  ~_r  _ 

Pbb=-T'bPbb  +  T  cbpcc+  fi(Vbc<rlcb+VbcGrcb)  (4°) 


and 


Pcc  =  ~  r  cPcc  +  r  bcpbb  ~  ft  (<Tca  Vac  + 


^  (o'cbVbc  +  O'cbVbc)- 


(41) 


and 


®bc  3" 


i\ybc(Pbb-pcc)  +  <TbgVtc\ 
[-i((Dcb+(o)  +  ycb] 


(44) 


where  we  have  used  the  relation  crbc=(T*b  in  deriving  Eq. 
(43).  Assuming  that  the  laser  frequency  is  far  from  resonance 
with  the  single-photon  resonances  ca  and  cb ,  \o)ca—  a)\ 
>  yca  and  |  a)cb  +  a)\  >  ycb  ,  we  obtain 


and 


&bc  ~ 


[Vca^Paa  Pcc)  ^cb^ba\ 
h((oca~co) 


[ VbciPbb  Pcc  )  4" 


(45) 


h(ojcb+a)) 

Substituting  Eqs.  (45)  and  (46)  into  Eq.  (42)  we  obtain 

ca^Paa  Pcc)  4" 

~  +  h\  Vbc 


(46) 


h(wca-w) 

[  ^  bc^Pbb  Pcc  )  +  (TbaVac] 

h((Ocb+w)  ca 


(47) 


Rearranging  collecting  terms  that  involve  crba  on  the  left- 
hand  side  of  the  equation  we  obtain 


<Tba\  1 


(o)ba-2a))- 


W. 


cb  I 


W„ 


h2((oca-(o)  h2((ocb+(o) 

iybcyca)Paa  Pcc)  bcy ca^Pbh  Pcc) 

h2(o>ca-M)  h2(a)cb+a)) 

Rewriting  Eq.  (48)  we  obtain 


+  yba\ 


(48) 


152 
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iVbcVcaiPaa  Pcc)  ^ bc^ ca^Pbb  Pcc) 


aba-' 


h2(uca-M) 


h2{(Dcb  +  u) 


(toba-2to)~ 


V,, 


V„ 


+  Vba 


h2(wca  —  co)  h2(wcb+w) 
iYbcVca[_((0cb~^~  ^)(Paa  Pcc )  ca  b))(pbb  Pcc)] 

h2(wca-  co){(ocb+  (o)(iAba+  yba) 


(49) 


where 


^ba  ( ^ba  2w) 


w. 


cb  I 


\va 


h2(coca-co)  h2((ocb+(o) 


(50) 


The  real  part  of  crba  will  go  to  zero  at  two-photon  resonance, 
i.e.,  when  the  resonance  denominator  in  Eq.  (49)  is  real.  The 
resonance  denominator  in  Eq.  (49)  will  be  real  when  Aba 
=  0,  resulting  in  the  following  expression  for  the  two-photon 
resonance  frequency: 

_^ba  \Vcb\  ^  I  Vac\ 
tp,res  2  2  h2((oca-(o)  2  h2(wcb+o)) 


/=  jce0AA*.  (53) 

Similarly,  the  magnitude  of  the  Stark  shift  due  to  the  single¬ 
photon  ac  resonance  is  given  by 


^  “5,, 


W„ 


I  Ha 


ZI 


h2(cocb+u>)  2  ce0h2(a>cb+ a>) 


(54) 


The  sign  of  the  overall  Stark  shift  —  Acos  cb  +  A  a)s  ac  de¬ 
pends  on  the  relative  strengths  of  the  single-photon  reso¬ 
nances.  The  Stark  shift  also  depends  on  the  polarization  of 
the  pump  beam  and  the  polarization  properties  of  the  single¬ 
photon  resonances  through  the  terms  |/lac-£|2  and 
\i^cb-e\2- 

The  saturation  intensity  for  the  two-photon  resonance 
can  be  determined  from  the  steady- state  expression  for  the 
population  pbb  of  the  final  state.  The  steady- state  solution  for 
pbb  can  be  found  from  Eq.  (40)  and  is  given  by 

^i^bc^cb  ^bc^cb)  scc\ 

Pbb= - wb - *  (55) 


where  we  have  neglected  collisional  transfer  from  state  c  to 
state  b  in  deriving  Eq.  (55).  Substituting  into  Eq.  (55)  using 
Eq.  (46)  we  obtain 


1 

2  [^ba  ^^S,cb~^~  ^^S,ac~\’ 


where 


^  MS,cb 


(51) 


\pLcb‘  e\2AA*  \jmcb‘e\2I 
=  \j*cb^ - = - — f- — - ,  (52) 

4  h2(coca-co)  2  ce0h2((oca-(o) 

where  c  is  the  speed  of  light  (m/s),  60  is  the  dielectric  per¬ 
mittivity  (C2/Jm),  and  the  laser  intensity  /( W/m2)  is  given 
by 


i  |  \V cb^Pbb  Pcc)  +  VCa°'ab\ 

Pbb=  +  Wl  I  h(cocb+co) 

\Vbc(Pbb  Pcc)  +  <TbaVac]  j 

h((x)cb+(D)  cb 

Rearranging  Eq.  (56)  and  simplifying  we  obtain 

_  KVjgV  ca  &ab  ^baV ac^ cb) 

Pbb~ +  h2(a>cb+a>)Tb 


Substituting  for  crba  and  crab  in  Eq.  (57)  using  Eq.  (48)  we 
obtain 


Pbb-  + 


^ bc^  caY cb^ ^cb  ^)iPaa  Pcc )  i^ca  ^)( Pbb  Pcc)] 
hA(ucb+  u)2{uca- u){-i\ba+  yba)Y  b 


^  ^c^^c^cJ(MCfc+^)(Pafl-PCC)-(^Ca-«>)(Pfcfe-PcC)] 

hA(o)cb+  m)2(  C0ca- co)(i  Aba  +  7baW  b 


(58) 


r 


Simplifying  Eq.  (58)  we  obtain 

.  [  (  ^  cb  ^0  (Paa  Pcc )  i^ca  ^)(Pbb  Pcc)] 

Pbb=+  A - A  2  ,  2 - ’ 

A ba+Yba 

(59) 

where 


A  2|Vc&|2|yac|2yfca 

h4(ojcb+  oj)2(o)ca-  co)T b 

_  l/^cfc'4  I  Mac'll  I  Yba 

2  c2elh4(wcb+  M)2(wca-w)T  h 

Rearranging  Eq.  (59)  and  solving  for  pbb  we  obtain^ 
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Pbb 


A{[(wcfe+«>)paa-(«>ea-tocfc-2M)pcc]/(A^+y^)} 
l  +  [A(a>Cfl-  o))/(\2ha+  y2ba)] 


A[(wcfe+  <o)paa-  (<ocfl-  wcfc-2w)pcc] 

k2ba+  Vba  +  M<0Ca~  o>) 


Defining  the  two-photon  saturation  intensity  7sat , 


Isat=ce0h2 


/2rf,yfcfl(ft>cfc+w)2 

I  P'cb  ‘  ^  I  I  f^ac '  ^  I 


(61) 


(62) 


and  using  the  relation  a>ba=  (oca—  ojcb  we  can  rewrite  Eq. 
(61)  as 


_rL(/2//sat)[(Mcfc+^)Paa-(^a-2w)pcc] 

(  wc&  +  Mba~  W){^L+  7L[1  +  (/2//sat)]} 

Note  that  7sat  is  proportional  to  the  square  root  of  the  product 
of  the  dephasing-collision  rate  coefficient  yba  and  the 
population-transfer  rate  coefficient  T  b  ,  and  inversely  propor¬ 
tional  to  the  product  of  the  magnitudes  of  the  electric-dipole- 
moment  density-matrix  elements  for  the  single-photon  tran¬ 
sitions  ac  and  cb.  Again,  the  dependence  of  the  saturation 
intensity  on  the  polarization  of  the  pump  beam  and  the  po¬ 
larization  properties  of  the  single-photon  resonances  is  con¬ 
tained  in  the  terms  |  jHac •  e \ 2  and  |  jHcb -e\2. 

Taking  the  high-intensity  limit  72>72at  for  the  on- 
resonance  condition  Aba  =  0,  and  assuming  that  the  Stark- 
shifting  terms  are  small  compared  to  at,  so  that  ojba=2oj,  we 
obtain 


yba^I  ^sat)[( Mcb^~  ^)Paa  i^ba  2u))pcc] 

(Mcb+wba- co){A2ba+  yla[l  +  (/2//jat)]} 


=  Paa •  (64) 

In  the  low-intensity  limit,  /2<S/2at,  and  assuming  that  ojha 
=  2o),  Eq.  (63)  reduces  to 


Pbb= 


yba^I  ^  sat)  Paa 

AL+?L 


(65) 


The  low-laser-intensity  spectral  profile  is  Lorentzian  with  a 
full  width  at  half  maximum  of  2  yba .  Assuming  that  A  ba 
=  0  we  obtain 


Pbb  (^  ^  sat)  Paa 


(66) 


IV.  NUMERICAL  SOLUTION 

OF  THE  DENSITY-MATRIX  EQUATIONS 


The  results  of  numerical  solution  of  the  steady- state 
density-matrix  equations  for  the  TPA  process  are  presented 
and  discussed  in  this  section.  Equations  (24),  (25),  (29),  (30), 
(34),  (35),  (39),  (40),  and  (41)  form  a  set  of  nine  equations  in 
nine  unknowns;  the  unknowns  are  the  real  and  imaginary 
components  of  the  coherence  density-matrix  elements  and 
the  population  density-matrix  element  for  each  of  the  three 
states.  These  equations,  with  the  time  derivatives  set  equal  to 
zero,  were  solved  using  the  Engineering  Equation  Solver 


- 4x1014  W/m2  - 1014 W/m2  — “lO^W/m2 


Laser-Frequency  Detuning  5  (cm'1) 

FIG.  2.  Final  state  population  pbb  vs  laser-frequency  detuning  S  for 
(x)bJ27rc  =  80  000  cm-1,  <jichl2jTC  =  0  cm 1 ,  jmac  =  ea0/4,  jmcb  =  ea0,  ycb 
=  7ac=  7ba=  1010s_1,  and  T ca  =  T ba  =  5  X  109  s-1.  Line  shapes  are  shown 
for  three  different  laser  intensities. 


(Academic  Version  6.867-3D).  It  was  found  that  it  was  nec¬ 
essary  to  replace  Eq.  (41)  with  the  population  conservation 
equation 

1  =  Paa  +  Pbb+  Pcc  (67) 

in  order  to  obtain  a  converged  solution  to  the  set  of  equa¬ 
tions. 

A.  Effect  of  the  relative  magnitudes  of  the  electric- 
dipole-moment  density-matrix  elements 

The  equations  were  solved  for  the  three-state  system 
with  a>bc  =  0  as  shown  in  Fig.  1.  This  case  corresponds  to  the 
1S-2S  two-photon  transition  in  atomic  hydrogen,  for  which 
the  most  important  intermediate  level  is  the  2 P  level.  The 
2  P  and  2 S  levels  are  nearly  degenerate.  Figure  2  shows  the 
population  pbb  of  the  final  state  of  the  two-photon  transition 
as  a  function  of  laser  detuning  for  three  different  values  of 
the  laser  intensity.  For  the  calculations  shown  in  Fig.  2,  the 
magnitudes  of  the  electric-dipole-moment  matrix  elements 
juLac=\  juiac •  e |  and  =  |  juicb •  e \  for  the  single-photon  reso¬ 
nances  are  ea0/ 4  and  ea0 ,  respectively,  where  e  is  the  elec¬ 
tronic  charge  (C)  and  a0  is  the  Bohr  radius  (m).  The  ratio  of 
electric-dipole-moment  matrix  elements  for  the  1S-2P  and 
2P-2S  single-photon  transitions  is  also  ^1:4.42  For  the  cal¬ 
culations  shown  in  Fig.  2,  the  dephasing-collision  rate  coef¬ 
ficients  for  the  coherences,  yba  ,  yac  ,  and  ycb  ,  were  set  to  a 
value  of  1.0X  1010s-1,  and  the  population-transfer  rate  co¬ 
efficients  T  ba  and  Tca  were  set  to  5  X  109  s_  l.  The  frequency 
difference  between  states  a  and  b  was  set  to  80000  cm-1, 
and  the  energies  of  states  b  and  c  were  set  equal.  The 
population-transfer  rate  coefficient  between  states  b  and  c 
was  set  to  zero,  however,  so  that  the  colli sional  transfer  be¬ 
tween  these  states  did  not  obscure  the  different  behavior  of 
the  two  states  during  the  TPA  process.  The  saturation Jnten- 
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FIG.  3.  State  populations  vs  laser-frequency  detuning  <5  for  (a)  nonsaturating 
laser  intensity  /=1013W/m2  and  (b)  saturating  laser  intensity  1=4 
Xl014W/m2.  For  these  calculations,  (joba/27rc  =  80  000  cm-1,  (x)cb/2irc 
=  0  cm- 1 ,  fMac  =  ea0/ 4,  p, cb  =  ea0 ,  ycb=  yac  =  yba=  1010  s_1,  and  Tca 

=rfca=5xio9s_1. 


sity  for  this  case  is  1.239X  1014  W/m2.  As  is  evident  from 
Fig.  2,  the  TPA  line  broadens  and  shifts  significantly  as  the 
laser  intensity  increases  from  1013  to  4Xl014W/m2.  The 
population  for  all  three  states  as  a  function  of  laser-frequency 
detuning  is  shown  in  Figs.  3(a)  and  3(b)  for  laser  intensities 
of  1013  and  4  X  1014  W/m2,  respectively.  Note  that  for  a  laser 
intensity  of  10 13  W/m2,  the  population  of  the  intermediate 
state  c  is  relatively  insensitive  to  the  laser-frequency  detun¬ 
ing  8.  For  a  laser  intensity  of  4Xl014W/m2,  however,  the 
population  state  c  increases  significantly  near  the  condition 
of  two-photon  resonance,  even  though  it  is  still  far  less  than 
the  population  of  either  state  a  or  state  b.  The  dispersive 
character  of  pcc  due  to  the  coupling  of  this  state  with  both 
states  a  and  b  is  clearly  evident  in  Fig.  3(b). 

The  effect  of  changing  the  relative  magnitudes  of  the 
electric-dipole-moment  density-matrix  elements  /jLac  and  [icb 
is  shown  in  Fig.  4.  For  the  calculations  shown  in  Fig.  4(b), 
the  magnitudes  of  the  electric-dipole  density-matrix  elements 
for  the  two  single-photon  resonances  are  equal.  The  magni¬ 
tudes  are  set  to  the  value  /JLac  =  jmcb  =  ea0l2,  so  that  the  satu¬ 
ration  intensity  /sat  is  the  same  as  for  the  calculations  shown 
in  Fig.  2  [Fig.  4(a)  is  the  same  as  Fig.  2,  repeated  for  ease  of 
comparison  with  Figs.  4(b)  and  4(c)].  However,  there  is  no 


4x1 014  W/m2  - 1014  W/m2  ~^1013W/m2 


-1  -0.5  0  0.5  1 


Laser-Frequency  Detuning  5  (cm'1) 

FIG.  4.  Final  state  population  pbb  vs  laser-frequency  detuning  8  for  (a) 
^ac  =  ^ o/4  and  pcb  =  ea0,  (b)  pac=ea0/2  and  pcb=ea0/2,  (c)  pac=ea0 
and  pcb  =  ea0/ 4.  Line  shapes  are  shown  for  three  different  laser  intensities 
for  each  case.  For  all  three  cases  the  following  parameters  were  the  same: 
o)ba/2irc  =  80  000  cm-1,  (ocb=0  cm 1 ,  ycb=  yac—  yba=  1010s-1,  and  T ca 
=  r^  =  5Xl09  s_1. 

Stark  shift  evident  in  Fig.  4(b),  because  the  electric-dipole- 
moment  density-matrix  elements  /jLac  and  picb  are  equal,  the 
Stark  shifts  A  o)Sjac  an<^  ~^(x)s,cb  cancel.  For  the  calcula¬ 
tions  shown  in  Fig.  4(c),  jmac  =  ea0  and  jmcb  =  ea0/4,  and  the 
Stark  shift  is  in  the  opposite  direction  of  that  shown  in  Fig. 
4(a).  The  saturation  intensity  was  the  same  for  all  the  calcu¬ 
lations  shown  in  Figs.  2-4. 

B.  Effect  of  the  energy  of  the  intermediate  state  c 

The  effect  of  the  energy  of  the  intermediate  state  c  on  the 
TPA  process  is  examined  in  this  section.  The  TPA  pi^ess  is 
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absorption  process  for  the  case  (o=  —  cocb  ,  (o=(oca  . 


A 


J 


c 


strongly  affected  by  the  value  of  the  frequencies  coca  and  cocb 
when  the  intermediate  state  c  is  midway  between  states  a  and 
b  and  thus  transitions  ac  and  cb  are  near  single-photon  reso¬ 
nance.  This  situation  is  illustrated  schematically  in  Fig.  5. 
The  results  of  calculations  for  a>ca/27rc  =  40010cm_1  are 
shown  in  Fig.  6(a),  and  for  coca!2rnc  =  39  990  cm- 1  in  Fig. 
6(b).  For  these  calculations,  the  collisional  rate  coefficients 
are  the  same  as  for  Figs.  2-4,  jmac  =  ea0l 4  and  jmcb  =  ea0 , 
and  oobal27vc  =  80  000  cm- 1 .  For  both  Figs.  6(a)  and  6(b), 


Laser-Frequency  Detuning  5  (cm'1) 

FIG.  6.  State  populations  vs  laser-frequency  detuning  S  for  (a)  (to 
-  (D ca) /2.7TC  =  -  1 0  cm1  and  (b)  (co-  (oca)/27rc=  +  10  cm-1.  For  both 
cases  the  following  parameters  were  the  same:  jmac  =  ea0/ 4,  /icb  =  ea0,  I 
=  1011  W/m2,  ycb=  yac  =  yba  =  1010  s-1,  and  Tca  =  Yba  =  5  X  109  s-1. 


FIG.  7.  Schematic  diagram  of  the  three-state  system  and  the  two-photon 
absorption  process  for  the  case  where  the  energy  of  state  c  is  much  higher 
than  the  energy  of  state  b. 


the  laser  intensity  for  the  calculations  is  1011  W/m2,  and  the 
calculated  saturation  intensity  is  3.098 X  1010 W/m2  for  co 
=  cobJ2\  the  saturation  intensity  varies  by  ^10%  over  the 
laser-frequency-detuning  range  shown  (note  that  it  is  four 
orders  of  magnitude  smaller  than  for  the  calculations  shown 
in  Figs.  2-4,  where  the  laser  frequency  is  40000  cm-1  away 
from  single-photon  resonance).  The  saturation  behavior 
shown  in  Figs.  6(a)  and  6(b)  is  very  similar,  but  the  Stark 
shift  is  in  the  opposite  direction  depending  on  whether  the 
energy  ec  of  the  intermediate  state  c  is  less  than  or  greater 
than  eb!2.  The  Stark- shifting  behavior  of  a  TPA  resonance  in 
sodium  vapor  using  two  different  lasers  tuned  near  an  inter¬ 
mediate  level  was  investigated  by  Liao  and  Bjorkholm.43  Al¬ 
though  our  theoretical  results  are  not  directly  comparable 
because  we  assume  that  the  two-photon  absorption  is  in¬ 
duced  by  a  single  laser,  the  qualitative  nature  of  the  Stark 
shift  is  similar  in  the  two  studies.  For  example,  Liao  and 
Bjorkholm43  demonstrated  that  the  sign  of  the  Stark  shift 
changed  as  one  of  the  lasers  was  tuned  through  single-photon 
resonance  with  the  intermediate  level. 

Figure  7  illustrates  a  case  where  ec>eb.  A  comparison 
of  the  saturation  and  Stark- shifting  behavior  of  the  two- 
photon  resonance  for  cocb/2'TTC  =  0  cm-1,  corresponding  to 
the  calculations  shown  in  Figs.  2-4,  and  oocbl2irc 
=  20  000  cm-1,  is  shown  in  Fig.  8.  The  magnitude  of  the 
Stark  shift  and  the  degree  of  saturation  is  less  for  the 
cocb!2TTC  =  20  000  cm- 1  case  because  of  the  greater  detuning 
from  single-photon  resonance. 

V.  CONCLUSIONS  AND  FUTURE  WORK 

A  nonperturbative  density-matrix  analysis  of  the  TPA 
process  has  been  performed,  and  analytical  expressions  for 
the  Stark  shift  and  saturation  intensity  of  the  two-photon 
resonance  have  been  derived.  The  saturation  and  Stark- 
shifting  behavior  of  the  TPA  resonance  transition  h^been 
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Laser-Frequency  Detuning  8  (cm'1) 

FIG.  8.  Final  state  population  pbb  vs  laser-frequency  detuning  8  for 
(x>bal2irc  =  80  000  cm” 1 ,  7  =  4X  104  W/m2,  jnac  =  ea0/ 4,  jncb  =  ea0,  ycb 
=  yac=  7ba  =  1010s_1,  and  Tca  =  T ba  =  5  X  109  s-1.  Line  shapes  are  shown 
for  (ocb/2irc  =  0  cm- 1  and  (ocb/2irc  =  20  000  cm- 1 . 


investigated  numerically  for  different  values  of  the  electric- 
dipole-moment  density-matrix  elements  iLac  and  jmcb  and  of 
the  energy  of  the  intermediate  state  c. 

The  analysis  and  computations  were  performed  assum¬ 
ing  (1)  that  only  three  states  participate  in  the  TPA  process, 
(2)  that  the  three-state  system  is  in  steady  state,  (3)  that  only 
a  single,  monochromatic  laser  beam  interacts  with  the  TPA 
resonance,  and  (4)  that  the  TPA  resonance  and  the  single¬ 
photon  resonances  are  homogeneously  broadened.  The 
analysis  presented  in  this  paper  can  be  extended  to  remove 
these  restrictions.  In  the  case  of  the  fourth  assumption,  for 
example,  Doppler  broadening  of  the  transition  can  be  ac¬ 
counted  for  by  dividing  the  atomic  or  molecular  population 
into  velocity  groups  characterized  by  a  different  resonance 
frequency  in  the  laboratory  frame  of  reference.  The 
coherence-  or  population-density-matrix  elements  can  then 
be  determined  by  solving  the  density-matrix  equations  for 
each  velocity  group  and  then  summing  or  integrating  the 
coherence  and  population  density-matrix  element  over  all  ve¬ 
locity  groups. 

The  three-state  assumption  was  imposed  to  simplify  the 
physics,  but  for  an  actual  atom  or  molecule  in  general  one 
must  consider  the  level  structure  in  detail  to  describe  the 
Stark  shifting  and  saturation  properties  of  the  two-photon 
resonance.  A  two-photon  absorption  process  from  level 
A(Ja  =  2)  to  level  B(Jb=  2)  is  depicted  schematically  in 
Fig.  9.  The  two-photon  process  can  proceed  through  either 
intermediate  level  C(Jc=  1)  or  intermediate  level  D(Jd 
=  2).  The  two-photon  transition  induced  by  a  circularly  po¬ 
larized  laser  beam  from  state  a  (M j=  —  1)  to  state  b  (Mj 
=  +  1)  through  state  c  (Mj=  0)  is  highlighted,  although  nu¬ 
merous  other  transition  pathways  with  AM;=+2  are  also 
coupled  by  the  circularly  polarized  laser  beam.  The  expres¬ 
sions  for  the  Stark  shift  and  saturation  intensity,  Eqs.  (51) 
and  (62),  for  the  two-photon  transition  from  state  a  to  state  b 
can  be  modified  simply  by  summing  these  expressions  over 
all  possible  intermediate  states.  In  Fig.  9,  the  two-photon 
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FIG.  9.  Schematic  diagram  of  the  two-photon  absorption  process  in  a  four- 
level  system.  The  Zeeman  structure  of  each  level  is  depicted  and  a  two- 
photon  absorption  process  with  initial  state  a,  final  state  b,  and  intermediate 
state  c  is  highlighted.  The  two-photon-absorption  pathway  that  is  shown  is 
induced  by  circularly  polarized  laser  radiation.  Several  other  two-photon 
absorption  pathways  that  are  induced  by  circularly  polarized  laser  radiation 
are  not  shown  for  reasons  of  clarity. 


transition  from  state  a  to  state  b  can  also  proceed  through  the 
Mj=  0  state  in  level  Z),  but  in  general  there  will  be  numerous 
possible  intermediate  states.  The  saturation  and  Stark- 
shifting  behavior  of  the  two-photon  transition  from  level  A  to 
level  B ,  however,  will  be  determined  by  the  collective  behav¬ 
ior  of  all  possible  two-photon-transition  pathways  between 
the  Zeeman  states  in  these  levels.  In  general,  the  saturation 
intensities  and  the  Stark  shifts  for  each  of  these  state-to- state 
transition  pathways  will  be  very  different,  resulting  in  asym¬ 
metric  line  shapes  at  high  intensities  as  is  shown  in  the  work 
by  Liao  and  Bjorkholm43  and  in  the  work  by  Huo,  Gross,  and 
McKenzie.44 

We  are  presently  modeling  the  LIPS  process  in  atomic 
hydrogen  using  direct  numerical  integration  of  the  time- 
dependent  density-matrix  equations.  This  time-dependent  nu¬ 
merical  model  includes  92  states  and  takes  into  account  Dop¬ 
pler  broadening  and  hyperfine  splitting  of  the  energy  levels. 
The  steady- state  analysis  of  the  three- state  system  presented 
in  this  paper  was  undertaken  primarily  to  attain  a  fundamen¬ 
tal  understanding  of  the  TPA  process  in  a  simpler  system, 
and  the  analytical  results  that  we  have  obtained  will  be  quite 
valuable  for  interpreting  the  results  of  our  time-dependent, 
92- state  model. 

The  equations  developed  in  this  paper  are  directly  appli¬ 
cable  for  experiments  performed  with  single-frequency- 
mode  laser  radiation  when  the  laser  pulse  length  is  signifi¬ 
cantly  greater  than  the  characteristic  collisional  time  in  the 
medium  of  interest.  The  restriction  that  the  laser  radiation  be 
monochromatic  is  becoming  less  of  an  issue  with  th^_cjevel- 
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opment  of  single-mode  optical  parametric  laser  systems45-47 
and  the  increasing  use  of  near-Fourier  transform-limited  tun¬ 
able  picosecond  lasers48  for  TPA-based  measurements  in  re¬ 
acting  flows. 

It  is  important  to  understand  the  saturation  of  the  TPA 
resonance  for  application  of  TPA-based  techniques  for  diag¬ 
nostic  purposes.  The  dependence  of  the  TPA  laser-induced- 
fluorescence  signal  on  laser  intensity  is  frequently  measured 
to  check  for  the  occurrence  of  photochemical  effects.49  In  the 
absence  of  photochemical  effects  or  saturation,  the  TPA-LIF 
signal  will  increase  in  proportion  to  the  square  of  the  laser 
intensity.  If  photochemical  effects  are  significant  and  the  spe¬ 
cies  of  interest  is  being  created  by  laser-induced  dissociation 
of  larger  molecules  such  as  H20,  the  TPA-LIF  signal  will 
increase  faster  than  the  square  of  the  laser  intensity.  If  the 
TPA  resonance  is  saturated,  the  TPA-LIF  signal  will  increase 
more  slowly  than  the  square  of  the  laser  intensity.  The  effects 
of  photochemistry  and  saturation  on  the  laser-intensity  de¬ 
pendence  of  the  signal  are  in  opposite  directions.  Being  able 
to  calculate  the  saturation  intensity  as  discussed  in  this  paper 
will  at  least  allow  researchers  to  determine  if  the  TPA  reso¬ 
nance  is  saturated  or  not,  and  this  will  help  to  interpret  the 
possible  effects  of  photochemistry  on  the  power-dependence 
measurements. 
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Abstract:  Application  of  dual-pump,  dual-broadband  (DPDB)  coherent  anti- 
Stokes  Raman  scattering  (CARS)  for  the  simultaneous  measurement  of  temperature 
and  multiple-species  concentrations  in  a  liquid-fueled  model  gas-turbine  combustor 
is  presented.  In  this  system,  pure  rotational  transitions  of  N2-O2  and  the  ro- 
vibrational  transitions  of  N2-CO2  are  probed  using  two  narrowband  pump  beams,  a 
broadband  pump  beam,  and  a  broadband  Stokes  beam.  The  main  advantage  of  this 
technique  is  that  it  permits  very  accurate  temperature  measurements  at  both  low  and 
high  temperatures  as  well  as  concentration  measurements  of  three  molecules  from 
each  laser  shot.  Single-shot  measurements  of  temperature  and  concentrations  ratios 
of  N2-CO2  and  N2-O2  in  the  exhaust  stream  of  a  liquid-fueled,  CFM56,  swirl- 
stabilized  gas-turbine  combustor  are  presented  for  equivalence  ratios  ranging  from 
0.4-1. 1. 


Key  words:  CARS,  Raman  Scattering,  Reacting  Flows, 
Gas-Turbine  Combustor 


1.  Introduction 

Characterization  of  advanced  propulsion  systems  requires  the  determination  of 
performance  and  combustion  efficiency  through  measurements  of  temperature  and 
species  concentrations  in  the  exhaust  stream.  Typically  these  kinds  of  data  are 
acquired  using  physical  probes  for  thermometry  or  extractive  sampling  and  involve 
several  independent  techniques.  Diode-laser-based  absorption  is  a  non-intrusive 
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alternative  to  extractive  sampling,  but  it  is  a  path-averaged  approach  and  has 
limited  spatial  resolution.  For  species  such  as  O2,  low  sensitivity  also  limits  the 
temporal  resolution  of  diode-laser-based  techniques.  Ideally  measurements  of 
temperature  and  multiple  species  would  be  accomplished  simultaneously  with  high 
spatial  and  temporal  resolution  and  with  a  minimum  number  of  diagnostics.  Dual¬ 
pump,  dual-broadband  (DPDB)  coherent  anti-Stokes  Raman  scattering  (CARS) 
offers  the  possibility  of  monitoring  the  local  temperature  and  concentrations  of  two 
target  species  with  respect  to  a  reference  species  (usually  N2)  using  a  single 
hardware  platform.  Spatial  resolution  ranges  from  50  microns  to  2  mm  and 
temporal  resolution  is  on  the  order  of  10  ns. 

We  present  here  the  application  of  a  DPDB -CARS  system  for  temperature  and 
concentration  measurements  in  reacting  flows  of  practical  interest.  This  work 
extends  our  previous  demonstrations  of  temperature  and  concentration 
measurements  in  laboratory  flames  and  combustor  test  facilities  using  dual-pump 
and  triple-pump  CARS  (Roy  et  al.  2003  and  Lucht  et  al.  2003).  The  DPDB  CARS 
technique  is  unique  in  that  it  allows  for  accurate  temperature  measurements  both  at 
low  and  high  temperatures.  In  the  combustion  zone  or  the  exhaust  of  a  real 
combustor,  there  is  a  wide  spatial  and  temporal  variation  of  temperature  due  to  the 
inherent  turbulent  nature  of  the  flow  field.  In  the  current  system,  the  rotational 
transitions  of  N2-O2  and  the  ro-vibrational  transitions  of  N2-CO2  are  probed.  The 
rotational  spectra  of  N2-O2  provide  better  temperature  accuracy  at  lower 
temperatures,  generally  below  1500  K  (Alden  et  al.  1989),  whereas  the  ro- 
vibrational  spectra  of  N2-CO2  provide  improved  temperature  accuracy  at  higher 
temperatures.  To  our  knowledge,  this  is  the  first  CARS  technique  that  uses  three 
pump  beams  to  excite  the  transitions  of  three  different  molecules  simultaneously  to 
achieve  two  rotational  spectra  (e.g.,  N2  and  O2)  and  two  ro-vibrational  spectra  (N2 
and  CO2).  The  rotational  spectra  provide  better  accuracy  at  low  temperature 
because  most  of  the  population  resides  at  lower  energy  levels.  At  higher 
temperatures  population  is  transferred  to  higher  energy  levels  which  is  reflected  in 
more  accurate  ro-vibrational  spectra. 

The  DPDB  CARS  system  is  essentially  a  special  triple-pump  CARS  system 
where  one  of  the  pump  beams  is  of  broadband  nature,  whereas  in  the  traditional 
triple-pump  CARS  technique  the  bandwidth  of  all  the  pump  beams  are  either 
single-longitudinal  mode  or  very  narrow  (Roy  et  al.  2003).  The  DPDB  CARS 
system  may  also  be  viewed  as  the  combination  of  the  dual-pump  and  dual¬ 
broadband  approaches.  The  dual-pump  CARS  technique,  which  was  first 
demonstrated  by  Lucht  (1987),  has  been  used  for  the  simultaneous  measurement  of 
N2  and  O2  (Lucht  1987  and  Hancock  et  al.  1997),  N2  and  H2  (Schauer  1998),  N2 
and  CH4  (Green  et  al.  1998),  and  N2  and  CO2  (Bruggemann  et  al.  1992).  In  dual¬ 
pump  CARS,  the  wavelengths  of  the  input  beams  are  adjusted  such  that  the  CARS 
spectra  for  the  two  species  under  study  are  observed  at  nearly  the  same  frequency. 
This  arrangement  largely  eliminates  potential  errors  arising  from  wavelength- 
dependent  variations  in  signal  transmission  or  detector  efficiency  that  can 
complicate  other  multiple-species  CARS  techniques  such  as  dual-Stokes  and  dual¬ 
broadband  CARS  (Eckbreth  1988).  Several  other  CARS  techniques,  such  as  dual¬ 
broadband  rotational  CARS  (Bood  et  al.  2000)  and  simultaneous  vibrational  and 
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rotational  CARS  (Brackmann  et  al.  2002),  have  also  been  used  for  temperature  and 
multiple-species  concentration  measurements. 

In  the  DPDB  CARS  technique,  a  dual-broadband  CARS  system  is  superimposed 
on  a  dual-pump  CARS  system.  Four  laser  beams  are  used  to  generate  CARS 
signals  near  two  distinct  wavelengths.  Both  wavelength  regions  exhibit  an  N2 
CARS  signal  along  with  the  CARS  signal  from  another  target  molecule.  Each  pair 
of  CARS  signals  is  generated  over  a  relatively  narrow  wavelength  region  and  can 
be  captured  with  fixed- wavelength  detection.  Temperature  and  relative 
concentrations  of  the  target  species  (with  respect  to  N2)  are  extracted  either  by 
fitting  the  measured  CARS  spectrum  with  a  theoretical  spectrum  or  through  a 
Boltzmann  plot.  Temperatures  from  the  N2-CO2  and  N2-O2  pairs  were  evaluated 
by  fitting  the  CARS  spectra  with  the  theoretical  spectra.  Since  the  N2  concentration 
is  typically  known,  the  amplitude  of  the  target-species  signal  relative  to  that  of  the 
paired  N2  signal  provides  an  absolute  measure  of  the  target-species  concentration. 

Measurements  were  carried  out  in  the  exhaust  stream  of  a  liquid-fueled,  swirl- 
stabilized  CFM56  combustor.  The  objectives  of  this  investigation  were  to  perform 
single-laser-shot  temperature  and  O2  and  CO2  concentration  measurements  in  the 
exhaust  stream  of  a  liquid-fueled  practical  combustor  under  non-sooting  and 
sooting  conditions.  Measurements  were  performed  for  a  wide  range  of  equivalence 
ratios  (<j>  =  0.4  to  1.1).  The  current  work  provides  benchmark  statistical  distributions 
of  temperature  and  concentrations  of  CO2  and  O2  in  the  exit  plane  of  the  combustor 
and  is  used  to  evaluate  the  effects  of  particulate-mitigating  additives  on  flame 
chemistry.  These  measurements  complement  laser-induced  incandescence  (LII) 
and  planar  laser-induced  fluorescence  (PLIF)  measurements  of  soot  volume  fraction 
and  OH  radical  concentrations,  respectively,  which  are  ongoing  in  the  current 
combustor. 


2.  Experimental  Setup 

The  schematic  and  the  energy-level  diagrams  of  the  DPDB  CARS  system  are 


Fig.  1(a):  Schematic  diagram  of  DPDB  CARS  system  for  detecting 
temperature  and  concentrations  of  N2,  O2,  and  CO2.  (b)  Energy-level 
diagram  of  DPDB  CARS  system. 
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shown  in  Figs,  la  and  lb,  respectively.  As  stated  previously,  a  dual-pump  CARS 
system  is  superimposed  on  a  dual-broadband  CARS  system  with  this  approach.  An 
injection-seeded  Nd:YAG  laser  (Quanta  Ray,  Pro  290,  Spectra  Physics)  is  used  to 
pump  a  narrowband  dye  laser  and  a  broadband  dye  laser  while  providing  a  532-nm 
CARS  pump  beam.  In  the  current  configuration,  the  broadband  dye  laser  (pumped 
at  532  nm)  provides  an  output  beam  centered  at  -607  nm  that  serves  as  the  Stokes 
laser  for  each  of  the  four  generated  CARS  signals.  The  broadband  output  at  607  nm 
also  provides  the  pump  beam  for  the  dual-broadband  rotational  CARS  system.  The 
narrowband  dye  laser  is  also  pumped  by  the  532-nm  beam  and  provides  laser 
radiation  at  -560  nm.  The  combination  of  the  532-nm  pump  beam  with  the  607-nm 
Stokes  beam  produces  a  ro-vibrational  N2  Raman  polarization  that  coherently 
scatters  the  560-nm  pump  beam,  yielding  an  N2  CARS  signal  near  496  nm.  At  the 
same  time,  the  560-nm  pump  beam  and  the  607-nm  Stokes  beam  produce  a  CO2 
Raman  polarization  that  scatters  the  532-nm  pump  beam,  yielding  a  CO2  CARS 
signal  that  also  appears  near  496  nm. 

The  spectral  width  of  the  broadband  dye  laser  is  -200  cm"1.  This  spectral  width 
is  large  enough  to  excite  the  pure  rotational  transitions  of  N2  and  O2  molecules  at 
the  ground  and  excited  vibrational  state  up  to  rotational  levels  of  of  J-30.  The 
broadband  pump  beam  and  the  broadband  Stokes  beam  produce  rotational  Raman 
polarizations  for  both  N2  and  O2  molecules,  which  then  scatter  the  532-nm  pump 
beam.  The  pure  rotational  CARS  spectra  appear  at  a  wavelength  of  -528  nm.  The 
incident  beams  are  phase  matched  using  the  folded  BOXCARS  geometry,  with  the 
560-nm  and  607-nm  pump  beams  arranged  co-linearly.  The  frequency  of  the 
rotational  CARS  signal  is  very  close  to  the  pump  beam  at  532  nm.  This  poses  the 
significant  challenge  of  discriminating  the  scattered  light  at  532  nm  from  the  CARS 
signal  at  528  nm.  To  minimize  the  scattered  light  at  532  nm,  the  polarization  of  one 
of  the  broadband  pump  beams  at  607  nm  was  oriented  to  be  orthogonal  to  that  of 
the  532-nm  beam.  The  polarization  of  the  broadband  dye  beam  that  serves  as  the 
Stokes  beam  for  the  N2-CO2  CARS  was  not  rotated.  With  this  configuration  the 
polarization  of  the  pure  rotational  CARS  signal  was  orthogonal  to  that  of  the  532- 
nm  pump  beam.  The  CARS  signal  at  528  nm  was  isolated  from  the  background 
532-nm  scattered  light  by  placing  a  polarizer  in  the  detection  channel  with  a 
transmission  axis  perpendicular  to  the  532-nm  pump  beam,  as  shown  in  Fig.  1.  The 
CARS  signals  at  496  nm  and  528  nm  were  separated  using  a  dichroic  mirror  and 
then  simultaneously  detected  using  two  1.0-m  spectrometers  and  two  back- 
illuminated  CCD  cameras  with  2000x5 12-pixel  arrays. 

The  CARS  spectra  are  normalized  using  a  non-resonant  spectrum  to  account  for 
the  effects  of  pulse-to-pulse  laser-power  fluctuations,  long-term  power  drifts,  and 
spectral  variations  in  dye  power  (Eckbreth  1988).  The  non-resonant  spectrum  is 
recorded  by  flowing  argon  through  a  flow  tube  into  the  beam-overlap  region.  The 
combustor  facility  is  described  in  detail  by  Roy  et  al.  (2004a). 
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3.  Results  and  Discussion 


Temperature,  CO2,  O2,  and  N2  concentration  measurements  were  performed  in  the 
exhaust  stream  of  the  JP8-fueled,  swirl-stabilized  combustor  over  a  wide  range  of 
equivalence  ratios  using  the  DPDB  CARS  technique.  This  CARS  system  exhibited 
excellent  accuracy,  as  determined  from  temperature  and  CO2  concentration 
measurements  in  a  calibrated,  laminar  flame  (Roy  et  al.  2003).  The  standard 
deviations  of  the  measured  single-shot  temperatures  and  CO  2  concentrations 
evaluated  from  the  N2-CO2  spectra  in  the  calibrated  flame  were  2.3%  and  6%  of  the 
mean  values,  respectively,  for  a  wide  range  of  equivalence  ratios.  The  objectives  of 
this  study  were  to  measure  single-shot  temperature  and  concentrations  of  CO  2  and 
O2  at  high  equivalence  ratios  in  the  exhaust  of  a  practical  combustor. 

Typical  single-shot  N2-CO2  and  N2-O2  spectra  acquired  using  the  DPDB  CARS 
system  in  the  exhaust  stream  of  the  JP-8-fueled  combustor  at  an  equivalence  ratio 
of  0.45  are  shown  in  Figs.  2a  and  2b,  respectively.  The  solid  line  represents  the 
experimental  CARS  signal,  and  the  dotted  line  represents  the  theoretical  CARS 
spectrum.  The  N2-CO2  CARS  spectrum  was  fitted  using  the  Sandia  CARSFT  code 
Palmer  1989),  and  the  N2-O2  rotational  spectrum  was  fitted  using  the  code 
described  by  Bood  et  al.  (2000).  The  broad  vibrational-signal  contribution  to  the 
rotational  spectrum  was  subtracted  by  fitting  a  smooth  profile  through  the  baseline 
(Bood  et  al.  2000).  The  temperature  and  relative  CO2  and  O2  concentrations  were 
evaluated  by  comparing  the  experimental  spectrum  with  that  of  a  theoretical  one. 
As  expected  the  temperatures  evaluated  from  both  spectra  agree  to  within 
experimental  uncertainty  as  shown  in  Fig.  2. 


Raman  Shift  (cm'1) 


Raman  Shift  (cm-1) 


Figure  2.  Single-shot  (a)  ro-vibrational  spectrum  of  N2-CO2  and  (b)  rotational 
spectrum  of  N2-O2  acquired  in  exhaust  stream  of  JP-8-fueled  combustor  for 
equivalence  ratio  of  0.45.  Both  spectra  were  acquired  simultaneously. 
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Probability  density  functions  (PDF’s)  of  temperatures  evaluated  from  the  single¬ 
shot  N2-O2  rotational  spectra  and  the  N2-CO2  ro-vibrational  spectra  are  shown  in 
Figs.  3a  and  3b,  respectively.  The  difference  in  standard  deviations  of  the  rotational 
and  ro-vibrational  spectra  may  be  due  to  the  difference  in  the  signal-to-noise  ratio 
and  the  quality  of  the  least-square-fitting  of  the  experimental  spectra.  Two  different 
theoretical  codes  were  used  to  fit  the  single-shot  ro-vibrational  spectra  and  the 
single-shot  rotational  spectra.  The  standard  deviations  of  the  temperature  evaluated 


Temperature  (K) 


Temperature  (K) 


Figure  3.  Single-shot  temperature  PDF’s  evaluated  from  the  (a)  ro-vibrational 
spectrum  of  N2-CO2  and  (b)  rotational  spectrum  of  N2-O2  acquired  in  the 
exhaust  stream  of  the  JP-8-fueled  combustor  for  an  equivalence  ratio  of  0.45. 

from  the  N2-CO2  spectra  and  N2-O2  spectra  are  -3.75%  and  -3.25%  of  the  mean 
values,  respectively;  the  mean  temperature  is  -1209  K.  The  PDF’s  of  the  N2-CO2 
and  N2-O2  ratios  are  shown  in  Figs.  4a  and  4b,  respectively.  PDF’s  of  single-shot 
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Figure  4.  PDF’s  of  the  ratio  of  (a)  CO2  and  N2  and  (b)  O2  and  N2  evaluated  from 
the  single-shot  CARS  spectra  as  discussed  in  Figs.  2  and  3. 
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Figure  5.  PDF’s  of  (a)  temperature  and  (b)  C02  mole  fraction  determined  from 
single-laser-shot,  N2-CO2  ro-vibrational  spectra  acquired  at  the  exhaust  of  the 
JP-8-fueled  combustor  for  an  equivalence  ratio  of  1.0. 


temperature  and  C02  mole  fraction  at  an  equivalence  ratio  of  1.0  are  shown  in  Figs. 
5a  and  5b,  respectively.  These  near-stoichiometric  equivalence  ratios  are 
significantly  higher  than  the  previous  measurements  performed  in  this  combustor, 
single-shot  or  time-averaged  (Lucht  et  al.  2003  and  Takahashi  et  al.  1994).  At  an 
equivalence  ratio  of  1.0  where  the  temperature  is  significantly  higher  than  1500  K, 
it  was  very  difficult  to  extract  single-shot  PDFs  of  oxygen  concentration  due  to  the 
following  two  reasons:  (1)  lower  signal-to-noise  ratio  of  the  single-shot  rotational 
spectra  (<5)  at  these  conditions  in  a  practical  combustor  and  (2)  higher  level  of 
coupling  between  the  nonresonant  susceptibility  and  concentration,  especially  since 
the  O2  concentration  is  lower  at  higher  equivalence  ratio.  In  a  laboratory  flame,  the 
high  SNR  of  the  rotational  spectra  allowed  us  to  extract  single-shot  PDF's  of 
oxygen  concentration  (Roy  et  al.  2004b). 

A  comparison  of  the  experimental  results  with  an  equilibrium  calculation  is 
shown  in  Fig.  6.  The  equilibrium  calculations  were  performed  using  the  code 
provided  by  Turns  (1996).  The  molecular  formula  of  JP-8  fuel  is  C10.9H20.9,  and  the 
heat  of  formation  is  equal  to  -2.48  x  105  kJ/K  [private  communication,  T.  Edwards, 
U.S.  Air  Force  Research  Laboratory,  Wright-Patterson  Air  Force  Base,  2001],  As  is 
evident  in  Fig.  6a,  the  measured  temperatures  (evaluated  from  the  ro-vibrational 
spectra)  are  lower  than  the  adiabatic  flame  temperatures  by  21%  during  lean 
combustor  operation  and  by  25%  at  the  richest  condition.  The  temperatures 
evaluated  from  the  rotational  spectra  are  -40-50K  lower  than  the  temperatures 
evaluated  from  the  ro-vibrational  spectra.  The  accuracy  of  the  temperature 
evaluated  from  the  rotational  spectra  will  be  somewhat  affected  by  the  way  broad 
vibrational-signal  contribution  to  the  rotational  spectrum  was  subtracted  (Bood  et 
al.  2000). 
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Fig.  6:  Comparison  of  experimental  results  and  equilibrium  calculations:  (a) 
temperature  profiles  and  (b)  profiles  of  ratio  of  CO2/N2  and  O2/N2. 

The  discrepancy  between  the  measured  and  calculated  temperatures  may  be  due 
to  the  following  four  reasons:  (1)  heat  loss  due  to  radiation  and  conduction;  the 
measurements  were  taken  ~  lm  from  the  nozzle  and  the  primary  flame  zone  is 
located  within  ~0.08m  from  the  nozzle,  (2)  flame  unsteadiness  and  spatial 
averaging  during  the  measurements,  (3)  uncertainty  with  the  mass-flow  controller, 
(4)  the  signal-to-noise  ratio  of  the  experimental  spectra  that  affects  the  least-squares 
fitting  with  the  theoretical  spectra,  and  (5)  uncertainties  with  the  composition  of  JP8 
fuel  and  subsequent  equilibrium  calculations.  The  increase  in  this  discrepancy  at 
higher  equivalence  ratios  is  expected,  due  to  increased  heat  losses  via  heat 
conduction  and  soot  radiation.  Moreover,  the  temperature  and  the  oxygen 
concentration  will  be  somewhat  affected  by  the  way  the  broad  vibrational  signal 
contribution  was  subtracted  from  the  rotational  spectrum. 

The  measured  CO2/N2  mole  fractions  follow  the  correct  trend  with  equivalence 
ratio  but  are  about  15%  higher  than  the  equilibrium  code  results  for  the  lean 
condition.  Under  stoichiometric  to  rich  conditions,  the  difference  between 
measured  and  theoretical  CO2/N2  mole  fractions  decreases  to  about  7-9%.  These 
discrepancies  are  mostly  due  to  issues  related  to  the  spectral  modeling  of  the  CO2 
CARS  spectra  in  the  CARSFT  code.  These  modeling  issues  are  the  subject  of 
ongoing  investigation  and  are  beyond  the  scope  of  the  current  work.  The  measured 
oxygen  concentration  at  higher  temperatures  will  be  affected  by  the  higher  coupling 
between  nonresonant  susceptibility  and  the  concentration,  especially  since  the  O2 
concentration  is  lower  at  high  equivalence  ratio.  It  was  not  possible  to  extract  the 
concentration  of  oxygen  beyond  an  equivalence  ratio  of  0.8.  This  is  not  surprising 
because  the  equilibrium  calculation  also  showed  the  oxygen  concentration  in  the 
exhaust  approaching  zero  at  an  equivalence  ratio  of  0.9. 
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4.  Conclusions 


The  application  of  dual-pump,  dual-broadband  (DPDB)  CARS  to  characterize  the 
exit  conditions  in  a  swirl-stabilized  CFM56  combustor  has  been  demonstrated. 
This  technique  is  capable  of  providing  measurements  of  temperature  along  with 
concentrations  of  two  target  species.  Simultaneous,  single-shot  data  acquisition 
enhances  the  precision  and  accuracy  of  the  temperature  measurements  due  to  the 
correlation  afforded  by  the  common  presence  of  N2  in  each  of  the  two  spectral 
windows.  Experiments  were  carried  out  to  measure  the  temperature  and  the 
concentrations  of  carbon-dioxide  and  oxygen  at  the  exhaust  stream  of  the 
combustor  for  different  operating  conditions.  Experiments  were  performed  using 
JP-8  fuel  for  equivalence  ratios  ranging  from  0.4  to  1.1  under  low  to  high  sooting 
conditions,  respectively.  The  standard  deviations  of  the  measured  temperature  and 
CO2  mole  fraction  as  determined  from  single-laser-shot,  dual-pump  N2-CO2  CARS 
spectra  were  ~3-4%  and  ~9-20%  of  the  mean  values,  respectively,  for  the  full  range 
of  equivalence  ratios.  The  standard  deviations  of  the  measured  O2  mole  fractions 
as  determined  from  the  rotational  spectra  were  ~5-20%  of  the  mean  values  for 
equivalence  ratios  ranging  from  0.45  to  0.8.  This  system  should  enable  CARS 
measurements  in  the  primary  reaction  zone  of  the  combustor  under  sooting 
conditions  to  complement  laser-induced  incandescence  (LII)  and  planar  laser- 
induced  fluorescence  (PLIF)  measurements. 
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Development  of  a  novel  Iridium  oxide  based  acidity  sensor  for  off-line 
monitoring  of  the  acidity  of  fuel  is  described.  The  sensor  works  in  the 
potentiometric  mode  using  an  IrOx  electrode  as  an  indicating  electrode  and 
a  Ag/Ag+  electrode  as  a  reference  electrode.  The  data  show  that  the  IrOx 
sensor  responds  to  compounds  present  in  fuel  that  have  acid-base 
character.  An  off-line  IrOx  sensor  would  allow  the  determination  of  the 
acidity  of  different  fuels  and  the  discrimination  between  neat  and 
thermally  stressed  fuels.  Experimental  results  also  indicate  that  the  low 
conductance  of  fuel  and  /  or  the  material  used  for  sensor  encapsulation 
may  influence  the  response  time  of  the  IrOx  sensor. 


INTRODUCTION 

Some  acids  can  be  present  in  aviation  turbine  fuels  due  to:  naturally  occurring 
organic  acids,  the  presence  of  some  fuel  additives,  acid  treatment  during  the  refining 
process  and/or  degradation/oxidation  products  of  the  fuel  formed  during  service  and 
thermal  stressing.  In  fuel,  the  constituents  considered  to  have  acidic  characteristics 
include  organic  and  inorganic  acids,  esters,  phenolic  compounds,  lactones,  resins,  salts  of 
heavy  metals  and  additives  such  as  inhibitors  and  detergents.  Significant  acid 
contamination  is  not  likely  to  be  present  because  of  the  many  check  tests  made  during  the 
various  stages  of  refining.  However,  trace  amounts  of  acid  can  be  present  and  are 
undesirable  because  of  the  consequent  tendencies  of  the  fuel  to  corrode  metals  and  allow 
higher  levels  of  dispersed  water  within  the  fuel. 

The  measurement  of  acidity  in  organic  liquids  is  a  difficult,  but  important 
technique  to  ascertain  the  acidity  of  petroleum  products.  Information  about  acid  content 
in  fuel  or  lubricants  is  crucial,  because  it  is  an  indicator  of  the  quality  of  these  products. 
An  acidic  reading  may  suggest  for  example,  that  an  aircraft  fuel  has  undergone  thermal 
oxidation  or  that  a  lubricant  has  completely  lost  added  antioxidants  and  needs  to  be 
replaced.  The  ability  to  continuously  monitor  these  systems  would  provide  an  early 
warning  for  failure  of  these  fluids.  Perhaps  more  important  than  “user-level”  specification 
testing  is  the  fact  that  the  fuels  processing  industry  must  deliver,  worldwide,  neutral 
products  compatible  with  fuel  systems.  In  this  regard,  the  process  industry  must  create  a 
product  and  then  perform  acid  number  testing.  If  in-line  monitoring  could  be  performed 
more  quickly  and  accurately,  process  changes  could  be  affected  more  readily,  reducing 
waste  and  reprocessing. 
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Commercially  available  pH  sensors  are  designed  to  conduct  measurements  in  the 
aqueous  phase.  The  measurement  of  acidity  in  organic  solvent  based  matrices  like 
petroleum  products  is  much  more  difficult  due  to  their  complexity  and  the  fact  that  they 
are  extremely  non-conducting.  Currently,  the  measurement  of  ‘Total  Acid  Number” 
(TAN)  in  non-conducting  fluids  is  performed  by  tedious,  time  consuming  and  solvent 
intensive  methods  (ASTM  D  3242  or  D  664)  based  on  titration  (1,2).  In  these  methods, 
the  tested  fuel  sample  is  dissolved  in  1:1  mixture  of  toluene/isopropanol  containing  a 
small  amount  of  water  and  titrated  with  standard  alcoholic  potassium  hydroxide.  In  the  D 
3242  method,  the  end  point  is  indicated  by  the  color  change  of  the  added  p- 
naphtholbenzein  solution.  In  the  D  664  method,  the  inflection  point  during  the  titration  is 
indicated  potentiometrically  using  a  glass  indicating  electrode  and  a  calomel  reference 
electrode.  Clearly,  a  chemical  sensor  that  could  rapidly  and  reliably  measure  TAN  in 
fuels  and  oils  would  be  of  tremendous  use  in  specification  testing,  for  monitoring  / 
process  control,  as  an  R&D  tool  for  additive  development,  and  for  the  “Smart  Nozzle” 
application. 

In  this  paper  we  will  describe  our  efforts  to  develop  an  iridium  oxide  based 
acidity  sensor  suitable  for  work  in  low  conducting  media  like  Jet  fuel  in  these 
applications.  We  have  conducted  preliminary  studies  using  the  IrOx  sensing  system  and 
have  obtained  data  showing  the  detection  range  in  aqueous  (pH)  and  non-aqueous 
(acidity)  solutions.  We  will  demonstrate  the  preliminary  feasibility  of  the  IrO*  sensor  as  a 
fast,  accurate,  real  time  acidity  sensor  for  the  testing  of  fuels  and  oils.  In  future  work, 
these  results  will  be  correlated  with  TAN. 


EXPERIMENTAL 


Materials 

All  chemicals  were  obtained  from  Aldrich  (Milwaukee,  WI)  and  used  without 
further  purification.  Water  was  deionized  and  purified  using  a  Synergy  Millipore  water 
purification  system.  The  IrOx  electrodes  were  obtained  from  SensIrOx  (Columbus,  OH). 
They  were  manufactured  by  a  process  in  which  an  iridium  wire  is  thermally  oxidized  in  a 
lithium  carbonate  melt  at  850  degrees  C.  In  this  process  a  unique  iridium  oxide  layer  (20 
pm  thick)  containing  lithium  is  created  on  the  iridium  wire.  A  small  1  mm  section  at  the 
end  of  the  Ir  wire  was  polished  and  a  gold  lead  was  attached.  In  order  to  protect  this 
contact  area  and  provide  both  a  solvent  tight  seal  and  electrical  insulation  various 
encapsulating  materials  were  evaluated  including:  epoxy  resin,  polyimide  resin,  glass 
powder  and  ester  cyanate.  Eccobond  55  epoxy  was  obtained  from  Emerson  &  Cuming 
(Billerica,  MA).  Polyimide  resin  was  obtained  from  Restek  (Bellefonte,  PA),  glass 
powder  7556  was  purchased  from  Coming  (Coming,  NY)  and  ester  cyanate  RS-14A; 
ML-2-1 00-1  was  obtained  from  YLA  Inc.  (Benicia,  CA).  All  of  the  parts  necessary  to 
build  the  reference  electrode  were  purchased  as  follows:  silver  wire  0.25  mm  dia, 
99.9985%  purity  Premion®  from  Alfa  Aesar  (Ward  Hill,  MA),  flexible  Teflon  tube  with 
ceramic  or  fiber  junction  frit  from  Cypress  Systems,  Inc.  (Lawrence,  KS). 

Measurements 

The  experimental  setup  consists  of  electrochemical  cell  and  the  electrochemical 
workstation  Model  650B  from  CH  Instruments  (Austin,  TX).  The  hardware  is  controlled 
and  data  acquisition  achieved  using  an  external  PC  under  Windows  environment.  The 
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sensing  probe  is  potentiometric  and  basically  consists  of  two  (IE,  RE)  electrodes,  where 
IE  refers  to  the  indicating  electrode  and  RE  to  the  reference  electrode.  A  novel,  iridium 
oxide  electrode  is  utilized  as  the  indicating  electrode.  After  exposing  the  sensing  probe  to 
the  solution  containing  the  analyte  of  interest,  the  signal  is  observed  as  a  change  in 
potential  relative  to  the  reference  electrode.  The  test  solution  was  stirred  during  the 
measurements.  The  reference  electrode  (single  junction)  consists  of  a  short  piece  of  glass 
or  Teflon  tubing  filled  with  non-aqueous  solvent  (with  or  without  salt),  a  Ag  wire 
immersed  in  the  filling  solution  and  a  porous  frit  separating  the  measurement  solution 
from  the  electrode  filling  solution.  The  electrical  connection  between  the  Ag  wire  and  the 
test  solution  is  established  by  a  very  slow  process  of  ion  diffusion  from  the  wire  to  the 
filling  solution  and  through  the  frit.  In  some  cases,  the  reference  electrode  (double 
junction)  might  have  a  second  electrolytic  bridge  consisting  of  a  second  (external)  filling 
solution,  into  which  the  single  junction  structure  is  immersed,  and  a  second  frit,  which  is 
in  direct  contact  with  the  sample.  In  double  junction  structures  the  internal  and  external 
filling  solutions  can  be  the  same  or  similar  in  composition. 


RESULTS  AND  DISCUSSION 

IrOx  demonstrates  superior  long-term  stability  when  compared  to  commercially 
available  (glass  electrode)  and  other  experimental  pH  sensors  (Ion  Selective  Field  Effect 
Transistor  and  other  metal  oxides  electrode-based  sensors)  described  in  the  literature  (3- 
5)..  Metal  oxide  electrodes  (MOEs),  in  general,  are  inherently  durable  and  suitable  for 
miniaturization,  but  MOEs  made  by  processes  other  than  the  SensIrOx  process  are  less 
stable.  IrOx  has  many  advantages  over  other  pH  sensors  including:  greater  accuracy, 
lower  drift,  faster  response,  better  long-term  stability,  robustness  and  much  lower  cost. 
IrOx  based  sensors  do  not  require  frequent  calibration  and  can  potentially  be 
miniaturized. 

There  were  some  experiments  performed  using  IrOx  sensors  in  aqueous  solution 
to  verify  pH  response  across  the  entire  pH  scale,  the  long-term  stability,  sensitivity, 
sensor  reproducibility  and  response  time  (6).  All  of  the  tests  were  done  using  a  Ag/AgCl 
single  junction  reference  electrode  in  commercially  available  pH  buffer  solutions  or  using 
acid-base  titration.  The  IrOx  sensor  showed  excellent  performance  in  aqueous  solutions. 
The  electrode  exhibits  excellent  reversibility  independent  of  the  direction  of  the  pH 
change  or  whether  the  pH  was  changed  in  small  or  large  steps.  It  also  shows  ideal 
Nemstian  sensitivity,  a  response  slope  of  59.0  mV/pH,  excellent  . reproducibility  and  a 
response  time  on  the  order  of  seconds.  These  excellent  results  motivated  us  to  explore  the 
use  of  the  IrOx  electrode  for  determining  acidity  in  non-aqueous  solvents. 

The  measurement  of  pH  conducted  in  die  aqueous  phase  has  been  simplified  and 
improved  to  provide  a  wide  range  of  products,  both  durable  and  accurate.  The 
measurement  of  acidity  in  certain  organic  based  liquids  such  as  petroleum  products  is  a 
difficult  application  due  to  the  complex  and  non-polar  (non-conducting)  matrix. 
Accordingly,  acetonitrile  was  used  as  a  solvent  into  which  all  the  fuel  samples  studied 
were  diluted.  The  mixing  ratio  of  all  of  the  aliquots  was  1:10  (fuel:  acetonitrile). 
Acetonitrile  was  chosen  as  the  solvent  because  it  is  partially  miscible  with  fuel,  acidic 
species  present  in  fuel  are  soluble  in  it  and  last  but  not  least,  it  is  a  “differentiating55 
solvent.  The  term  “differentiating”  means  that  it  is  a  solvent  that  can  differentiate  the 
strengths  of  acids  (or  bases)  that  are  equivalent  in  water.  The  solvation  of  EU  differs  from 
one  solvent  to  another  and,  even  in  a  solution  of  1M  hydrogen  ion,  the  activity  of  H* 
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differs  drastically  by  solvent.  In  order  to  compare  the  acid-base  properties  in  different 
solvents,  it  is  convenient  to  define  a  theoretical  pH  scale  that  is  common  to  various 
solvents.  The  pH  scale  in  water  is  used  as  a  reference  to  define  the  theoretical  pH 
windows  in  various  solvents  in  such  a  common  pH  scale  (7).  If  the  solvent  is  of  weaker 
basicity  than  water,  the  pH  window  expands  below  pH=0  (more  acidic  than  water).  On 
the  other  hand,  if  the  solvent  is  of  weaker  acidity  than  water,  the  pH  window  expands 
above  pH  -14  (more  basic  than  water).  These  expanded  pH  windows  open  up  various 
chemical  possibilities: 

1)  In  solvents  with  an  expanded  pH  region  below  pH=0,  the  solvated  protons  (SH24) 
have  a  very  strong  acidity  and  some  acids,  which  behave  as  strong  acids  in  water,  tend  to 
behave  as  weak  acids  of  different  strengths.  Thus  they  can  be  determined  separately  by 
titration.  Moreover,  in  such  a  solvent,  some  bases,  which  are  too  weak  to  titrate  in  water, 
can  be  titrated  and  their  strengths  can  be  determined. 

2)  In  solvents  with  an  expanded  pH  region  above  pH=14,  the  lyate  ion  (S')  has  very 
strong  basicity  and  some  bases,  which  behave  as  strong  bases  in  water,  tend  to  behave  as 
weak  bases  of  different  strengths.  They  can  be  determined  separately  by  titration. 
Moreover,  in  such  a  solvent,  some  acids,  which  are  too  weak  to  titrate  in  water,  can  be 
titrated  and  their  strengths  can  be  determined.  Thus,  acetonitrile  seems  to  be  a  good 
choice  for  a  solvent. 

Various  electrically  insulating  materials  for  encapsulation  of  the  contact  region  of 
the  iridium  oxide  sensor  were  explored.  Encapsulation  of  this  interface  ideally  provides  a 
solution  tight  seal  and  electrical  insulation.  Encapsulation  materials  such  as:  different 
epoxy  resins,  polyimide  resin,  melted  glass  powder  or  ester  cyanate  were  tested  and 
preliminarily  found  to  be  acceptable  for  this  purpose. 

It  is  very  important  to  develop  and  test  the  reference  electrode  for  the  non- 
aqueous  application  in  parallel  with  the  indicator  electrode  in  order  to  get  acceptable 
results.  Because  the  potential  of  the  indicator  electrode  will  be  measured  with  respect  to 
it,  the  reference  electrode  has  to  be  very  stable.  Electrolytic  or  salt  bridges  are  used  to 
diminish  and  stabilize  the  junction  potential  between  solutions  of  different  composition 
and  to  minimize  cross-contamination  between  solutions.  Double  junction  structures 
generally  provide  more  protection  from  these  artifacts  and  display  slower  potential  drift 
than  do  single  junction  structures.  Various  reference  electrodes  for  the  non-aqueous 
application  were  built  and  tested.  All  of  them  contained  acetonitrile  as  a  filling  solution, 
however  various  electrode  designs  (single  and  dual  junction),  different  frits  and  various 
salts  and  salt  combinations  were  tested.  In  our  experience  the  most  stable  reference 
electrode  (smallest  drift)  was  a  single  junction  design  consisting  of  a  silver  wire 
immersed  in  acetonitrile  filling  solution  containing  silver  perchlorate:  Ag/AgC104  + 
ACN.  The  reference  electrode  body  consisted  of  flexible  Teflon  tube  with  fiber  frit.  The 
reproducibility  and  long-term  stability  of  this  reference  electrode  were  also  tested  and 
found  to  be  acceptable.  The  responses  across  four  electrodes  were  within  20  mV  of  each 
other  when  all  were  immersed  in  acetonitrile.  All  further  measurements  were  done  using 
this  type  of  reference  electrode. 

IrOx  electrodes  were  tested  in  acetonitrile  against  the  reference  electrode  and 
displayed  good  reproducibility  of  response.  The  potential  difference  across  three  different 
IrOx  sensors  was  around  15  mV.  After  establishing  a  stable  background  for  IrOx  in 
acetonitrile,  1  mL  of  1M  acetonitrile  solution  of  phenol  was  added.  Exposure  of  the  IrOx 
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sensor  to  acetonitrile  solution  containing  0.1M  phenol  results  in  a  potential  shift  to  more 
positive  potential  values.  This  suggests  that  the  IrOx  sensor  responds  to  compounds 
having  weak  acid-base  character  like  phenol.  Phenols  are  a  representative  group  of 
compounds  that  are  known  to  be  present  in  fuel.  The  response  of  the  IrOx  sensor  to  the 
fuel  was  investigated  using  two  aliquots,  A  and  B,  containing  10  mL  of  acetonitrile  and  1 
mL  of  fuel  type  2747,  neat  or  thermally  stressed,  respectively.  The  measurement  was 
repeated  three  times  on  each  aliquot.  The  sensor  was  immersed  in  pure  acetonitrile 
solution  between  consecutive  runs  in  order  to  clean  it.  (Fig.  1)  It  is  clear  that  the  sensor 
shows  reproducible  results  for  the  same  type  of  fuel  and  also  that  it  is  able  to  differentiate 
between  the  neat  and  stressed  fuel.  The  potential  shift  for  the  aliquot  containing  stressed 
fuel  is  larger,  as  expected,  consistent  with  the  fact  that  stressed  fuel  contains  more  acidic 
species.  However,  the  background  continued  to  rise  throughout  this  experiment  probably 
because  the  sensor  had  not  been  given  time  to  equilibrate  between  solution  changes.  In 
order  to  verify  this,  measurements  of  IrOx  sensor  response  were  performed  over  a  longer 
time  frame  in  6  different  fuel  cocktails:  2747,  3166  and  3804  both  neat  and  stressed  fuels, 
respectively.  (Fig.  2)  These  results  suggest  once  again,  that  using  an  off-line  IrOx  sensor, 
it  is  possible  to  measure  the  acidity  of  different  fuels  and  distinguish  between  neat  and 
stressed  fuels.  The  neat  fuels  show  very  similar  responses.  This  is  expected,  because  the 
TANs  for  these  fuels  as  determined  by  the  ASTM  method  were  all  very  close  (around 
0.001,  0.002,  and  0.003),  On  the  other  hand,  the  stressed  fuels  would  be  expected  to  give 
higher  responses,  consistent  with  their  having  higher  TANs  due  to  the  increase  in  acidic 
species  caused  by  the  stressing  process.  Unfortunately,  the  TAN’s  for  the  stressed  fuels 
are  not  routinely  performed  and  therefore  these  number  were  not  available.  Our  future 
work  plans  include  performing  the  ASTM  tests  to  determine  the  TAN’s  for  stressed  fuel 
samples. 

The  response  times  calculated  for  90%  of  maximum  response  are  presented  in 
Table  1  and  are  in  the  range  from  1  hour  to  5  hours.  All  experiments  to  this  point  were 
done  with  the  IrOx  sensor  encapsulated  in  epoxy  resin.  From  our  previous  studies  and 
from  the  literature  it  is  known  that  the  response  time  of  the  IrOx  sensor  in  aqueous 
solution  is  on  the  order  of  seconds.  This  suggests  that  the  long  response  time  of  the  IrOx 
sensor  in  non-aqueous  solution  may  not  be  inherent  to  the  sensor.  The  encapsulation 
material  could  be  responsible  for  the  slow  response.  The  epoxy  may  adsorb  some  species 
from  fuel  and  release  them  slowly  with  time.  In  order  to  verify  this,  the  behavior  of  a  bare 
IrOx  sensor  in  the  cocktail  containing  acetonitrile  and  3166  stressed  fuel  was  checked. 
The  response  time  of  the  bare  IrOx  sensor  was  reduced  10  times  compared  to  the  epoxy 
encapsulated  sensor.  Therefore,  the  epoxy  seems  not  to  be  a  good  encapsulation  material 
for  the  application  in  organic  solvents  /  jet  fuel.  Future  work  will  be  focused  on  trying 
different  encapsulation  materials  for  sensor  protection  and  different  sensor  designs  for 
miniaturization,  with  an  emphasis  on  decreasing  the  response  time. 


CONCLUSIONS 

A  novel  IrOx  electrode  has  been  used  to  develop  an  off-line  sensor  for  monitoring 
the  acidity  of  fuel.  The  data  obtained  show  that  IrOx  sensor  responds  to  compounds 
having  acid-base  character  like  phenol,  for  example.  Using  an  off-line  IrOx  sensor  it  is 
possible  to  determine  the  acidity  of  different  fuels  and  distinguish  between  neat  and 
thermally  stressed  fuels.  It  was  also  demonstrated  that  many  factors  influence  the  IrOx 
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sensor  response  time  including  the  encapsulation  material  and  the  conductance  of  the  test 
solution.  Future  efforts  will  focus  on  experiments  aimed  at  decreasing  the  response  time. 
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FIGURES 


Figure  1.  IrOx  sensor  response  to  two  aliquots  A  and  B  containing  10  mL  of  acetonitrile 
and  1  mL  of  fuel  type  2747  neat  or  stressed,  respectively.  Al,  A2,  A3,  Bl,  B2,  B3  - 
consecutive  runs  in  aliquot  A  and  B,  respectively. 
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Figure  2.  The  potential  vs.  time  response  of  epoxy  encapsulated  IrOx  sensor  in  the 
presence  of  different  fuels  (n  -neat  fuel;  s  -  stressed  fuel). 


Table  1.  The  Response  Times  of  IrO*  Sensor  Encapsulated  by  Epoxy  Immersed  in  Neat 

or  Thermally  Stressed  Fuel 


At®  90% 

AE  (a),  90% 

3166n 

5.8  fa 

0.02871V 

2747n 

1.1  h 

0.023706  V 

3804n 

2.3  h 

0.031302  V 

3166s 

5*5  h 

0.108054  V 

2747s 

3.5  h 

0.064368  V 

3804s 

1.8  h 

0.058077  V 

Table  2.  Comparison  of  Response  Time  of  Bare  and  Epoxy  Encapsulated  IrOx  Sensor 


3166s 

AEmax®  90% 

At  (a),  90% 

IrOx  w/epoxy 

0.108 

5.50  h 

Bare  IrO, 

0.168 

0.50  fa 
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Kinetic  behavior  of  polymer-coated 
long-period-grating  fiber-optic  sensors 


Justyna  Widera,  Christopher  E.  Bunker,  Gilbert  E.  Pacey,  Viswanath  R.  Katta,  Michael  S.  Brown, 
Jennifer  L.  Elster,  Mark  E.  Jones,  James  R.  Gord,  and  Steven  W.  Buckner 


A  new  method  of  analysis  employing  the  time-dependent  response  of  long-period-grating  (LPG)  fiber-optic 
sensors  is  introduced.  The  current  kinetic  approach  allows  analysis  of  the  time-dependent  wavelength 
shift  of  the  sensor,  in  contrast  to  previous  studies,  in  which  the  LPG  sensing  element  has  been  operated 
in  an  equilibrium  mode  and  modeled  with  Langmuir  adsorption  behavior.  A  detailed  kinetic  model 
presented  is  based  on  diffusion  of  the  analyte  through  the  outer  protective  membrane  coating  into  the 
affinity  coating,  which  is  bound  to  the  fiber  cladding.  A  simpler  phenomenological  approach  presented  is 
based  on  measurement  of  the  slope  of  the  time-dependent  response  of  the  LPG  sensor.  We  demonstrate 
the  principles  of  the  kinetic  methods  by  employing  a  commercial  Cu+2  sensor  with  a  carboxymethylcel- 
lulose  sensing  element.  The  detailed  mathematical  model  fits  the  time-dependent  behavior  well  and 
provides  a  means  of  calibrating  the  concentration-dependent  time  response.  In  the  current  approach, 
copper  concentrations  below  parts  per  106  are  reliably  analyzed.  The  kinetic  model  allows  early-time 
measurement  for  low  concentrations  of  the  analyte,  where  equilibration  times  are  long.  This  kinetic 
model  should  be  generally  applicable  to  other  affinity-coated  LPG  fiber-optic  sensors.  ©  2005  Optical 
Society  of  America 

OCIS  codes:  060.2370,  000.1570. 


1.  Introduction 

The  Air  Force  Research  Laboratory  is  actively  in¬ 
volved  in  investigating  technologies  with  potential  as 
fuel-quality  diagnostics.  The  long-term  goal  of  this 
program  is  to  develop  a  state-of-the-art  diagnostics 
package  attached  to  a  single-point  refueling  nozzle  to 
assess  key  fuel  properties  as  the  fuel  is  dispensed. 
The  short-term  goal  is  to  explore  and  develop  novel 
technologies  capable  of  providing  in-the-field,  real¬ 
time  fuel  analysis.1’2  Among  the  challenges  associ- 
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ated  with  developing  these  technologies  is  identifying 
those  analytes  or  properties  that  are  most  important 
for  fuel  characterization.  A  sensing  platform  that  is 
independent  of  the  analyte  of  interest  would  be  an 
ideal  starting  point  for  fuel-quality-diagnostics  devel¬ 
opment.  Long-period-grating  (LPG)  fiber-optic 
sensors3-14  have  excellent  potential  in  this  regard. 

Figure  1  is  a  representation  of  a  working  LPG 
fiber-optic  sensor.  The  important  elements  identified 
are  the  fiber  core  into  which  the  grating  is  written, 
the  fiber  cladding  that  surrounds  the  core,  and  the 
affinity  coating  that  is  bonded  to  the  cladding  surface. 
An  LPG  fiber-optic  sensor  operates  as  a  spectral-loss 
element.  When  broadband  light  is  coupled  through 
the  fiber  core,  selected  wavelengths  are  diffracted  by 
the  LPG  from  the  fiber-core  modes  to  the  fiber¬ 
cladding  modes.  The  selected  wavelengths  that  are 
coupled  to  the  latter  are  lost  when  the  light  exiting 
the  fiber  core  is  analyzed.  The  result  is  an  attenua¬ 
tion  band  in  the  spectral  profile  of  the  light  that 
passes  through  the  fiber  core.  The  position  and  shape 
of  the  attenuation  band  is  dependent  on  the  grating 
period  of  the  LPG,  the  refractive  indices  of  the  fiber 
core,  the  fiber  cladding,  and  the  surrounding  environ¬ 
ment  (or  an  affinity  coating),  the  local  temperature, 
and  strain- bending  and  geometry  of  the  optical  fiber. 
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Sensing  Region 


Fig.  1.  Schematic  representation  of  the  LPG  fiber-optic  sensor. 
The  affinity  coating  on  the  cladding  collapses  on  exposure  to  Cu+2 
solution. 


Measurement  of  a  chemical  concentration  by  use  of 
LPGs  is  predicated  on  local  changes  in  the  density 
around  the  sensor.15  These  changes  result  in  a 
change  in  the  refractive  index,  which  induces  a 
change  in  the  spectral  profile  of  the  attenuation  band. 
Analyses  have  been  performed  heretofore  in  an  equi¬ 
librium  mode  in  which  the  fiber  is  allowed  to  equili¬ 
brate  with  the  surroundings  prior  to  measurement  of 
the  spectral  profile  change.  This  approach  to  quanti¬ 
fication  of  chemicals  has  been  used  for  antifreeze,16 
volatile  organic  compounds,17  corrosion  products,18’19 
aqueous  sugar  solutions,20  aromatic  compounds  dis¬ 
solved  in  alkanes,21  and  biological  compounds.22’23  In 
previous  studies  the  analytical  measurements  have 
shown  relatively  high  limits  of  detection.  The  lowest 
limits  of  detection  reported  to  date  with  the  use  of  an 
LPG  are  ~  3  X  10  4  M  obtained  in  solutions  of  cane 
sugar  and  90  parts  per  106  (ppm)  for  trichloroethyl¬ 
ene  and  toluene  in  air.  The  solution  measurements 
were  made  with  a  novel  scheme  based  on  the  sepa¬ 
ration  of  two  adjacent  spectral-loss  elements,  and  the 
volatile  organic  compound  measurements  used  an 
affinity-coated  system.  Although  these  limits  of  de¬ 
tection  are  useful  for  some  remote-sensing  applica¬ 
tions,  they  are  too  large  for  many  trace  analysis 
applications.24 

Here  we  present  an  alternative  method  of  analysis 
by  using  LPG  fiber-optic  sensors  to  monitor  the  time 
dependence  of  the  wavelength  shift  on  diffusion  of  the 
analyte  into  a  selective  membrane  coating  on  the 
fiber  surface.  Diffusion  into  the  membrane  is  concen¬ 
tration  dependent,  and  the  calibration  scheme  in¬ 
volves  measurement  of  rate  constants  for  this 
process.  The  kinetic  model  developed  is  general  for 
any  membrane-coated  sensor. 

2.  Experiment 

A.  Materials 

All  chemicals  were  obtained  from  Aldrich  and  used 
without  further  purification.  We  deionized  and  puri¬ 
fied  water  by  employing  a  Barnstead  Nanopure 
water-purification  system. 

B.  Measurements 

The  LPG  instrument  (Lunascan  3000,  Luna  Innova¬ 
tions,  Inc.)  includes  a  light  source,  an  LPG  fiber-optic 
sensing  element,  and  a  Fabry-Perot  interferometer 
for  monitoring  the  attenuation  band.  The  hardware  is 


Refractive  Index 

Fig.  2.  Wavelength  shift  of  the  spectral-loss  element  versus  the 
local  refractive  index  for  a  bare  LPG.  Line,  linear  least-squares  fit. 


controlled  and  data  acquisition  is  achieved  with  a 
laptop  personal  computer  interfaced  to  the  instru¬ 
ment.  The  light  source  is  an  LED  with  1530-nm  out¬ 
put.  The  fiber  is  a  single-mode  step-index  fiber  with  a 
germanosilicate  core  and  fused-silica  cladding.  The 
LPG  is  2  cm  long  with  a  10-15-dB  isolation  depth  in 
the  attenuation  band.  The  LP0  14  cladding  mode  is 
monitored  in  the  current  experiment.  The  LPG  was 
held  vertically  by  a  stand  to  prevent  strain  and  bend¬ 
ing.  Analyte  solutions  were  raised  up  to  the  LPG  to 
immerse  the  fiber  in  the  Cu+2  solution.  All  experi¬ 
ments  were  carried  out  at  22  ±  2  °C.  The  LPG  was 
coated  with  a  O.l-jxM  thick  layer  of  carboxymethyl- 
cellulose  as  the  active  layer  with  a  1-mm-thick 
polysulfone-membrane  protective  layer.  The  wave¬ 
length  shift  of  the  LPG  was  monitored  as  the  active 
layer  was  added  to  the  LPG.  Further  addition  of  car- 
boxymethylcellulose  was  ceased  when  the  wave¬ 
length  shift  ceased.  Carboxymethylcellulose  has  a 
refractive  index  of  >1.45  when  dry  and  1.33  when 
wet.  The  instrument  includes  a  Queensgate  1618 
scanning  Fabry-Perot  interferometer.  Power  spec¬ 
tral  densities  were  measured  for  the  analytical  sig¬ 
nal. 

To  make  a  Cu+2  measurement  in  aqueous  solution, 
we  first  immerse  the  fiber  sensor  in  deionized  water 
until  a  stable  response  is  achieved.  The  fiber  is  im¬ 
mersed  thereafter  in  an  aqueous  solution  containing 
the  Cu+2  analyte,  and  the  sensor  response  is  re¬ 
corded.  The  time  dependence  of  the  wavelength  shift 
of  the  spectral-loss  element  is  the  measured  signal. 
Following  exposure  to  the  analyte,  the  fiber  sensor  is 
immersed  in  an  aqueous  solution  of  ethylenedi- 
aminetetraacetic  acid  (a  copper  binding  agent)  to  aid 
removal  of  Cu+2  from  the  affinity  coating  and  mem¬ 
brane.  This  process  is  followed  by  a  second  immersion 
in  deionized  water. 

3.  Results  and  Discussion 

An  LPG  fiber  sensor  can  be  used  to  quantify  changes 
in  the  local  solvent  environment  surrounding  the  sen- 
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Time  (s) 

Fig.  3.  Fiber-sensor  responses  versus  time  for  a  series  of  different 
Cu+2  concentrations  in  aqueous  solution. 


sor.  Figure  2  shows  the  effect  of  the  solvent  refractive 
index  on  the  position  of  the  spectral-loss  region  for  a 
bare  fiber  (i.e.,  a  fiber  with  no  affinity  coating).  Over 
the  refractive-index  range  of  1.3-1.42,  the  spectral- 
loss  region  shifts  ~  60  nm  in  a  nearly  linear  fashion. 
With  the  ability  to  detect  wavelength  shifts  as  small 
as  0.2  nm,  the  LPG  system  can  resolve  changes  in  the 
local  refractive  index  of  the  order  of  4  X  10-4. 

To  quantify  a  particular  analyte,  we  prepare  the 
LPG  fiber  sensor  with  an  affinity  coating  that  incor¬ 
porates  chemically  specific  components  for  that  ana¬ 
lyte.  The  commercially  prepared  Cu+2  fiber  sensor 
employed  in  this  study  is  equipped  with  an  affinity 
coating  of  carboxymethylcellulose  that  is  bonded  to 
the  active  region  of  the  fiber  and  protected  by  a  semi- 
permeable  polysulfone  membrane.  The  concentration 
dependence  of  this  sensor  was  investigated  over  the 
formal  copper-concentration  range  of  10  mM-10  jxM. 
The  response  from  the  fiber  sensor  is  shown  in  Figure 
3  as  spectral  shift  as  a  function  of  response  time.  The 
shape  of  the  curves  clearly  indicates  the  kinetic  be¬ 
havior  of  the  investigated  sensor.  The  plateau  re¬ 
sponse  for  the  10.0-mM  solution  is  achieved  within 
seconds,  that  of  the  0.10-mM  solution  is  achieved 
within  minutes,  and  that  of  the  0.010-mM  solution  is 
achieved  within  hours.  Equilibration  times  compara¬ 
ble  with  these  have  also  been  reported  for  a  polymer- 
coated  LPG  sensor  used  to  detect  volatile  organic 
compounds.17  Two  different  kinetic  approaches  are 
considered  for  analyzing  the  time-dependent  results 
and  preparing  a  calibration  scheme  for  the  LPG.  The 
first  is  a  detailed  kinetic  model  that  includes  diffusion 
of  the  analyte  into  the  affinity  coating.  The  second  is 
a  simple  phenomenological  model  that  utilizes  a  sin¬ 
gle  parameter  as  a  measure  of  concentration. 

To  demonstrate  the  uniform  kinetic  behavior  of  the 
sensor  over  the  concentration  range  of  interest,  we 
applied  a  normalization  procedure  to  the  curves  in 
Figure  3.  The  normalized  curves  are  plotted  as  Xn 


Normalized  Time 

Fig.  4.  Fiber-sensor  responses  plotted  as  normalized  wavelength 
shift  versus  normalized  time  for  concentrations  depicted  in  Fig.  3. 

versus  tn,  with 

tn  ^/^linear?  (1) 

\n  X  /A.  linear* 

Here  the  parameters  £linear  and  Xlinear  are  the  long 
time  values  at  which  the  wavelength  shift  begins  to 
level  off.  The  relationships  between  the  normalized 
wavelength  \n  and  the  normalized  time  tn  for  differ¬ 
ent  concentrations  of  Cu+2  are  shown  in  Figure  4.  The 
normalized  responses  of  the  LPG  sensor  generally 
have  the  same  shape  and  exhibit  the  same  trend, 
indicating  similar  kinetic  behavior  for  the  LPG  across 
this  copper-concentration  range. 

Because  the  analytical  signal  is  time  dependent,  a 
mathematical  model  describing  the  kinetics  of  Cu+2 
migration  through  the  polysulfone  membrane  and 
into  the  affinity  coating  was  developed.  The  basic 
model  for  LPG  behavior  can  be  visualized  as  follows. 
The  fiber  optic  has  an  outer  polymer  membrane  and 
an  inner  affinity  coating.  The  LPG  response  is  in¬ 
duced  by  Cu+2  incorporation  into  the  affinity  coating. 
As  Cu+2  diffuses  into  the  affinity  coating,  the  wave¬ 
length  minimum  and  profile  of  the  attenuation  band 
shifts. 

In  the  affinity  coating,  sites  are  available  for  Cu+2 
adsorption.  The  movement  of  Cu+2  from  solution  into 
this  sensing  region  can  be  described  by  the  following 
reactions.  First,  Cu+2  diffuses  into  the  outer  mem¬ 
brane  region: 

Cu+2(aq)  +  (1  -  0S)  Cu+2(s),  (3) 

with  1  —  0S  =  concentration  of  open  binding  sites  in 
the  outer  membrane,  0S  =  [Cu+2(s)]  =  concentration 
of  Cu+2  in  the  outer  membrane,  kn  =  rate  constant 
for  the  forward  reaction  [Eq.  (3)],  and  kr  =  rate 
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constant  for  the  reverse  reaction  [Eq.  (3)]. 

If  we  treat  the  number  of  binding  sites  as  a  mole 
fraction,  then  0  <  0S  <  1.  This  reaction  is  treated  as 
reversible. 

Penetration  to  the  affinity  coating  is  described  in 
the  reaction 

Cu+2(s)  +  (1  -  0m)  — »  Cu+2(ra),  (4) 

with  1  —  0m  =  concentration  of  open  binding 

sites  in  the  affilinity  coating,  0m  =  [Cu+2(ra)]  = 
concentration  of  Cu+2  in  the  affinity  coating,  and  kfl 
=  rate  constant  for  reaction  (4). 

Again,  the  number  of  binding  sites  is  treated  as  a 
mole  fraction  such  that  0  <em<  1.  The  second  reac¬ 
tion  is  treated  as  irreversible.  This  approach  is  math¬ 
ematically  tractable,  whereas  the  system  of 
equations  is  not  readily  solved  analytically  if  the  sec¬ 
ond  reaction  is  treated  as  reversible.  As  will  be  seen 
below,  this  approximation  is  validated  in  the  low- 
concentration  regime.  Deviations  are  observed  at 
higher  concentrations;  however,  the  kinetic  method  is 
most  important  in  the  low-concentration  regime. 
These  reactions  give  rise  to  the  following  rate  equa¬ 
tions: 

d[Cu+2(aq)]/d£  =  0  (5) 

([Cu+2(aq)]  =  large,  constant  value), 

d0s/d£  =  ^/1[Cu+2(aq)](l  -  0S)  -  kfis  —  kf$s(l  —  0m). 

(6a) 

In  that  [Cu+2(aq)]  =  constant  value,  Eq.  (6a)  can  be 
simplified  to 

d0s/d£  =  kfi'il  —  0S)  -  kfis  —  &/20s(l  —  0TO),  (6b) 

kfl'=kn[C  u+2(aq)].  (6c) 

For  the  calibration  scheme  (see  below),  the  pseudo- 
first-order  rate  constant  kn'  is  plotted  as  a  function  of 
[Cu+2(aq)].  To  facilitate  the  mathematics  that  fol¬ 
lows,  we  rearrange  Eq.  (6c)  to 

d0s/d t  =  kt{k*  -  0S)  -  &/20s(l  -  0 m),  (6d) 

where  kt  =  +  kn  and  k *  =  k^' /kt. 

The  rate  equation  for  reaction  (4)  is 

d0m/d£  =  k#Q8(l  -  0m).  (7) 

Combining  Eqs.  (6d)  and  (7)  yields 

d0s/d£  =  kt(k*  -  0S)  -  d0m/d t.  (6e) 

The  relevant  equations  for  describing  the  LPG  data 
originate  primarily  from  Eq.  (7).  To  obtain  these, 
however,  we  must  solve  Eqs.  (6e)  and  (7)  simulta- 


X  Shift  (nm) 

Fig.  5.  Fit  of  kinetic  model  (solid  curve)  to  fiber-sensor  response 
(dotted  curve)  for  100-|jlM  Cu+2  solution. 


neously.  After  several  mathematical  transformations 
[see  Appendix  A,  Eqs.  (Ala)-(A13)],  we  obtain 

d0m/d£  =  kfzd  ~  §m){k*'  [ln(l  -  0  J]  +  kfi't  -  0  J.  (8) 

Because  the  monitored  signal  is  a  spectral  shift  X, 

dX/d t  =  Xmax(kf2 (1  -  X/Xmax){^^'[ln(l  -  X/Xmax)]  +  kn't 
~  X/Xmax}),  (9) 

where  X  =  zOm  and  z  =  Xmax,  when  0m  =  1.  Thus 

k/Xmax* 

Equation  (9)  relates  0m,  the  concentration  of  Cu+2  in 
the  active  region,  and  X,  the  spectral  shift,  to  the  time 
via  the  fundamental  rate  constants  for  the  system. 
After  appropriate  rearrangements  described  in  Ap¬ 
pendix  B,  we  obtain 

t  =  (l/kn')({L/[kf2(\  ~  X/Xmax)]}  +  X/Xmax  -  &*'[ln(l 
-  X/Xmax)]).  (10) 

To  process  the  data,  we  invert  the  original  LPG  data, 
fit  them  to  a  polynomial,  take  the  derivative  of  the  fit, 
and  substitute  the  constants  into  Eq.  (10).  This  equa¬ 
tion  is  then  used  to  fit  the  inverted  data  and  return 
the  fundamental  constants  for  the  system  by  use  of 
Eq.  (10).  Figure  5  shows  a  fit  for  the  100-|xM  sample. 
The  equation  fits  the  data  and  describes  both  the 
early  induction  period  and  the  later  rapid  rise  in  the 
LPG  time  response.  Table  1  contains  the  relevant 
rate  constants  obtained  from  the  fit  for  the  100-|xM 
sample.  The  value  of  1.124  X  10-3  s-1  for  the  pseudo- 
first-order  rate  constant  k^’  implies  a  diffusion  coef¬ 
ficient  of  5.6  X  10-6  cm2/s  for  diffusion  of  Cu+2 
through  the  outer  membrane.  This  is  consistent  with 
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Table  1.  Measured  Rate  Constants  for  the  Coated  Fiber 


0.0012 


Rate  Constant  Result  from  100-|jiM  Fit 

&/?'(  =  &/i[Cu+2(a( i)])  1.124  X  10“3  s_1 

kn  2.769  X  10"1  (L/mol)/s 

k*'(  =  {^[Cu+2(aq)]  +  Kd/kfz)  8.754  X  10“2  s”1 


typical  values  for  metal-ion  migration  through  bulk 
polymers. 

As  is  evident  in  Eq.  (6c),  k ^  is  a  linear  function  of 
[Cu+2(aq)].  This  should  provide  a  convenient  method 
for  calibrating  the  LPG  sensor  for  analysis  of  Cu+2  in 
solution.  One  can  generate  a  calibration  curve  by 
measuring  the  time-dependent  LPG  response,  fitting 
the  data,  and  obtaining  the  rate  constants.  Then  k^' 
is  plotted  as  a  function  of  [Cu+2(aq)].  For  unknown 
samples  the  fit  provides  kf±  ,  which  yields  the  copper 
concentration  from  the  calibration  curve.  A  calibra¬ 
tion  curve  for  this  approach  is  shown  in  Fig.  6.  It  is 
clear  that  two  regions  exist.  At  concentrations  in  the 
tenths  of  millimolar  down  to  the  micromolar  range, 
the  function  is  well  behaved.  k^r  is  a  linear  function 
of  [Cu+2(aq)].  At  higher  concentrations,  however,  sig¬ 
nificant  curvature  is  observed  in  the  calibration  plot. 
This  may  arise  from  some  reversibility  in  the 
[Cu+2(s)]-to-[Cu+2(m)]  process  [see  Eq.  (4)  above]. 
This  reversibility  causes  an  apparent  decrease  in  the 
rate  for  the  reaction.  Physically,  the  kinetic  model 
breaks  down  at  high  concentrations. 

Alternatively,  one  can  achieve  calibration  for  this 
type  of  LPG  sensor  by  taking  the  slope  of  the  LPG 
response  curve  at  short  times  and  plotting  this  as  a 
function  of  [Cu+2].  Figure  7  presents  the  results  of 
this  approach.  The  behavior  of  the  calibration  scheme 


Fig.  6.  LPG  calibration  curve  with  kfy  plotted  as  a  function  of 
formal  Cu+2  concentration  in  aqueous  solution.  The  main  figure 
covers  the  entire  concentration  range  used  in  this  study.  The  dot¬ 
ted  curve  is  arbitrary  and  serves  only  to  highlight  the  position  of 
kfy  values.  The  inset  figure  is  an  expansion  of  the  lower  concen¬ 
tration  range  in  which  linear  behavior  is  observed.  Solid  line  is 
obtained  from  a  linear  least-squares  fit  of  low-concentration  data. 
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Fig.  7.  LPG  calibration  curve  with  the  initial  slope  of  the  spectral- 
loss-element  response  plotted  as  a  function  of  Cu+2  concentration 
in  aqueous  solution.  Dotted  curve  is  arbitrary  and  used  to  highlight 
the  position  of  slope  values.  Solid  line  is  obtained  from  a  linear 
least-squares  fit  of  low-concentration  data. 


is  similar  to  that  for  the  more  complex  kinetic  scheme 
demonstrated  above.  The  method  does  not  return  any 
fundamental  rate  constants  for  the  system,  but  it 
does  provide  an  equally  effective  means  for  determin¬ 
ing  [Cu+2].  Many  kinetic  analyses  are  based  on  mea¬ 
suring  initial  slopes  of  curves  of  concentration  as  a 
function  of  time.25 

The  more  detailed  kinetic  method  may  provide  a 
new  and  more  broadly  applicable  means  of  measur¬ 
ing  ion  diffusion  in  polymers,  particularly  for  redox- 
inactive  metals.  Current  approaches  generally  center 
on  electrochemical  methods,  including  thin-layer 
electrochemistry  and  cyclic  voltammetry  coupled 
with  a  rotating-disk  electrode.  The  electrochemical 
methods  are  effective  only  for  redox-active  ions.26 
Time-resolved  measurements  of  the  LPG  response 
can  produce  diffusion  data  for  redox-active  and  redox- 
inactive  ions.  Careful  calibration  based  on  the  cur¬ 
rent  kinetic  model  should  provide  a  complement  to 
the  electrochemical  methods. 

4.  Conclusion 

A  new  method  of  analysis  using  LPG  fiber-optic  sen¬ 
sors  is  introduced.  The  kinetic  model  allows  early- 
time  analysis  of  the  response  of  affinity-coated  LPG 
sensors  when  the  analyte  is  concentrating  into  the 
binding  membrane.  This  should  be  useful  in  future 
trace-analysis  applications  in  which  the  low  analyte 
concentrations  make  equilibration  times  long.  The 
method  has  been  demonstrated  for  calibration  of  a 
commercial  Cu+2  sensor  to  sub-ppm  levels.  The  de¬ 
rived  kinetic  model  should  be  easily  extended  to  other 
affinity-coated  LPG  sensors. 

Appendix  A 

To  solve  Eqs.  (6e)  and  (7)  simultaneously,  we  make 
the  following  substitutions: 
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OS*  =  &*-0S,  (Ala) 

0m*=l-0m,  (Alb) 

so  that 

d0s*/d£  =  -  dOs/d£,  (Ale) 

dOm*/d£  -  dOm/dL  (Aid) 

For  Eq.  (7)  we  obtain 

—  d0m*/d£  =  dOm/d£  =  kp(k*  ~  0s*)0m*,  (A2a) 

(-dQm*/d£)a/krfm*)  =  k*~  0/,  (A2b) 

0/  =  k*  +  (l/kf$r*)(d&m*/d  t) 

=  k*  +  (1/k^mn  0m*)/c it].  (A3) 

For  Eq.  (6e),  substitution  yields 

d0s/d£  =  -dOs*/d£ 

=  W  +  d0„*/d* 


=  kt[k*  +  (l/kf$m*)(d§m*/dt)\  +  d0m*/d£ 

=  kfi'  +  \(kt/kf 20m*)  +  l]d0TO*/d*  (A4a) 

because 

kfi*  =  C knf/kt)kt  =  .  (A4b) 

We  define  the  following  substitution: 

a  =  kt/kf2,  (A5) 

such  that 

-d0s*/d£  =  kfi'  +  [(a  +  0m^)/0m^]d0m^/d  t.  (A6) 
Let 


-d0s*/d£  =  k^'  +  d(ap  +  ef>)/d  t,  (A9a) 

dOsVd£  +  d(ap  +  ep)/d  t  =  —k^',  (A9b) 

d(0s*  +  ap  +  eP)/dt  =  —  kfi'.  (A9c) 

Variable  separation  and  integration  provides 

0S^  +  ap  +  e?  =  —  kfi’t  +  Q,  (A10) 

with  Q  =  constant  of  integration. 

Substitution  to  achieve  an  expression  in  terms  of 
the  original  variables  yields 

k*  -  0S  +  (kt/kfz)[\n.(l  -  0m)]  +  (1  -  0m)  =  -  kn't  -  Q. 

(All) 

The  boundary  condition  that  0m  and  0S  are  0  at  time 
t  =  0  yields 

0S  =  (kt/kf2)[\n(l  -  0  J]  +  kn't  -  0m.  (A12a) 

This  can  be  written  as 

0S  =  k*'[ln(l  -  0J]  +  kn’t  -  0m,  (A12b) 

with 

k*'=  kjkft.  (A12c) 

Finally,  substituting  Eq.  (A12b)  into  Eq.  (7)  yields 

dbjdt  =  k^  1  -  Qm){k*'  [ln(l  -  0  J]  +  kn’t  -  0  J. 

(A13) 

Appendix  B 

The  relationship  of  0m,  the  concentration  of  Cu+2  in 
the  active  region,  and  X,  the  spectral  shift,  to  the  time 
through  the  fundamental  rate  constants  of  the  sys¬ 
tem  is  given  by 


0m*  =  (A7a) 

Then 

In  0m*  =p,  ln(l  -  0J  =p ,  dQm*/ dt  =  (fdp/dt. 

(A7b) 

This  yields 

[(a  +  Qm*)/Qm*]dQm*/d  t  =  [(a  +  ^Wydp/dt 
=  (a  +  e?)dp/dt 
=  d  (ap  +  ep)/dt. 

(A8) 

Substitution  of  Eq.  (A8)  into  Eq.  (A6)  yields 


dX/d£  =  Km^ikfz (1  -  \/\max){k*’[ln(l  -  X/Xmax)]  +  kn't 
~  ^/Xmax}).  (Bl) 

This  relationship  is  necessary  to  fit  the  LPG  data. 
However,  the  differential  can  be  solved  only  numer¬ 
ically.  To  obtain  the  constants,  we  take  the  approach 
of  fitting  the  data  with  a  fourth-order  polynomial: 

t  =  f^m)  =  ka  +  kb0m  +  kcQm2  +  kdQm3  +  &e0m4, 

(B2a) 

t  =  /(X/Xmax)  =  ka  +  kb(\/\max)  +  &c(X/Xmax)2 
+  kd(X/\max)3  +  ke(X/Xmax)4.  (B2b) 

We  plot  Usa  function  of  X  rather  than  the  reverse 
because  Eq.  (B2b)  is  not  separable  in  terms  of  X.  This 


1016  APPLIED  OPTICS  /  Vol.  44,  No.  6/20  February  2005 


182 


requires  that  we  invert  the  data  from  the  LPG  and  fit 
t  versus  X.  Once  a  fit  to  the  data  is  obtained  by  use  of 
Eq.  (B2b),  then 

d  t/  d  (X/Xmax)  =  kb  +  2&C(X/Xmax)  +  3kd(\/\max)2 

+  4&e(X/Xmax)3  =  1/L,  (B3a) 

where 

d(X/Xmax)/d£  =  L.  (B3b) 

Substitution  into  Eq.  (Bl)  yields 

L/[^(l  -  X/Amax)]  =  A*'[ln(l  -  X/Xmax)] 

+  kn't-  A/Amax.  (B4) 

Appropriate  rearrangement  yields 

t  =  (l/kfi')({L/[k^(l  —  \/Amax)]}  +  X/Xmax 

—  &*'[ln(l  —  X/Xmax)]).  (B5) 
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Combustion  exhaust  measurements  of  nitric  oxide 
with  an  ultraviolet  diode-laser-based  absorption  sensor 


Thomas  N.  Anderson,  Robert  P.  Lucht,  Rodolfo  Barron-Jimenez,  Sherif  F.  Hanna, 
Jerald  A.  Caton,  Thomas  Walther,  Sukesh  Roy,  Michael  S.  Brown,  James  R.  Gord, 
Ian  Critchley,  and  Luis  Flamand 


A  diode-laser-based  sensor  has  been  developed  for  ultraviolet  absorption  measurements  of  the  nitric  oxide 
(NO)  molecule.  The  sensor  is  based  on  the  sum-frequency  mixing  (SFM)  of  the  output  of  a  tunable, 
395-nm  external-cavity  diode  laser  and  a  532-nm  diode-pumped,  frequency-doubled  Nd:YAG  laser  in  a 
P-barium  borate  crystal.  The  SFM  process  generates  325  ±  75  nW  of  ultraviolet  radiation  at  226.8  nm, 
corresponding  to  the  (i/  =  0,  v"  =  0)  band  of  the  A2'Z+-XZTV  electronic  transition  of  NO.  Results  from 
initial  laboratory  experiments  in  a  gas  cell  are  briefly  discussed,  followed  by  results  from  field  demon¬ 
strations  of  the  sensor  for  measurements  in  the  exhaust  streams  of  a  gas  turbine  engine  and  a  well-stirred 
reactor.  It  is  demonstrated  that  the  sensor  is  capable  of  fully  resolving  the  absorption  spectrum  and 
accurately  measuring  the  NO  concentration  in  actual  combustion  environments.  Absorption  is  clearly 
visible  in  the  gas  turbine  exhaust  even  for  the  lowest  concentrations  of  9  parts  per  million  (ppm)  for  idle 
conditions  and  for  a  path  length  of  0.51  m.  The  sensitivity  of  the  current  system  is  estimated  at  0.23%, 
which  corresponds  to  a  detection  limit  of  0.8  ppm  in  1  m  for  1000  K  gas.  The  estimated  uncertainty  in  the 
absolute  concentrations  that  we  obtained  using  the  sensor  is  10%.  ©  2005  Optical  Society  of  America 
OCIS  codes:  300.1030,  300.6260,  300.6540,  010.1120,  280.1740,  280.3420. 


1.  Introduction 

Tunable  diode-laser  absorption  sensors  (TDLASs) 
have  been  widely  applied  to  a  variety  of  species  in 
reacting  and  nonreacting  flows.1  Optical  absorption 
sensors  provide  sensitive,  rapid,  nonintrusive, 
species-specific  measurements  of  combustion  product 
concentrations.  These  features  of  optical  absorption 
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measurements  are  well  suited  for  combustion  control 
applications  to  optimize  combustion  efficiency  and 
minimize  pollutant  emissions.  In  fact,  a  closed-loop 
control  system  based  on  a  TDLAS  for  water  vapor  has 
already  been  demonstrated  in  a  pulsed  dump  com¬ 
bustor.2  With  the  complexity  of  the  combustion  pro¬ 
cess,  however,  direct  measurement  of  the  parameter 
to  be  controlled  is  desirable.3  Therefore  the  reduction 
of  pollutant  emissions  will  require  specific  diode- 
laser-based  absorption  sensors  for  each  target  spe¬ 
cies. 

Advances  in  laser  technology  have  recently  led  to 
the  development  of  a  diode-laser-based  sensor  for 
measurements  of  nitric  oxide  (NO)  concentrations  by 
use  of  ultraviolet  (UV)  absorption  spectroscopy.4  NO 
is  an  important  pollutant  because  of  its  serious  envi¬ 
ronmental  effects.  In  the  atmosphere,  NO  reacts  with 
sunlight  to  form  other  nitrogen  oxides  (NOJ  that 
ultimately  play  a  role  in  ground-level  smog,  acid  rain, 
stratospheric  ozone  depletion,  and  global  warming. 
Since  more  than  95%  of  NO*  in  the  atmosphere  orig¬ 
inates  from  combustion  processes  and  over  95%  of 
this  combustion-formed  NOx  is  in  the  form  of  NO,5  a 
great  deal  of  attention  has  been  devoted  to  developing 
TDLASs  for  characterization  and  reduction  of  NO 
emission  from  combustion  equipment.  However,  little 
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Fig.  1.  Schematic  diagram  of  the  diode-laser-based  NO  sensor  system  for  combustion  exhaust  measurements.  SFG,  sum-frequency 
generation;  ICFD,  intracavity  frequency  doubled. 


progress  has  been  made  toward  demonstrating  these 
sensors  in  the  harsh  environments  they  will  undoubt¬ 
edly  encounter  in  realistic  combustion  applications. 
In  this  paper  we  present  successful  TDLAS  measure¬ 
ments  of  NO  in  the  exhaust  streams  of  a  gas-turbine 
engine  and  a  well-stirred  reactor  (WSR)  to  demon¬ 
strate  the  potential  of  such  a  system  for  measure¬ 
ments  in  actual  combustion  systems. 

With  one  exception,  all  previous  TDLASs  for  NO 
were  based  on  commercially  available  near-  and  mid- 
infrared  (IR)  diode  lasers6-13  and  recently  developed 
quantum-cascade  (QC)  lasers  in  the  mid-IR. 14-16 
Near-IR  absorption  spectroscopy  suffers  potentially 
from  severe  interference  by  other  combustion  prod¬ 
ucts  (H20,  CO,  C02)  as  well  as  the  weak  absorption 
cross  sections  of  the  near-IR  NO  overtone  transitions. 
These  limitations  have  reduced  the  sensitivity  and 
practicality  of  the  sensors  since  many  have  required 
extractive  sampling  into  a  gas  cell  to  reduce  interfer¬ 
ence  and  increase  sensitivity  by  an  increase  in  the 
path  length.  The  mid-IR  measurements,  although 
more  promising,  are  complicated  by  the  expense  and 
limited  availability  of  QC  lasers  and  by  the  require¬ 
ment  of  cryogenic  cooling  for  the  detectors  and  lasers. 

In  contrast,  UV  absorption  measurements  of  NO 
offer  fewer  interferences  and  significantly  greater  ab¬ 
sorption  cross  sections  because  of  excitation  of  elec¬ 
tronic  transitions.  The  increased  sensitivity  and  lack 
of  C02  and  H20  interferences  makes  UV  absorption 
ideal  for  practical  combustion  measurements.  Unfor¬ 
tunately,  no  diode-laser  sources  are  commercially 
available  in  the  UV  to  probe  these  transitions.  How¬ 
ever,  nonlinear  optical  techniques  provide  a  rela¬ 
tively  simple  means  of  UV  generation  with 
commercially  available  diode  lasers.  Second- 
harmonic  generation  and  sum-frequency  generation 
have  both  been  used  to  generate  UV  radiation  for 
absorption  spectroscopy  for  various  species  including 
NO.17-24 

We  have  developed  a  diode-laser-based  UV  absorp¬ 
tion  sensor  based  on  sum-frequency  mixing  (SFM)  for 


NO.4  Laser  radiation  from  a  395-nm  external-cavity 
diode  laser  (ECDL)  and  a  532-nm  ultracompact 
diode-pumped  Nd:YAG  is  mixed  to  produce  laser  ra¬ 
diation  at  226.8  nm  tuned  to  the  (vr  =  0,  v"  =  0)  band 
of  the  A2^+-^YV  electronic  transition  of  NO.  In  this 
paper  we  first  describe  initial  tests  of  the  NO  sensor 
in  a  laboratory  gas  cell.  We  then  present  results  from 
field  tests  in  a  gas  turbine  auxiliary  power  unit  (APU) 
and  a  WSR  to  demonstrate  the  practicality  of  this 
sensor  in  realistic  combustion  environments. 


2.  Experimental  System  and  Procedures 

The  sensor  is  based  on  the  SFM  of  395-  and  532-nm 
laser  radiation  in  a  |3-barium  borate  (BBO)  crystal  to 
produce  UV  radiation  at  226.8  nm.  The  laser  system 
is  described  in  detail  in  Hanna  et  al4  The  fundamen¬ 
tals  of  the  system  are  discussed  below.  The  sensor 
layout  is  illustrated  schematically  in  Fig.  1.  Approx¬ 
imately  10  mW  of  laser  radiation  from  a  tunable 
ECDL  at  395  nm  was  mixed  with  115  mW  of  radia¬ 
tion  from  a  diode-pumped,  intracavity  frequency- 
doubled  Nd:YAG  laser  at  532.299  nm  (vacuum).  The 
395-nm  beam  was  passed  through  the  second  green 
mirror  to  overlap  the  two  beams.  A  small  reflection 
from  the  back  of  this  mirror  was  directed  to  a 
wavemeter  or  a  spectrum  analyzer  to  characterize 
the  operation  of  the  395-nm  ECDL  during  the  exper¬ 
iment.  Once  overlapped,  both  beams  were  focused 
into  a  4  mm  X  4  mm  X  8  mm  long  BBO  crystal  where 
approximately  325  ±  75  nW  of  UV  radiation  at 
226.8  nm  was  produced  in  the  SFM  process.  We  es¬ 
timated  the  UV  power  from  the  photomultiplier  tube 
(PMT)  output  currents  using  the  cathode  radiant  sen¬ 
sitivities  and  gains  of  the  PMTs  as  specified  by 
Hamamatsu.  The  uncertainty  is  due  to  the  uncer¬ 
tainty  in  both  the  cathode  radiant  sensitivity  and  the 
gain  of  each  PMT.  This  significant  increase  in  gener¬ 
ated  UV  power  from  our  previous  report4  is  due  to 
improvements  in  the  alignment  of  the  overlap  of  the 
395-  and  532-nm  beams  and  to  finer  angle  tuning  of 
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the  BBO  crystal  with  the  addition  of  a  motorized 
rotation  stage  with  0.2-mrad  angular  resolution.  The 
theoretical  power  is  estimated  to  be  270  nW  as  dis¬ 
cussed  in  our  previous  paper.4  The  fact  that  the  ob¬ 
served  power  is  greater  than  the  theoretical  power  is 
surprising.  However,  the  exact  values  of  some  of  the 
theoretical  parameters  such  as  fundamental  beam 
powers  and  diameters  and  beam  overlap  at  the  focus 
are  not  well  known,  so  the  uncertainty  of  the  calcu¬ 
lated  theoretical  power  is  probably  of  the  order  of 
30%.  Nonetheless,  the  generated  power  was  quite 
high  and  was  more  than  sufficient  for  high-resolution 
spectroscopic  measurements  of  NO. 

After  the  UV  radiation  was  generated  in  the  BBO 
crystal,  another  lens  was  used  to  collimate  the  beam. 
We  directed  half  of  the  resulting  UV  radiation  onto  a 
solar-blind  PMT  using  a  50-50  beam  splitter.  This 
beam  served  as  the  reference  beam,  primarily  to  ac¬ 
count  for  UV  beam  amplitude  variations  as  the  blue 
ECDL  was  tuned.  The  radiation  transmitted  through 
the  beam  splitter  was  used  as  the  signal  beam.  In¬ 
vestigation  of  the  UV  signal  beam  at  various  loca¬ 
tions  along  the  path  revealed  substantial  divergence 
in  the  horizontal  direction.  At  a  distance  of  3  m  from 
the  BBO  crystal,  the  beam  height  was  approximately 
2  mm  and  the  beam  width  was  over  25  mm.  To  cor¬ 
rect  for  this  horizontal  beam  divergence,  a  convex 
cylindrical  lens  with  a  focal  length  of  200  mm  was 
placed  after  the  beam  splitter  to  collimate  the  signal 
beam  in  the  horizontal  direction.  After  we  added  the 
lens,  the  resulting  beam  width  was  approximately 
3-5  mm  at  3  m,  but  the  beam  height  was  still  2  mm. 
The  reference  beam  did  not  require  a  similar  lens 
since  the  distance  to  the  reference  PMT  was  too  short 
for  the  beam  to  significantly  diverge. 

For  all  experiments,  filters  were  used  on  both 
PMTs.  Interference  filters  centered  at  228  nm  with 
bandwidths  of  25  nm  (FWHM)  and  peak  transmis¬ 
sions  of  22%  were  mounted  to  each  PMT  to  block  the 
532-  and  395-nm  beams  as  well  as  any  flame  emis¬ 
sion.  Metallic  neutral-density  filters  were  used  to  at¬ 
tenuate  both  beams  to  keep  the  PMTs  from 
saturating  and  to  maintain  the  linearity  of  the  detec¬ 
tors.  The  combination  of  the  neutral-density  filters 
and  interference  filters  attenuated  the  325-nW  UV 
output  by  a  factor  of  700. 

The  experimental  procedure  and  data  collection 
process  were  identical  for  all  experiments.  Before  we 
aligned  the  system,  the  center  wavelength  of  the 
395-nm  ECDL  was  tuned  coarsely  so  that  the  result¬ 
ing  UV  wavelength  was  in  resonance  with  the  desired 
transition.  During  the  experiment,  we  tuned  the  UV 
wavelength  across  the  transition  by  tuning  the  ECDL 
with  an  internal  ramp  function  at  5  Hz.  A  mode-hop- 
free  tuning  range  of  24  GHz  was  observed  for  the 
ECDL  output  and  thus  for  the  UV  radiation  as  well. 
The  ramp  voltage  and  the  etalon  fringes  for  the 
395-nm  ECDL  output  were  recorded  for  each  trace 
along  with  the  signals  from  both  PMTs.  Data  were 
collected  with  a  personal  computer  through  a  four- 
channel  digital  oscilloscope  by  a  general-purpose  in¬ 
terface  bus  port  and  Lab  VIEW  software.  We  obtained 


a  single  spectral  scan  by  averaging  the  data  with  the 
oscilloscope  over  32  laser  sweeps.  For  a  5-Hz  laser 
scan  rate,  the  acquisition  time  for  the  32  laser  sweeps 
was  6.4  s.  Transfer  of  the  10,000  oscilloscope  data 
points  required  an  additional  5  s.  To  reduce  high- 
frequency  noise  in  the  signal  caused  by  beam  steering 
in  the  hot  exhaust,  multiple  spectral  scans  were  av¬ 
eraged  with  the  Lab  VIEW  software.  An  equivalent  of 
224  laser  sweeps  were  averaged  over  approximately 
45  s  for  all  the  data  reported  in  this  paper.  No  at¬ 
tempt  was  made  to  reduce  acquisition  and  processing 
time  for  these  preliminary  experiments. 

After  verifying  the  operation  of  the  sensor  in  the 
laboratory,4  we  performed  field  tests  at  two  locations 
to  test  the  sensor  in  real  combustion  environments. 
The  first  tests  were  performed  on  a  Honeywell  131-9B 
gas  turbine  APU  located  at  Honeywell’s  Engines  Sys¬ 
tems  and  Services  facility  in  Phoenix,  Arizona.  The 
90-kW  APU  is  used  to  provide  electrical  power  and 
cabin  air  in  commercial  aircraft  when  the  main  en¬ 
gines  are  off.  Subsequent  tests  were  performed  on  a 
WSR  facility  at  Wright-Patterson  Air  Force  Base  in 
Dayton,  Ohio.  The  WSR  is  a  laboratory  model  of  the 
compact  primary  zone  of  a  gas-turbine  combustor 
used  to  study  emission  and  combustion  characteris¬ 
tics  for  various  fuel  types.  A  detailed  description  of 
the  WSR  facility  can  be  found  in  Blust  et  al.  and 
references  therein.25 

The  optics  were  moved  to  a  0.61-m  by  1.22-m  op¬ 
tical  breadboard  to  transport  the  sensor.  An  alumi¬ 
num  enclosure  was  also  built  to  shield  the  optical 
system  from  the  high  temperatures  of  the  combus¬ 
tors.  The  aluminum  was  not  anodized,  and  this 
helped  to  reduce  radiative  heating  near  high- 
temperature  flames.  Dry  air  or  nitrogen  was  forced 
through  the  enclosure  at  low  flow  rates  to  maintain 
stable  temperatures  within  the  enclosure  during  the 
course  of  the  experiments.  Vibrations  were  also  ex¬ 
pected  to  be  a  significant  problem  at  both  facilities, 
and  the  breadboards  were  mounted  on  optical 
benches  and  vibration  isolation  pads  to  reduce  the 
vibrations  transmitted  to  the  optical  components.  At 
the  Honeywell  facility,  the  noise  and  vibrations  were 
in  fact  so  severe  that  the  sensor  had  to  be  operated 
remotely  from  outside  of  the  test  cell.  All  controllers 
were  located  inside  the  control  room  and  connected  to 
the  sensor  with  15-m-long  cables.  Figure  2  shows  the 
setup  of  the  sensor  for  remote  operation  during  mea¬ 
surements  in  the  APU  exhaust.  A  photograph  of  the 
sensor  in  the  APU  test  cell  is  shown  in  Fig.  3. 

In  both  facilities,  the  sensor  was  installed  such  that 
the  signal  beam  passed  through  the  combustion  prod¬ 
ucts  approximately  5  mm  from  the  edge  of  the  ex¬ 
haust  tube  along  the  diameter.  The  path  length  of  the 
beam  was  assumed  to  be  equal  to  the  diameter  of  the 
exhaust  tube.  Multipass  arrangements  were  used  to 
increase  the  path  length.  This  also  allowed  us  to  keep 
the  signal  PMT  in  the  sensor  enclosure  for  thermal 
stability  and  vibration  isolation.  Measurements  per¬ 
formed  in  the  exhaust  of  the  Honeywell  gas  turbine 
APU  required  only  a  two-pass  arrangement,  and  mir¬ 
ror  2  in  Fig.  1  was  not  used.  The  total  path  length  was 
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Fig.  2.  Experimental  layout  for  remote  operation  of  the  NO  sen¬ 
sor  for  measurements  in  the  exhaust  of  the  Honeywell  gas  turbine 


APU. 


was  placed  approximately  75  mm  in  front  of  the  sig¬ 
nal  PMT  to  reduce  the  beam  size  striking  the  PMT 
and  to  reduce  the  effects  of  the  steering  of  the  beam 
onto  the  detector. 

To  aid  in  processing  the  data,  we  measured  the 
temperature  of  the  exhaust  gases  at  the  location  of 
the  beam  using  thermocouples.  Temperatures  at  sev¬ 
eral  radial  locations  were  recorded  to  determine  the 
variation  across  the  large  exhaust  tube  on  the  Hon¬ 
eywell  gas  turbine  APU.  Only  one  thermocouple  was 
used  on  the  small  exhaust  tube  of  the  WSR.  We  also 
sampled  the  exhaust  gases  using  physical  probes, 
and  the  NO  concentration  was  measured  with  chemi¬ 
luminescent  analyzers  to  compare  with  the  absorp¬ 
tion  concentration  measurements.  For  the  APU, 
samples  at  four  radial  locations  were  taken  approxi¬ 
mately  90  cm  upstream  from  the  location  where  the 
absorption  measurements  were  performed.  Since  the 
NO  was  essentially  frozen  after  exiting  the  engine, 
this  was  not  expected  to  affect  the  comparison  of  the 
two  techniques.  For  the  WSR,  the  extractive  probe 
was  located  in  the  center  of  the  exhaust  tube  approx¬ 
imately  1  cm  downstream  of  the  absorption  measure¬ 
ment  location.  Analyzers  at  both  facilities  were 
spanned  and  calibrated  with  analyzed  calibration 
gases  immediately  before  use. 


0.51  m.  In  the  WSR,  the  small  diameter  (5  cm)  of  the 
exhaust  tube  required  four  passes,  as  shown  in  Fig.  1. 
Since  the  exhaust  tube  was  circular,  the  passes  were 
arranged  vertically  such  that  each  pass  traversed  the 
diameter  of  the  exhaust  progressively  further  down¬ 
stream  of  the  exit.  The  first  pass  was  approximately 
5  mm  from  the  tube  exit,  and  the  final  pass  was  ap¬ 
proximately  5  cm  from  the  exit.  This  maximized  the 
path  length  while  avoiding  potential  complications 
due  to  radial  concentration  and  temperature  gradi¬ 
ents.  The  resulting  path  length  was  0.2  m.  For  both 
experiments,  a  lens  with  a  focal  length  of  100  mm 


3.  Absorption  Theory  and  Data  Reduction 

The  transmission  of  radiation  of  frequency  v  (cm-1) 
through  a  distance  L  (cm)  of  an  absorbing  medium  is 
given  by  Beer’s  law: 

/ 

Tv=  T  =  exp( -&/,),  (1) 

io 

where  Tv  is  the  spectral  transmission,  I0  is  the  inci¬ 
dent  spectral  intensity,  /  is  the  transmitted  radiation 


Fig.  3.  Photograph  of  the  NO  sensor  in  the  Honeywell  gas  turbine  APU  test  cell.  4  ft  (1.2192  m),  2  ft  (0.6096  m). 
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intensity,  and  kv  (cm  x)  is  the  spectral  absorption  co¬ 
efficient.  The  spectral  absorptivity  Av  is  then 


Av  =  1  -  Tv  =  1  -  expi-kj,).  (2) 

The  spectral  absorption  coefficient  is  proportional  to 
the  line  strength  Kjt  and  the  line-shape  function  G(v), 
or 


kv  =  KjiG(v). 


(3) 


The  line  strength  KJL  (cm-2)  for  a  transition  from 
level  i  to  level  j  is  related  to  the  Einstein  spontaneous 
emission  coefficient  Ajt  (s-1)  by26 


Kjt  = 


l  gt 


8j 

—  n;  -  n , 


(4) 


where  gL  and  gj  are  the  degeneracies  of  each  level,  rii 
and  rij  are  the  number  densities  of  each  level  (cm-3), 
c  is  the  speed  of  light  (cm / s),  and  \Jt  is  the  wavelength 
of  the  transition  (cm).  Einstein  spontaneous  emission 
coefficients  and  transition  frequencies  for  the  ( v ' 
=  0,  v"  =  0)  band  of  the  A2S+-A^n  electronic  transi¬ 
tion  are  found  in  Luque  and  Crosley.27  The  degener¬ 
acies  for  rotational  energy  levels  Jt  and  Jj  are  gt 
=  2Jt  +  1  and  gj  =  2 Jj  +  1,  respectively.  At  thermo¬ 
dynamic  equilibrium,  the  population  of  energy  level  i 
is  related  to  the  total  number  of  particles  N  by  the 
Maxwell-Boltzmann  distribution: 

nt  gt  exp (-EJkBT) 

N  = - Z - ’  (5) 

where  Et  is  the  total  energy  of  level  i,  kB  is  the  Boltz¬ 
mann  constant,  T  is  the  gas  temperature,  and  Z  is  the 
molecular  partition  function.  Accurate  expressions 
for  rotational  and  vibrational  term  energies  are  found 
in  Reisel  et  al.  along  with  the  molecular  constants 
required  for  the  calculations.28  The  molecular  parti¬ 
tion  function  Z  is  the  sum  over  all  possible  energy 
levels. 

For  the  line-shape  function,  a  Voigt  profile  is  as¬ 
sumed  and  the  line-shape  function  (cm)  is  given  by 


G(v)  =  2 


(In  2  V(x,  a) 
TT  AvD  ’ 


(6) 


where  AvD  is  the  Doppler  width  (FWHM,  cm  x)  and 
V(x,  a)  is  the  Voigt  function  found  from 


V(x ,  a)  = 


exp(  —y2) 
a2  +  (x  -  y )2 


dy. 


(7) 


The  Voigt  profile  can  be  efficiently  calculated  with  the 
algorithm  developed  by  Humlicek.29  Parameters  for 


the  Voigt  function  are  the  nondimensionalized  fre¬ 
quency 


x  =  2yln  2(v  -  v n)/ AvD  (8) 

and  the  Voigt  a  parameter 

a  =  ^ln  2A vj \vD,  (9) 

where  vjL  (cm-1)  is  the  line-center  frequency  of  the 
transition  and  Avc  is  the  collision  width  (FWHM, 
cm-1).  The  collision  width  is  dependent  on  the  species 
present  in  the  absorbing  medium  and  is  one  of  the 
parameters  that  is  varied  to  fit  the  theoretical  ab¬ 
sorption  spectrum  to  the  experimental  spectrum.  The 
Doppler  width  can  be  directly  calculated  from  the  gas 
temperature  T  (K),  the  molecular  weight  of  the  ab¬ 
sorbing  species  MN0(a.m.u.),  and  the  frequency  of  the 
transition  vjL  (cm-1)  by 


Av#  =  7.1623  X  10-7 


(10) 


The  Doppler  width  and  the  temperature  are  assumed 
to  be  well  known  and  are  not  varied  during  the  fitting 
process.  Furthermore,  the  linewidth  of  the  laser  ra¬ 
diation  is  so  narrow  that  it  is  assumed  to  be  a  delta 
function  in  the  molecular  line-shape  modeling. 

We  developed  a  computer  program  to  calculate  the 
theoretical  absorption  as  a  function  of  wavelength  for 
NO  using  the  equations  described  above.  We  related 
the  experimental  results  to  theory  by  calculating  the 
transmission  through  the  medium  using  Eq.  (1), 
where  I  is  the  signal  PMT  output  and  I0  is  the  refer¬ 
ence  PMT  output.  After  analyzing  the  initial  results 
from  the  gas  cell  experiments,  we  observed  substan¬ 
tial  structure  in  the  baseline  due  to  the  different 
responses  of  the  signal  and  reference  PMTs.  To  cor¬ 
rect  this,  the  transmission  of  the  signal  beam  through 
a  sample  of  NO  was  normalized  by  the  transmission 
through  a  sample  without  NO.  In  other  words,  the 
transmission  used  for  data  analysis  was 


T  = 

-1-  i) 


C S/R ), 


’with  NO 


(S/R) wi, 


without  NO 


(ID 


where  S  and  R  refer  to  signal  and  reference  PMT 
outputs,  respectively.  This  corrected  for  the  different 
PMT  responses  and  flattened  the  baseline  to  100% 
transmission  far  away  from  the  line  center  as  ex¬ 
pected. 

We  converted  the  experimental  absorption  spectra 
from  a  time  base  to  a  frequency  base  using  the  etalon 
output.  The  time  value  of  each  etalon  peak  was  de¬ 
termined  and  then  plotted  against  frequency,  since 
the  spacing  between  each  peak  corresponds  to  the 
free  spectral  range  of  the  etalon,  or  2  GHz.  The 
frequency-time  relationship  was  derived  by  a  qua¬ 
dratic  least-squares  fit.  We  also  further  processed  the 
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experimental  absorption  scans  to  reduce  oscilloscope 
read  noise  by  binning  20  neighboring  oscilloscope 
channels,  reducing  the  number  of  spectral  data 
points  to  500.  It  was  verified  that  the  NO  line  shape 
was  unaffected  by  the  binning  process.  Finally,  we  fit 
the  theoretical  absorption  spectra  to  the  converted 
experimental  absorption  spectra  by  varying  both  the 
NO  concentrations  and  collision  widths  manually  un¬ 
til  a  best  fit  was  achieved.  The  path  length,  pressure, 
and  temperature  were  taken  as  measured  during  the 
experiments. 

For  the  field  demonstration  experiments,  several 
factors  complicated  the  analysis  of  the  absorption 
data.  Before  the  experiments  began,  the  signal  and 
reference  PMT  outputs  were  adjusted  to  the  same 
level.  Broadband  absorption  by  soot  and  other  par¬ 
ticulates  resulted  in  a  decrease  in  the  signal  PMT 
output  compared  with  the  reference  PMT.  This  re¬ 
sulted  in  a  lower  S/R  ratio  for  the  signal  channel, 
introducing  error  into  the  normalized  transmission 
found  from  Eq.  (11).  If  a  clear  off-resonant  baseline 
was  available  in  the  signal  channel,  the  transmission 
could  be  rescaled  until  the  baseline  corresponded  to 
100%  transmission,  correcting  the  error  caused  by 
mismatched  signal  and  reference  PMT  outputs.  How¬ 
ever,  the  mode-hop-free  tuning  range  of  the  laser 
system  was  not  large  enough  to  scan  the  entire  width 
of  the  atmospheric-pressure-broadened  NO  lines,  so 
no  absorption-free  baseline  region  was  available. 
Nevertheless,  the  NO  spectral  line  shapes  are  well 
known  so  that  broadband  attenuation  in  the  signal 
channel  was  accounted  for  quite  accurately  by  means 
of  rescaling  the  NO  spectrum  as  described  below. 

The  modified  data  processing  routine  for  the  field 
demonstrations  was  an  iterative  procedure  in  which 
rescaling  was  used  to  shift  the  entire  experimental 
absorption  line  shape  vertically  to  match  the  theoret¬ 
ical  absorption  line  shape  across  the  entire  spectrum. 
Typically,  the  experimental  transmission  from  Eq. 
(11)  was  scaled  by  a  factor  of  0.96-1.04  in  several 
increments.  For  each  scaling  factor,  the  collision 
width  and  NO  concentration  were  varied  to  find  the 
best  fit.  From  these  fits,  the  scaling  factor  that  pro¬ 
vided  the  best  agreement  between  theoretical  and 
experimental  absorption  line  shapes  across  the  entire 
spectrum  was  selected  as  the  starting  point  for  fur¬ 
ther  iterations.  These  scaling-fitting  iterations  were 
then  continued  around  this  point  until  a  global  best 
fit  was  reached  in  which  the  difference  between  the¬ 
ory  and  experiment  was  minimized  over  the  entire 
spectrum. 

This  routine  was  used  to  fit  all  the  data  for  low  NO 
concentrations  where  the  absorption  was  of  the  order 
of  several  percent.  For  these  concentrations,  the 
structure  of  the  baseline  due  to  the  different  PMT 
responses  (of  the  order  of  0.5%)  significantly  obscured 
the  absorption  spectra.  For  higher  concentrations, 
the  baseline  structure  became  negligible  and  the  ex¬ 
perimental  absorption  could  be  fit  only  with  the  S/R 
trace  for  the  NO  scan.  This  simplified  both  the  pro¬ 
cessing  and  the  data  collection  procedures  since  no 
air  scans  were  necessary.  However,  all  the  results 


Frequency  Detuning  (GHz) 

Fig.  4.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  room-temperature  gas  cell  measurement  of 
100  pm  NO  (nominal)  at  20  Torr.  The  Doppler  width  is  AvD 
=  0.099  cm-1,  and  the  collision-broadening  coefficient  is  2y 
=  0.585  cm_1/atm.  The  transitions  shown  are  three  sets  of  over¬ 
lapped  transitions  (from  left  to  right):  P2( 4)  and  pQi2(4)  at  44077.30 
and  44077.30  cm”1,  P2(3)  and  PQ12(3)  at  44077.42  and 

44077.42  cm-1,  and  P2(5)  and  PQ12(5)  at  44077.71  and 

44077.70  cm”1. 


presented  in  this  paper  were  processed  with  both 
procedures  to  verify  the  accuracy  of  the  fits. 

4.  Experimental  Results 

A.  Gas  Cell  Measurements 

A  representative  absorption  scan  for  the  room- 
temperature  gas  cell  measurements  is  shown  in  Fig. 
4.  The  two  experimental  absorption  spectra  (absorp¬ 
tion  1  and  2)  were  recorded  in  a  single  scan  as  the 
frequency  was  tuned  up  and  back  down  across  the 
absorption  line.  The  theoretical  spectrum  calculated 
with  the  computer  code  is  also  shown  in  Fig.  4.  For 
the  gas  cell  data,  the  pressure  was  also  slightly  varied 
around  the  measured  value  to  optimize  the  fit.  The 
absorption  spectrum  in  Fig.  4  was  recorded  at  a  pres¬ 
sure  of  2.67  ±  0.27  kPa  (20  ±  2  Torr),  and  the  best  fit 
gave  a  pressure  of  2.40  kPa  (18  Torr),  which  is  within 
the  uncertainty  of  the  gauge.  The  best-fit  collision¬ 
broadening  coefficient  (FWHM)  for  all  gas  cell  mea¬ 
surements  was  found  to  be  0.585  cm_1/atm 
(0.174  GHz/kPa),  which  agrees  well  with  measure¬ 
ments  of  0.583  ±  0.03  cm_1/atm  by  Chang  et  al.30 
and  0.586  ±  0.04cm_1/atm  by  Danehy  et  al31  for 
collisions  of  NO  with  N2  at  room  temperature.  The 
concentration  that  gave  the  best  fit  for  the  spectrum 
in  Fig.  4  was  95  parts  per  million  (ppm),  which  is  in 
good  agreement  with  the  labeled  concentration  of 
100  ±  10  ppm  for  the  NO-N2  gas  mixture  from 
Matheson. 

The  transitions  shown  in  Fig.  4  were  selected  to 
verify  the  accuracy  of  the  wavemeter  and  the  theo¬ 
retical  line  positions.  The  ECDL  was  tuned  to 
395.40  nm  (vacuum)  to  produce  UV  at  226.87  nm. 
The  transitions  in  Fig.  4  are  three  sets  of  overlapped 
transitions  of  the  (vr  =  0,  v"  =  0)  band  of  the 
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A2S+-^n  electronic  transition  of  NO:  P2(4)  and 
pQ12(4)?  P2(3)  and  pQi2(3),  and  P2(5)  and  pQi2(5).  The 
respective  line  centers  are  44077.30  and  44077.30 
cm"1,  44077.42  and  cm'1,  and  44077.71  and  44077.70 
cm"1,  and  44077.42  cm'1.27  As  evident  from  Fig.  4, 
the  theoretical  line  positions  as  well  as  the  line 
shapes  agree  very  well  with  the  experimental  line 
positions  and  shapes. 

Notation  for  all  the  transitions  discussed  in  this 
paper  follow  the  convention  in  Ref.  26,  where  a  rota¬ 
tional  transition  is  denoted  by  mAJap(N").  The  change 
in  the  nuclear  rotation  quantum  number  N  is  denoted 
by  S,  R,  Q,  P,  O  for  AN  =  N'  -  N"  =  +2,  +1,  0, 
-1,  -2,  respectively.  Similarly,  the  change  in  the 
rotational  quantum  number  J  is  denoted  by  P,  Q,  P 
for  A  J  =  J'  —  J ”  =  +  1,  0,  -1,  respectively.  When 
A  J  =  AN ,  the  superscript  AN  is  omitted.  The  sub¬ 
scripts  a  and  |3  indicate  the  spin-orbit  coupling, 
where  a  =  1  indicates  J'  =  Nr  +  1/2,  a  =  2  indicates 
Jf  =  Nf  -  1/2,  (3  =  1  indicates  J"  =  N"  +  1/2,  and 
(3  =  2  indicates  J"=N" -1/2.  When  a  =  (3,  only  one 
number  is  given  in  the  subscript  to  designate  the 
value  of  both  a  and  p. 

From  the  initial  laboratory  experiments,  the  uncer¬ 
tainty  in  the  concentration  measurements  by  the  sen¬ 
sor  is  estimated  to  be  10%.  This  value  was  derived 
from  the  range  of  concentrations  measured  over 
many  experiments  in  the  gas  cell.  After  the  field  dem¬ 
onstrations,  similar  variations  in  concentrations  con¬ 
firm  this  estimated  uncertainty.  Sources  of  error 
include  baseline  drifts;  nonlinear  PMT  response;  and 
uncertainties  in  the  path  length,  temperature,  and 
pressure  values.  Some  error  could  also  be  attributed 
to  uncertainties  in  the  spectral  model,  such  as  uncer¬ 
tainties  in  the  molecular  constants,  Einstein  coeffi¬ 
cients,  and  line  positions.  Furthermore,  the 
assumption  of  an  infinitely  narrow  laser  linewidth 
could  introduce  some  error  since  the  laser  linewidth 
is  only  a  factor  of  37  narrower  than  the  absorption 
linewidth  in  the  Doppler-limited  case  in  the  gas  cell 
experiments.  The  complexity  of  these  uncertainties 
precludes  a  more  rigorous  calculation  of  the  experi¬ 
mental  uncertainty. 

B.  Combustion  Exhaust  Measurements 

For  the  field  demonstrations,  the  center  frequency  of 
the  ECDL  was  tuned  to  395.237  nm  (vacuum)  to  pro¬ 
duce  UV  radiation  at  226.82  nm,  in  resonance  with 
the  P2(10)  and  PQ12(10)  overlapped  transitions  at 
44087.79  and  44087.77  cm-1,  respectively.27  This 
overlapped  line  pair  was  chosen  because  it  is  less 
sensitive  to  temperature  and  is  well  isolated  at  atmo¬ 
spheric  pressure. 

The  results  from  the  field  tests  on  the  APU  fueled 
with  Jet- A  are  shown  in  Figs.  5-9.  The  APU  was  run 
at  several  load  conditions  to  produce  varying  levels  of 
NO.  The  best-fit  theoretical  spectrum  for  each  condi¬ 
tion  is  also  shown  in  Figs.  5-9.  Table  1  gives  the  NO 
concentrations  measured  by  optical  absorption  and 
by  probe  sampling  and  chemiluminescent  analysis 
for  each  of  the  tests. 


Frequency  Detuning  (GHz) 

Fig.  5.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  gas  turbine  APU  running  at  full  load.  The 
calculated  Doppler  width  is  AvD  =  0.158  cm-1  and  the  collision 
width  is  Avc  =  0.297  cm-1.  All  measurements  in  the  APU  probed 
the  P2(10)  and  pQi2(10)  overlapped  transitions  at  44087.79  and 
44087.77  cm-1,  respectively. 


The  temperature  for  the  fitting  routine  was  fixed 
at  the  average  exhaust  temperature  as  measured  by 
the  thermocouples.  The  resulting  concentration  and 
collision  width  measurements  for  the  optical  ab¬ 
sorption  measurements  are  insensitive  to  varia¬ 
tions  of  50  K  or  so  in  temperature  because  the 
population  fraction  of  the  J  =  9.5  level  is  insensitive 
to  temperature  in  this  temperature  range  and  the 
Doppler  width  is  proportional  to  the  square  root  of 
the  temperature.  Selection  of  a  temperature- 
insensitive  transition  is  also  an  advantage  because 
it  minimizes  the  effects  of  any  inhomogeneities  in 
the  combustion  exhaust  along  the  path  length  of  the 
laser  beam.  The  Doppler  broadening  is  much  less 
than  the  collision  broadening  in  all  field  demonstra¬ 
tion  experiments.  Ignoring  the  radiation  correction 
of  the  thermocouple  is  also  justifiable  since  the  er¬ 
ror  is  small  for  these  temperatures. 


Frequency  Detuning  (GHz) 

Fig.  6.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  gas  turbine  APU  running  at  half  of  a  full  load. 
The  calculated  Doppler  width  is  AvD  =  0.150  cm-1  and  the  collision 
width  is  Avc  =  0.344  cm-1. 
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Fig.  7.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  gas  turbine  APU  running  at  one  third  of  a  full 
load.  The  calculated  Doppler  width  is  AvD  =  0.147  cm-1  and  the 
collision  width  is  Avc  =  0.344  cm-1. 


Frequency  Detuning  (GHz) 

Fig.  9.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  gas  turbine  APU  running  at  idle.  The  calculated 
Doppler  width  is  AvD  =  0.139  cm-1  and  the  collision  width  is  Avc 
=  0.331  cm1. 


The  concentrations  listed  in  Table  1  indicate  good 
agreement  between  measurements  with  the  sensor 
and  measurements  with  the  chemiluminescent  ana¬ 
lyzer.  Claimed  uncertainty  in  the  chemiluminescent 
analyzer  readings  is  approximately  1%  for  the  APU 
tests  and  approximately  3.6%  in  the  WSR  tests.  As 
mentioned  above,  the  experimental  uncertainty  of 
the  sensor  is  estimated  to  be  10%.  Thus  all  conditions 
lie  within  the  experimental  uncertainty  except  for 
low  load  conditions  with  NO  concentrations  near 
10  ppm,  as  in  Figs.  8  and  9.  Since  the  line  shapes  and 
other  parameters  of  the  absorption  spectra  in  Figs. 
5-9  are  consistent  with  other  results,  the  anomalous 
results  are  probably  due  to  errors  in  the  probe  mea¬ 
surements.  The  chemiluminescent  analyzer  was  cal¬ 
ibrated  with  gases  near  100  ppm,  so  a  baseline  shift 
of  a  few  ppm  is  possible  and  would  account  for  the 
disagreement  between  probe  and  absorption  mea¬ 
surements  at  low  NO  concentrations.  Overall,  how¬ 
ever,  the  optical  absorption  measurements  agree  well 


Fig.  8.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  gas  turbine  APU  running  at  a  low  load  condi¬ 
tion.  The  calculated  Doppler  width  is  AvD  =  0.140  cm-1  and  the 
collision  width  is  Avc  =  0.339  cm”1. 
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with  the  probe  measurements  of  NO  in  the  combus¬ 
tion  exhaust.  This  level  of  agreement  is  similar  to 
that  previously  demonstrated  by  other  groups.11’32 

Comparison  of  collision  widths  with  previous  mea¬ 
surements  requires  a  more  detailed  evaluation. 
Collision-broadening  coefficients,  2y,  are  found  in  the 
literature  for  NO  broadened  by  a  single  species  at  a 
time.30’33’34  We  can  calculate  the  total  collision  width 
for  a  gas  mixture  by  summing  over  all  species,  or 

A  vc  =  'Zi2liPi,  (12) 

where  Arc  is  the  collision  width  (FWHM,  cm-1), 
27 1  (cm-1/ atm)  is  the  collision-broadening  coefficient 
of  NO  by  species  i,  and  PL  (atm)  is  the  partial  pressure 
of  species  i.  The  collision-broadening  coefficients  for 
the  broadening  of  NO  by  N2,  H20,  and  02  are  found  by 
use  of  the  relations  suggested  by  Chang  et  al.  ,30 

2^n2  =  0.583(295  K/T)0  75,  (13) 

and  by  Di  Rosa  and  Hanson,33 

27h2o  =  0.79(295  K/T)0  79,  (14) 

27o2  =  0.53(295  K/T)0  66,  (15) 

where  T  (K)  is  the  gas  temperature.  Using  values  of 
02  and  C02  concentration  measured  during  the  ex¬ 
periments  and  values  of  H20  and  N2  concentrations 
estimated  for  complete  combustion,  we  calculated  the 
predicted  collision  widths  for  each  test.  No  broaden¬ 
ing  data  are  available  for  collisions  of  NO  with  C02, 
so  it  was  assumed  that  the  C02  broadening  coefficient 
was  equal  to  the  H20  broadening  coefficient.  The  re¬ 
sults  are  shown  in  Table  2  along  with  values  of  col¬ 
lision  width  derived  from  the  best-fit  routine  for  each 
condition.  All  values  agree  within  experimental  un- 
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Table  1.  Summary  of  Probe  and  Absorption  Measurements  of  NO  Concentration  and  Temperature  for  the  Field  Demonstrations0 


Test 

Temperature  (K) 

Concentration  (ppm) 

Thermocouple 

Absorption 

Probe  and  CL 

Absorption 

APU  full  load 

712-751 

750 

55-65 

56 

APU  half  load 

669-683 

675 

32.4 

33.5 

APU  one-third  load 

650-658 

650 

21.2 

21 

APU  low  load 

586-599 

590 

8.1 

15.0 

APU  idle 

572-584 

580 

5.9 

8.7 

WSR  4>  =  0.4  with  seeding 

845 

845 

241.4 

240 

WSR  4>  =  0.75 

1477 

1477 

140 

130 

“Probe  and  CL  concentration  measurements  indicate  the  measurements  we  obtained  by  probe  sampling  the  exhaust  and  measuring  the 
NO  concentration  with  a  chemiluminescent  (CL)  analyzer. 


certainty,  again  confirming  the  accuracy  of  the  sensor 
measurements  even  in  these  harsh  environments. 

Representative  best-fit  spectra  for  the  experiments 
on  the  WSR  are  shown  in  Figs.  10-12.  The  probe 
measurements  and  absorption  measurements  for 
concentration  and  temperature  are  listed  in  Table  1. 
The  absorption  scan  in  Fig.  10  was  taken  for  combus¬ 
tion  of  ethylene  fuel  with  an  equivalence  ratio  of  O 
=  0.4.  This  scan  was  taken  during  a  preliminary 
experiment  in  the  WSR  with  a  slightly  different  setup 


Table  2.  Comparison  of  Measured  Collision  Widths  to  Predictions 
from  Eqs.  (1 2)— (1 5)  for  the  Field  Demonstrations 


Test 

Predicted  (cm  *) 

Measured  (cm  *) 

APU  full  load 

0.306  ±  0.021 

0.297 

APU  half  load 

0.319  ±  0.022 

0.344 

APU  one-third  load 

0.326  ±  0.023 

0.326 

APU  low  load 

0.346  ±  0.024 

0.339 

APU  idle 

0.349  ±  0.025 

0.331 

WSR  4>  =  0.4  with  seeding 

0.274  ±  0.019 

0.282 

WSR  4)  =  0.75 

0.185  ±  0.013 

0.191 

Frequency  Detuning  (GHz) 

Fig.  10.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  WSR  at  4>  =  0.4  with  3000  ppm  of  NO  in  N2 
seeded  into  the  reactor.  The  calculated  Doppler  width  is  AvD 
=  0.168  cm-1  and  the  collision  width  is  Avc  =  0.282  cm-1.  All 
measurements  in  the  WSR  probed  the  P2(10)  and  PQ12(10)  over¬ 
lapped  transitions  at  44087.79  and  44087.77  cm-1,  respectively. 


and  operating  condition  from  those  of  the  primary 
experiments  that  were  described  above.  A  six-pass 
arrangement  was  used,  and  3000  ppm  of  NO  in  N2 
was  seeded  into  the  reactor  to  find  the  absorption  line 
initially.  The  excellent  agreement  among  line  shapes, 


Frequency  Detuning  (GHz) 

Fig.  11.  Comparison  of  measured  and  calculated  NO  absorption 
line  shapes  for  the  WSR  at  4>  =  0.75.  The  calculated  Doppler  width 
is  Avd  =  0.222  cm-1  and  the  collision  width  is  Avc  =  0.191  cm-1. 


Frequency  Detuning  (GHz) 

Fig.  12.  Measured  and  calculated  NO  absorption  spectra  from 
Fig.  11  with  the  first  half  of  the  scan  only.  The  reduction  of  noise 
without  absorption  2  demonstrates  the  poor  operation  of  the  ECDL 
during  the  second  half  of  the  scan. 
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concentrations,  and  collisional  widths  encouraged 
further  tests  in  the  WSR  to  measure  lower  levels  of 
NO. 

Figure  11  represents  the  results  from  a  second  set 
of  experiments  in  the  WSR.  Unfortunately,  signifi¬ 
cantly  more  noise  was  observed  in  these  WSR  exper¬ 
iments  because  of  poor  operation  of  the  ECDL.  The 
ECDL  was  single  mode  for  the  portion  of  the  scan 
where  the  frequency  was  increasing  but  exhibited 
mode  hops  for  the  portion  of  the  scan  where  the  fre¬ 
quency  was  decreasing.  The  effect  of  the  multimode 
behavior  is  observed  in  Fig.  11  for  the  second  half  of 
the  scan,  absorption  2.  The  same  scan  is  shown  in  Fig. 
12  without  the  data  points  from  the  second  half  of  the 
scan  to  demonstrate  the  excellent  fit  between  theory 
and  experiment  when  the  laser  is  operating  single 
mode. 

The  configuration  for  the  tests  in  the  WSR  was 
more  sensitive  to  beam  steering  by  the  hot  exhaust 
gases  because  of  the  four-pass  arrangement.  Small 
deflections  in  beam  direction  propagated  through  the 
multiple  reflections  and  were  quite  significant  at  the 
PMT.  Despite  the  large  detector  area  compared  to  the 
beam  size,  fluctuations  were  still  observed  because  of 
the  different  sensitivities  of  different  areas  of  the 
PMT  photocathode.  Thus  slightly  more  noise  was  ob¬ 
served  in  these  experiments.  Nevertheless,  the  line 
shapes  in  Figs.  10-12  agree  fairly  well,  and  the  con¬ 
centrations  given  in  Table  1  agree  within  the  10% 
experimental  uncertainty  of  the  sensor.  Collision 
widths  calculated  from  the  best-fit  spectra  also  agree 
well  with  the  predictions  from  the  literature,  as  can 
be  seen  in  Table  2. 

The  detection  limit  of  the  sensor  was  estimated 
from  the  root-mean-square  (rms)  standard  deviation 
of  the  noise  in  the  baseline.  For  the  gas  cell  experi¬ 
ments,  the  rms  standard  deviation  was  0.17%.  As¬ 
suming  a  signal-to-noise  (S/N)  ratio  of  1  at  the 
detection  limit,  this  corresponds  to  a  detection  limit  of 
0.2  ppm-m  (ppm  in  a  1-m  path  length)  at  300  K,  or 
0.6  ppm-m  at  1000  K.  In  the  field  demonstrations, 
slightly  more  noise  was  introduced  into  the  signal 
from  vibrations,  temperature  fluctuations,  and  beam 
steering  because  of  hot  exhaust  gases.  The  rms  stan¬ 
dard  deviation  in  the  detection  noise  was  measured 
from  scans  in  hot  air  taken  immediately  after  extinc¬ 
tion  of  the  flame  in  the  combustors.  For  these  scans, 
the  rms  noise  increased  to  0.23%,  corresponding  to  a 
sensitivity  of  0.3  ppm-m  for  300  K  gas  or  0.8  ppm-m 
for  1000  K  gas.  The  relatively  small  increase  in  noise 
from  the  gas  cell  experiments  indicates  that  the  sen¬ 
sor  is  not  significantly  affected  by  the  noise  and  vi¬ 
brations  during  the  field  demonstrations. 

The  low  detection  limit  for  this  sensor  demon¬ 
strates  the  advantages  of  UV  absorption  over  IR  ab¬ 
sorption.  In  the  current  configuration  of  the  sensor, 
only  direct  absorption  spectroscopy  and  a  two-  or 
four-pass  arrangement  was  required  to  achieve  a  sub- 
ppm-m  detection  limit  in  combustion  exhaust.  Previ¬ 
ous  sensors  based  on  near-  and  mid-IR  absorption 
generally  required  more  complicated  means  to 
achieve  detection  limits  of  this  order.  The  simplest 
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configuration  used  near-IR  diode  lasers  at  1.8  jxm  to 
probe  the  second  overtone  band  of  NO  and  achieved 
noise-equivalent  detection  limits  of  140  ppm-m  down 
to  several  tens  of  ppm-m  in  combustion  exhaust.6-8 
These  sensors  relied  on  either  balanced  ratiometric 
detection6’7  or  probe  sampling  of  the  exhaust  and  use 
of  an  external  long-pass  cell8  to  reach  these  detection 
limits.  Another  group  probed  the  stronger  first  over¬ 
tone  band  of  NO  with  a  2.65-jxm  diode  laser  and 
demonstrated  a  detection  limit  of  8  ppm-m  (at 
58  Torr)  in  a  room-temperature  gas  cell  using  wave¬ 
length  modulation  spectroscopy.10  The  measure¬ 
ments  in  both  of  these  spectral  regions  were  plagued 
by  interferences  from  water  vapor,  which  ultimately 
limits  the  sensitivity  of  these  sensors. 

To  improve  detection  limits  in  the  IR,  a  number  of 
groups  have  probed  the  fundamental  vibrational 
band  of  NO  at  5. 2-5.4  \xm  using  cryogenically  cooled 
IV-VI  (lead  salt)  diode  lasers  or  recently  developed 
QC  lasers.  Sub-ppm-m  detection  limits  were  achieved 
with  both  types  of  laser  in  low-pressure,  room- 
temperature,  long-pass  gas  cells.13-15  Wehe  et  al. 
have  performed  measurements  in  combustion  ex¬ 
haust  with  a  room-temperature  QC  laser  and  bal¬ 
anced  ratiometric  detection  to  reach  a  detection  limit 
of  0.66  ppm-m  of  NO  at  800  K.16  However,  these  sen¬ 
sors  required  cryogenically  cooled  detectors,  and 
some  interference  with  H20  and  C02  was  still  an 
issue  for  low  NO  concentrations.  Also,  analysis  of  the 
absorption  line  shapes  was  more  complicated  because 
the  linewidths  of  the  QC  lasers  were  over  1  GHz  be¬ 
cause  of  frequency  chirp. 

Although  the  UV  laser  source  for  this  sensor  is 
more  complicated  than  the  lasers  in  the  near-  and 
mid-IR  sensors,  the  UV  sensor  has  nearly  the  same 
detection  limit  and  offers  significantly  simpler  de¬ 
tection  schemes  (no  wavelength  modulation  spec¬ 
troscopy  or  balanced  ratiometric  detection),  room- 
temperature  detectors,  and  straightforward 
spectroscopic  analysis.  Furthermore,  the  detection 
limits  of  this  sensor  can  be  improved  down  to  quan¬ 
tum  limits  in  the  detectors,  whereas  detection  lim¬ 
its  in  near-  and  mid-IR  sensors  are  limited  by  the 
lowest  fractional  absorption  by  H20,  CO,  and  C02 
coinciding  with  the  NO  line  of  interest.  For  practical 
in  situ  measurements  in  combustion  exhaust,  this 
interference  imposes  a  severe  limit  on  the  minimum- 
detectable  NO  levels,  especially  in  higher-pressure 
combustors  (pressure  broadening)  and  higher- 
temperature  gases  (hot-band  lines). 

With  UV  detection  of  NO,  the  sensitivity  of  this 
sensor  is  ultimately  limited  by  the  shot  noise  in  the 
PMTs.  The  S/N  ratio  at  the  shot-noise  limit  for  PMTs 
is  the  square  root  of  the  number  of  photoelectrons 
created  during  the  data  collection  process.35  For  an 
average  power  of  roughly  0.5  nW  reaching  the  PMTs, 
a  cathode  radiant  sensitivity  of  51.4  mA/W,  and  a 
measurement  time  of  45  s,  the  total  number  of  pho¬ 
toelectrons  created  is  7.22  X  109.  The  photoelectrons 
are  distributed  over  500  channels  after  processing,  so 
there  are  only  1.44  X  107  photoelectrons  per  channel. 
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Thus  the  S/N  ratio  at  the  shot-noise  limit  is  3800. 
The  relative  error  is  given  by  the  inverse  of  the  S/N 
ratio,  which  is  0.026%.  The  baseline  noise  observed 
during  the  experiments  was  0.23%,  which  is  roughly 
a  factor  of  9  higher  than  the  shot-noise  limit.  For  the 
gas  cell  experiments,  the  noise  was  approximately  a 
factor  of  8  higher  than  the  shot-noise  limit.4  In  com¬ 
bustion  exhaust,  the  corresponding  shot-noise- 
limited  detection  limit  is  90  parts  per  109  of  NO  at 
1000  K  in  a  1-m  path  assuming  a  S/N  ratio  of  1. 

For  these  proof-of-concept  experiments,  no  attempt 
was  made  to  reduce  the  noise  in  the  detection  elec¬ 
tronics,  but  several  changes  could  be  made  to  improve 
the  sensitivity  closer  to  the  shot-noise  limit.  Faster 
modulation  of  the  laser  would  reduce  the  flicker  (or 
1  If)  noise  and  would  allow  more  averaging  to  achieve 
the  same  time  resolution.  Electronic  filtering  of  the 
signal  would  reduce  the  detection  bandwidth  and 
therefore  reduce  the  overall  detection  noise.  To  utilize 
more  of  the  generated  UV,  a  parallel  system  of  detec¬ 
tors  could  be  used.  Although  this  complicates  the 
system,  the  S/N  ratio  is  directly  proportional  to  laser 
power  and  could  provide  significant  improvements  in 
detection  limits.  Finally,  the  more  complicated 
scheme  of  wavelength  modulation  spectroscopy  could 
be  implemented  to  achieve  sensitivities  near  the  shot- 
noise  limit.36 

Even  at  the  current  detection  limit  of  the  sensor, 
however,  the  sensor  could  be  applied  to  combustion 
control  applications  with  some  improvement  in  data 
collection  and  processing  procedures.  The  current 
demonstrations  prove  that  the  sensor  can  withstand 
the  harsh  environments  around  a  gas  turbine  with 
acoustic  noise  up  to  levels  of  120-125-dB  overall 
sound  pressure  level  and  temperatures  up  to  nearly 
800  K.  Furthermore,  the  sensor  can  accurately  mea¬ 
sure  NO  down  to  single-digit  ppm  levels  at  a  rate  of 
10  Hz  (twice  the  ramp  frequency)  in  the  exhaust.  The 
path-averaged  NO  concentration  measured  by  the 
sensor  would  provide  a  convenient  input  for  operat¬ 
ing  point  control  of  the  gas  turbine  to  maintain  the 
NO  level  in  the  exhaust  below  mandated  limits  of 
9  ppm  for  ground-based  gas  turbines.3 

5.  Summary  and  Conclusions 

A  diode-laser-based  UV  absorption  sensor  for  NO  has 
been  developed  and  successfully  demonstrated.  The 
sensor  is  based  on  the  sum-frequency  generation  of 
UV  radiation  at  226.8  nm  by  mixing  the  output  of  a 
395-nm  ECDL  and  a  532-nm  intracavity  frequency- 
doubled  Nd:YAG  laser  in  a  BBO  crystal.  Approxi¬ 
mately  325  ±75  nW  of  UV  is  produced  and  used  to 
probe  several  transitions  in  the  (vf  =  0,  v"  =  0)  band 
of  the  A22+-A2n  electronic  transition  of  NO.  Initial 
laboratory  measurements  in  a  gas  cell  showed  excel¬ 
lent  agreement  between  theoretical  and  experimen¬ 
tal  line  shapes  and  between  measured  and  actual 
concentrations.  Experiments  were  then  performed  on 
a  gas  turbine  APU  and  a  WSR  to  test  the  operation  of 
the  sensor  in  the  field.  At  the  Honeywell  facility, 
noise  levels  in  the  test  cell  were  120-125-dB  overall 


sound  pressure  level.  In  addition,  the  sensors  oper¬ 
ated  for  exhaust  temperatures  as  high  as  1500  K 
near  the  WSR.  Nonetheless,  the  results  from  the  field 
demonstrations  were  excellent.  Good  agreement  was 
observed  between  the  experimental  and  the  theoret¬ 
ical  line  shapes,  measured  and  predicted  collision 
widths,  and  probe-measured  and  absorption- 
measured  NO  concentrations  in  all  the  combustion 
exhaust  measurements.  No  evidence  of  interfering 
absorption  from  species  other  than  NO  was  observed 
in  either  sensor  test.  Signal  beam  attenuation  from 
broadband  absorption  was  accounted  for  in  the  data 
analysis  procedure.  NO  levels  down  to  9  ppm  were 
measured  in  the  exhaust  of  the  gas  turbine  operating 
at  idle  conditions  and  with  a  path  length  of  0.51  m.  A 
detection  limit  of  0.23%  was  estimated,  correspond¬ 
ing  to  a  sensitivity  of  0.8  ppm-m  of  NO  for  1000  K 
gas.  The  uncertainty  of  the  sensor  is  estimated  to  be 
10%.  The  results  from  these  experiments  indicate 
that  this  sensor  can  be  used  to  accurately  measure 
the  NO  emissions  from  real  combustion  systems. 
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ABSTRACT 

While  optical  diagnostic  techniques  have  been  applied  with  great  success  to  the  fundamental  study  of  combustion 
chemistry  and  physics  in  the  laboratory,  the  challenges  afforded  by  real-world  propulsion  systems  demand  continuing 
innovation  if  such  techniques  are  to  be  adapted  and  transitioned  for  use  in  engineering  tests  and  on-board  monitoring 
and  control  applications.  This  paper  documents  continuing  efforts  to  transition  aerodynamic  measurement  technologies 
from  diagnostics-development  laboratories  to  combustor  test- and- evaluation  facilities  in  the  Propulsion  Directorate ’s 
Combustion  Branch  ( Turbine  Engine  Division).  Applications  of  various  optical  diagnostic  techniques  for  visualizing 
flowfields  and  quantifying  temperatures  and  key  species  concentrations  in  several  advanced  combustors  are  described. 
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1.0  INTRODUCTION 

Propulsion  systems  represent  a  substantial  fraction  of  the  cost,  weight,  and  complexity  of  Air  Force  aircraft, 
spacecraft,  and  other  weapon-system  platforms.  The  vast  majority  of  these  propulsion  systems  are  powered 
through  combustion  of  fuel;  therefore,  the  detailed  study  of  combustion  has  emerged  as  a  highly  relevant  and 
important  field  of  endeavor.  Much  of  the  work  performed  by  today’s  combustion  scientists  and  engineers  is 
devoted  to  the  tasks  of  improving  propulsion-system  performance  while  simultaneously  reducing  pollutant 
emissions.  Increasing  the  affordability,  maintainability,  and  reliability  of  these  systems  is  also  a  major  driver. 

While  improved  performance  can  be  described  quantitatively  in  many  terms  ( e.g .,  specific  fuel  consumption, 
thrust-to-weight  ratio,  etc.),  it  often  involves  efforts  to  increase  heat  release  during  the  combustion  process. 
Improvements  may  be  achieved  as  well  by  reducing  the  length  and/or  weight  of  the  combustor  through 
informed  design  decisions.  Engine  emissions  that  might  adversely  impact  the  environment  and  the  military 
signature  of  Air  Force  systems  must  be  reduced  while  striving  to  improve  performance.  Judicious  design  and 
control  of  the  combustor  can  significantly  impact  the  affordability,  maintainability,  and  reliability  of  the 
propulsion  system  by  extending  the  useful  life  of  engine  components  or  by  permitting  the  incorporation  of 
less-expensive  materials  in  combustor  construction,  for  example.  Pursuing  these  goals  requires  a  thorough 
understanding  of  the  fundamental  physics  and  chemistry  of  combustion  processes. 

The  Combustion  Branch  of  the  Air  Force  Research  Laboratory’s  Propulsion  Directorate  (Turbine  Engine 
Division)  has  adopted  a  philosophy  for  combustor-technology  development  aimed  at  achieving  these  goals. 
At  the  basic-research  level,  new  diagnostic  approaches  are  developed  and  tested  in  conjunction  with  extensive 
modeling-and-simulation  efforts.  Techniques  are  “cross-validated”  through  studies  of  fundamental 
combustion  processes  in  laboratory  rigs  that  provide  favorable  optical  conditions  while  remaining 
computationally  tractable.  Axisymmetric  burners  with  ample  optical  access  and  well-defined  boundary 
conditions  represent  such  test  articles.  The  measurement  and  computational  tools  designed,  tested,  and 
matured  through  this  basic  research  are  applied  subsequently  to  hardware  testing  and  evaluation.  Ultimately, 
sensor  platforms  based  on  these  diagnostic  approaches  and  algorithms  derived  in  part  from  the  combustion 
models  are  incorporated  for  on-board  propulsion-system  monitoring  and  control. 

Development,  demonstration,  and  application  of  laser-based  and  other  optical  diagnostic  techniques  are 
integral  elements  of  that  research  plan.  Advanced  measurement  techniques  that  exploit  lasers  and  optics  have 
become  well-established  tools  for  characterizing  combustion.1  Non-invasive  measurement  approaches  are 
often  ideally  suited  for  visualizing  complex  reacting  flowfields  and  quantifying  key  chemical-species 
concentrations  and  fluid-dynamic  parameters.  The  fundamental  information  these  techniques  provide  is 
essential  for  achieving  a  detailed  understanding  of  the  chemistry  and  physics  of  combustion  processes. 
Furthermore,  these  data  are  critical  for  validating  combustion  models  and  combustor-design  codes  with 
tremendous  potential  for  propulsion-system  development.  At  a  more  applied  level,  hardened  diagnostics 
provide  the  designer  with  performance  data  for  the  systems-engineering  process.  Diagnostics  also  promise  to 
play  an  important  role  in  fielded  propulsion  systems  as  elements  in  control  and  optimization  schemes. 

These  characteristics  of  optical  diagnostic  techniques  suggest  a  three-phased  evolutionary  process  for  their 
development  and  application.  In  the  first  phase,  emphasis  is  placed  on  the  diagnostic  technique  itself — on  the 
chemistry  and  physics  that  define  the  measurement  and  the  hardware  (sources,  optics,  detectors,  etc.)  and 
software  necessary  to  accomplish  that  measurement.  During  this  phase  of  the  process,  a  research-grade 
instrument  is  typically  employed  to  study  a  well-characterized  flowfield  in  a  laboratory  environment.  While 
this  phase  of  the  diagnostics-development  process  is  certainly  essential  and  exciting,  the  ultimate  utility  of  a 
diagnostic  technique  is  significantly  limited  if  it  never  sees  application  beyond  the  laboratory. 
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During  the  second  phase  of  the  process,  a  hardened  version  of  the  research-grade  instrument  is  applied  to 
achieving  measurements  in  an  engineering  facility.  The  emphasis  in  this  phase  shifts  from  the  diagnostic 
technique  to  the  engineering  application.  In  the  third  phase,  a  miniaturized  and  robust  diagnostic  device  is 
incorporated  into  the  final  product,  such  as  an  actual  gas  turbine  engine,  for  on-board  sensing  and  control. 

The  transitions  from  laboratory  to  facility  to  fielded  systems  are  fraught  with  significant  challenges  that  must 
be  addressed.  During  the  laboratory  phase  of  diagnostics  development,  conditions  are  typically  ideal  and  well 
controlled.  They  might  involve  vibrationally  isolated  laser  tables,  humidity-  and  temperature-controlled 
environments,  and  sufficient  space  to  accommodate  sources,  optics,  mounts,  and  detectors  required  to  achieve 
the  desired  measurement.  Test  articles  often  feature  ample  optical  access  and  support  clean-burning,  gas- 
fueled,  laminar  flames  operating  under  atmospheric  or  sub-atmospheric  conditions.  In  contrast,  facilities 
applications  involve  conditions  characteristic  of  actual  engine  hardware.  Challenges  include  extreme 
environmental  conditions  (heat,  vibration,  acoustics,  etc.),  limited  optical  access,  tight  geometric  constraints, 
little  operational  space,  fully  developed  turbulence,  two-phase  flows,  soot  formation,  high  pressure,  collisional 
quenching,  energy  redistribution,  optical  thickness,  beam  steering,  high  background  luminosity,  and  scattering 
and  spectral  interferences.  These  challenges  are  amplified  on  moving  from  the  facility  to  the  on-board 
environment.  Successful  transitions,  first  from  the  laboratory  to  the  facility  and  then  from  the  facility  to  the 
field,  require  thoughtful  attention  to  these  issues. 

This  paper  continues  with  descriptions  of  three  specific  scenarios  in  which  optical  diagnostics  have  been 
applied  to  assess  the  performance  and  impact  the  design  of  next-generation  combustors  and  fuels  through 
ground  testing.  These  applications  and  other  opportunities  for  ground-test  and  on-board  applications  will  be 
discussed  in  the  briefing  that  accompanies  this  paper. 


2.0  FLOW  VISUALIZATION  IN  THE  TRAPPED-VORTEX  COMBUSTOR  (TVC) 

Experimental  and  computational  techniques  for  the  visualization  of  fluid  flows  have  emerged  as  essential 
tools  for  increasing  our  understanding  of  the  physics  and  chemistry  of  these  flows.  Indeed,  many — if  not 
most — of  the  breakthroughs  in  fluid  mechanics  and  dynamics  can  be  attributed  to  the  understanding  achieved 
through  imaging  of  the  various  multidimensional  structures  in  fluid  flow.  High-speed  digital  imaging,  planar 
laser-induced  fluorescence  (PLIF),  particle-image  velocimetry  (PIV),  coherent-structure  velocimetry  (CSV), 
and  laser-induced  incandescence  (LII)  are  amongst  the  diagnostic  tools  routinely  employed  for  two- 
dimensional  flow  visualization  in  the  test  facilities  of  the  Combustion  Branch. 

The  unique  geometry  of  the  TVC  has  been  designed  to  bring  improved  overall  performance,  enhanced 
stability,  and  reduced  pollutant  emissions  to  current  and  next-generation  propulsion  systems.2,3  It  also 
promises  benefits  in  terms  of  combustor  length  and  pressure  drop.  The  key  features  of  the  TVC  design  are 
evident  in  Fig.  1,  which  depicts  a  natural-gas-fueled  TVC  sector  operating  at  atmospheric  pressure.  Cavities 
at  the  top  and  bottom  of  the  sector  promote  aerodynamic  trapping  of  a  combusting  vortex.  Injection  of  fuel 
and  air  into  these  cavities  maintains  continuous  pilot  flames  therein,  enhancing  fuel-air  mixing  and  flame 
stability.  These  trapped  pilot  flames  interact  with  the  main  fuel/air  flow  situated  between  the  two  cavities. 

Ongoing  testing  of  various  TVC  sectors  is  aimed  at  establishing  design  rules  and  assessing  the  performance 
impacts  of  such  drivers  as  cavity  and  main  geometry,  fuel-injector  design  and  placement,  and  air  flow. 
Enhanced  mixing  techniques  aimed  at  reducing  pollutant  emissions  and  combustor  size  are  also  under  study. 
These  efforts  are  supported  by  flow  visualization  achieved  through  high-speed  digital  imaging,  PLIF,  PIV, 
and  CSV. 
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Figure  1.  Natural-gas-fueled  TVC  sector  operating 
at  atmospheric  pressure.  Flow  is  from  right  to  left. 


High-speed  digital  images  of  the  TVC  have  been  acquired  using  a  Phantom  v5.0  CMOS-based  high-framing- 
rate  digital  camera  provided  by  Photo-Sonics  International  Ltd.  During  this  study,  the  camera  was  operated  at 
11,200  frames  per  second  (fps)  with  a  resolution  of  256x256  pixels  and  an  exposure  time  of  10  ps.  Frame 
captures  of  the  normalized  flame  luminosity  in  a  JP-8-fueled  TVC  sector  operating  at  pressures  of  8.5  and  12 
atm  are  depicted  in  Fig.  2.  These  high-speed  visualizations  provide  real-time  feedback  during  TVC  testing 
regarding  the  flow  pattern  and  flame  distribution  within  the  cavities  and  main  sections  of  the  combustors. 
Exposure  times  as  low  as  10  ps  enable  flow  freezing  not  achievable  through  conventional  videography. 

When  viewed  in  a  time-correlated  sequence,  such  images  clearly  show  vortical  flame  structures  in  the  upper 
and  lower  cavities.  These  vortices  act  as  flame  holders  that  promote  flame  stability  and  enhance  fuel-air 
mixing  by  increasing  the  turbulence  level  and  the  residence  time. 


Figure  2.  Flame  luminosity  captured  with  a  high-speed  digital  camera  from  a 
JP-8-fueled  TVC  sector  operating  at  8.5  atm  (left)  and  12  atm  (right). 
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While  high-speed  digital  imaging  provides  a  qualitative  description  of  flame  location  and  dynamics,  PLIF  can 
be  used  to  visualize  specific  flame  species.  This  yields  a  more  accurate  measurement  of  flame  location  and 
eliminates  the  spatial  ambiguity  associated  with  line-of-sight  averaging.  In  the  current  work,  PLIF  of  the 
hydroxyl  radical  (OH)  was  accomplished  by  exciting  the  Ri(8)  transition  of  the  (1,0)  band  in  the  A-X  system. 
The  requisite  281.3414-nm  laser  sheet  was  generated  using  the  frequency-doubled  output  of  a  Nd:YAG- 
pumped  dye  laser,  and  fluorescence  from  the  A-X  (1,1)  and  (0,0)  bands  was  detected  using  an  intensified 
charge-coupled  device  (ICCD)  camera  equipped  with  a  UG-11  and  two  WG-295  colored  glass  filters  to 
reduce  visible  and  laser-scattered  light,  respectively. 

OH-PLIF  images  were  acquired  in  a  natural-gas-fueled  TVC  sector  for  a  number  of  fuel-injection 
configurations.  Injection  in  the  cavity  and  main  sections  produces  the  flame  pattern  in  Fig.  3.  The  flame 
pattern  obtained  in  the  lower  cavity  through  fuel  injection  in  the  cavity  alone  is  depicted  in  Fig.  4.  These  data 
are  employed  to  verify  calculations  using  a  conventional  k-s-based  CFD  code  with  chemistry. 


Figure  3.  OH-PLIF  signal  obtained  in 
the  lower  cavity  of  a  natural-gas-fueled 
TVC  with  fuel  injection  in  the  cavity 
and  main  sections. 


Figure  4.  OH-PLIF  signal  obtained  in 
the  lower  cavity  of  a  natural-gas-fueled 
TVC  with  fuel  injection  in  the  cavity 
alone. 


Velocimetry  data  have  been  acquired  to  complement  these  flame  visualizations.  PIV  was  achieved  using  a 
dual-image,  digital  cross-correlation  configuration  with  two  Nd:YAG  lasers  and  a  dual-frame  Kodak  ES4 
2000x2000  pixel  CCD  camera.  Vectors  were  computed  using  a  dPIV  code  developed  by  AFRL  and 
Innovative  Scientific  Solutions,  Inc.,  using  16x16  pixel  interrogation  regions  and  75%  overlap.  An  average  of 
five  image  pairs  was  employed  to  generate  the  data  in  Fig.  5,  which  compare  the  velocities  determined  by  PIV 
in  the  lower  cavity  of  the  TVC  sector  with  those  computed  using  a  commercial  CFD  package. 

The  short-exposure  images  acquired  with  the  high-speed  digital  camera  can  also  be  used  to  estimate  flow 
velocities  subject  to  certain  assumptions  using  CSV.  This  involves  several  image-processing  steps,  including 
the  generation  of  isoline  contours  to  define  structure  boundaries,  the  selection  of  an  optimal  interrogation 
window  and  overlap  parameter,  and  cross-correlation  between  image  pairs  for  determination  of  the  local 
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displacement  vectors.  It  must  be  stressed  that  CSV  in  combusting  flows  cannot  provide  a  true  measure  of 
convective  velocity  due  to  inherent  non-convective  flame-intensity  variations.  Nonetheless,  slowly  varying 
flame  structures  can  provide  a  qualitative  picture  of  the  flow  structure.  Such  a  technique  can  be  highly 
valuable  for  flow  analysis  on-demand  and  can  supplement  more  difficult,  laser-based  methods  such  as  PIV. 
The  latter  is  valuable  for  quantitative  velocimetry  and  code  validation,  but  it  is  not  conducive  to  continuous 
operation  due  to  window  fouling  and  seed  build-up  in  small  passages. 

The  CSV  image  in  Fig.  6  depicts  the  combusting  flow  pattern  with  a  cavity  geometry  very  similar  to  that  in 
which  the  PIV  data  of  Fig.  5  were  acquired.  Qualitative  agreement  between  the  two  velocity  fields  is  quite 
good. 


Figure  5.  Comparison  of  PIV  data 
(white  vectors)  and  CFD  data  (red 
vectors)  acquired  in  the  lower  cavity  of 
a  TVC  sector  under  non-combusting 


Figure  6.  CSV  data  overlayed  on  a 
high-speed  digital  image  of 
combustion  in  the  lower  cavity  of  a 
TVC  sector. 


3.0  SIMULTANEOUS  PLANAR  LII,  OH  PLIF,  AND  DROPLET  MIE 
SCATTERING  IN  A  CFM56-BASED  MODEL  COMBUSTOR 

Swirl-stabilized  liquid-spray  injectors  are  commonly  used  in  gas-turbine  engines  to  achieve  compact,  stable, 
and  efficient  combustion.  The  flowfield  in  the  primary  zone  of  such  a  spray  flame  is  characterized  by  high 
shear  stresses  and  turbulent  intensities  that  result  in  vortex  breakdown  and  large-scale  unsteady  motions.4,5 
These  unsteady  motions  are  known  to  play  a  key  role  in  the  formation  of  pollutant  emissions  such  as  carbon 
monoxide  (CO),  nitric  oxide  (NO),  and  unburned  hydrocarbons  (UHC).6'8  Considerably  less  is  known, 
however,  about  the  mechanisms  that  lead  to  soot  formation  in  swirl-stabilized,  liquid-fueled  combustors. 
Previous  investigations  have  relied  on  exhaust-gas  measurements  and  parametric  studies  to  gain  insight  into 
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the  effects  of  various  input  conditions  on  soot  loading.9'12  Much  of  the  fundamental  knowledge  concerning 
soot  formation  is  derived  from  investigations  of  laminar  diffusion  flames,13'15  with  only  a  limited  number  of 
studies  having  focused  on  unsteady  effects.16,17  The  importance  of  considering  unsteadiness  and  fluid-flame 
interactions  was  demonstrated  by  Shaddix  et  al., 17  who  found  that  a  forced  methane/air  diffusion  flame 
produced  a  four- fold  increase  in  soot  volume  fraction  (as  a  result  of  increased  particle  size)  as  compared  with 
a  steady  flame  having  the  same  mean  fuel-flow  velocity. 

The  goal  of  the  current  investigation  is  to  study  soot  formation  in  the  highly  dynamic  environment  of  a  swirl- 
stabilized,  liquid-fueled  combustor.  This  is  accomplished  using  simultaneous  imaging  of  the  soot  volume 
fraction,  hydroxyl-radical  (OH)  distribution,  and  droplet  pattern  in  the  primary  reaction  zone  using  laser- 
induced  incandescence  (LII),  OH  planar  laser-induced  fluorescence  (PLIF),  and  droplet  Mie  scattering, 
respectively.  The  utility  of  LII  for  two-dimensional  imaging  of  soot  volume  fraction  has  been  demonstrated  in 
laboratory  investigations18,19  as  well  as  in  aircraft  engine  exhausts.12,13  Brown  et  al.20  performed  planar  LII  for 
soot-volume-fraction  imaging  in  the  reaction  zone  of  a  gas-turbine  combustor;  their  preliminary 
measurements  employed  LII  alone  for  demonstration  purposes  and  did  not  image  the  turbulent  flame  structure 
near  the  exit  of  the  swirl  cup.  In  the  current  work,  we  extend  the  work  of  Brown  et  al.20  by  performing  LII  at 
the  exit  of  the  swirl  cup  and  by  adding  OH  PLIF  and  Mie  scattering  diagnostics. 

The  use  of  OH  as  a  flame  marker  is  typical  in  studies  of  soot  formation  in  diffusion  flames  because  of  its  close 
correlation  with  flame  temperature.21,22  It  has  also  been  employed  in  a  number  of  investigations  of  swirl- 
stabilized  combustors.23,24  The  use  of  laser-saturated  OH  LIF  for  quantitative  measurements  has  also  been 
demonstrated,25,26  although  saturation  is  quite  difficult  in  the  case  of  planar  measurements.  In  the  current 
investigation,  we  demonstrate  qualitative  measurements  in  the  recirculation  region  using  excitation  levels  well 
below  saturation.  OH-PLIF  measurements  in  the  liquid-spray  region  are  more  uncertain  because  of 
simultaneous  droplet  scattering  and  non-equilibrium  conditions,  although  meaningful  measurements  are 
possible  with  careful  consideration  of  potential  errors.  Mie  scattering  from  large  droplets,  which  appears  in 
the  OH  images  but  does  not  preclude  signal  interpretation,  is  used  to  a  limited  extent  as  a  spray  diagnostic.  As 
shown  in  Fig.  7,  the  experimental  set-up  includes  an  Nd:YAG  for  saturated  LII  at  532  nm  and  a  narrowband 
dye  laser  for  OH  PLIF  using  the  Qi(9)  line  in  the  1-0  band  of  the  A-X  system. 


Figure.  7.  Simultaneous  OH  PLIF  and  LII  in  atmospheric-pressure, 
swirl-stabilized,  JP8-fueled,  model  gas-turbine  combustor. 


The  injector  geometry  and  sample  instantaneous  OH-PLIF  images  for  JP-8  and  a  non-aromatic  liquid  fuel  are 
shown  in  Fig.  8  at  an  equivalence  ratio  of  0.8.  Such  images  provide  a  clear  indication  of  the  intermittency 
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within  the  primary  flame  zone  and  are  useful  for  characterizing  the  statistical  behavior  in  terms  of  probability 
density  functions.  It  is  found,  for  example,  that  large-scale  structures  play  a  key  role  in  the  soot  formation 
process.  Intermittent  regions  of  rich  premixed  fuel  and  air  develop  between  the  primary  flame  layer  and 
recirculation  zone  that  serve  as  sites  for  soot  inception.  The  rate  of  soot  production  is  dependent  upon  the 
frequency  and  spatial  extent  of  these  regions,  while  the  rate  of  soot  oxidation  is  dependent  upon  the 
availability  of  oxygen  and  OH  in  the  primary  zone  and  recirculation  region.  Hence,  the  overall  soot  volume 
fraction  is  highly  sensitive  to  the  dynamics  of  the  injection  process  as  well  as  to  the  local,  unsteady 
equivalence  ratio.  The  importance  of  the  former  is  highlighted  by  differences  in  the  vaporization  and  soot 
formation  characteristics  of  JP-8  versus  non-aromatic  fuels,  as  shown  in  Figs.  8(b)  and  2(c). 


(a)  (b)  (c) 


Figure  8.  (a)  Dual-radial  swirl  cup  with  center-mounted 
pressure-swirl  injector,  (b)  primary  zone  with  JP-8  at  <|>  =  0.8, 
and  (c)  primary  zone  with  non-aromatic  fuel  at  $  =  0.8. 

In  studies  of  soot-mitigating  additives,  performed  in  collaboration  with  the  Fuels  Branch  of  ARFL,  the 
simultaneous  OH-PLIF  and  LII  measurements  were  used  to  determine  whether  changes  in  soot  production 
result  from  changes  in  the  chemical  or  physical  properties  of  the  fuel.  Figures  9(a)  and  9(b)  demonstrate  the 
ability  of  the  current  measurement  system  to  track  local  equivalence  ratio  and  soot  production,  respectively. 
Using  a  droplet- free  region  in  the  recirculation  zone,  the  time-  and  spatially  averaged  OH-PLIF  signal  is 
plotted  with  respect  to  equivalence  ratio  and  compared  with  an  equilibrium  calculation.  This  provides  a 
calibration  for  JP-8  that  can  be  used  qualitatively  to  track  changes  in  equivalence  ratio.  The  data  in  Fig.  9(a) 
include  corrections  for  the  effects  of  collisional  quenching  and  Boltzmann-fraction  variations  on  the  OH-PLIF 
signal.  The  LII  data  in  Fig.  9(b)  show  an  exponential  increase  of  the  soot  volume  fraction  in  the  primary  zone 
with  respect  to  equivalence  ratio.  A  subsequent  test  using  an  increased  LH-gate  period  demonstrates  minimal 
particle-size  bias  and  measurement  repeatability.  Note  that  the  exhaust-gas  sampling  probe  displays  a 
threshold  effect  at  about  §  =  1.0  below  which  soot  in  the  exhaust  is  effectively  oxidized  by  OH  and  02  due  to 
long  residence  times. 

Since  the  dependence  of  soot  on  equivalence  ratio  is  exponential,  slight  changes  in  equivalence  ratio  could 
easily  be  mistaken  for  changes  in  soot  particle  counts  in  the  exhaust  stream.  This  highlights  the  importance  of 
tracking  equivalence  ratio  while  performing  studies  of  soot-mitigating  additives.  An  example  is  shown  in  Fig. 
10  where  methyl  acetate  is  added  to  the  fuel  during  a  test.  Note  the  large  decrease  in  soot  volume  fraction 
during  methyl-acetate  addition,  as  measured  by  LII;  this  corresponds  to  a  large  decrease  in  particle  counts 
from  the  sampling  probe.  Note  also  the  increase  in  OH-PLIF  signal  that,  according  to  the  results  of  Fig.  9(a), 
indicates  that  the  fuel  mixture  is  becoming  leaner.  A  certain  ambiguity  exists,  however,  because  the  final 
equivalence  ratio  could  lie  on  either  side  of  the  peak  OH  signal.  Using  the  exponential  fit  to  the  data  in  Fig. 
9(b),  however,  the  change  in  LII  signal  corresponds  to  an  equivalence  ratio  that  is  slightly  on  the  rich  side  of 
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Figure  9.  (a)  Fit  of  OH  data  in  recirculation  region  with 
equilibrium  calculations  and  (b)  comparison  of  normalized 
soot  volume  fraction  in  primary  zone  with  particle  counts  in 
the  exhaust  stream. 


the  OH  peak.  An  overall  equivalence-ratio  decrease  of  0.123  due  to  methyl-acetate  addition  is  measured  to 
within  1%  for  both  the  OH-PLIF  and  LII  data  and  to  within  10%  of  flow  calculations.  The  agreement 
between  OH-PLIF  and  LII  data  indicates  that  methyl  acetate  in  the  current  study  did  not  have  an  effect  on  soot 
production,  except  for  its  effect  on  equivalence  ratio.  One  can  envision,  therefore,  the  use  of  a  combined  LIF 
and  LII  system  to  track  the  performance  of  soot-mitigating  additives  without  uncertainties  in  equivalence 
ratio. 


Figure  10.  Drop  in  soot  due  to  methyl  acetate 
addition  corresponds  to  decrease  in  <|>  as 
verified  by  OH  PLIF. 


4.0  TRANSIENT-GRATING  THERMOMETRY  IN  THE  TVC 

Laser-induced  transient  or  dynamic  gratings  have  an  established  diagnostic  history  for  measurement  of  a  wide 
range  of  physical  properties,  including  fast-carrier  lifetimes,  diffusion  rates,  and  temperature.  Transient¬ 
grating  spectroscopy  (TGS)  has  been  repeatedly  demonstrated  as  a  technique  that  is  suitable  for  application  in 
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hydrocarbon-air  flames.27,28  In  particular,  single-shot  thermometry  has  been  demonstrated  under  various 
combustion  conditions.28  The  coherent  signal  is  generated  by  Bragg  scattering  a  continuous-wave  probe  beam 
from  a  laser-induced  refractive-index  grating  that  is  established  through  the  spatial  and  temporal  overlap  of 
two  pump  beams  derived  from  the  same  pulsed  laser.29  The  index  grating  is  established  through 
electrostriction  or  optical  absorption  and  subsequent  molecular  collisions  that  transfer  the  absorbed  energy  to 
translational  motion.  The  time-resolved  signal  appears  as  a  damped  sinusoidal  oscillation.  The  oscillation 
frequency  is  determined  by  the  grating  spacing  and  the  local  speed  of  sound,  which,  in  turn,  is  a  function  of 
temperature.  Extraction  of  the  temperature  from  the  measured  sound  speed  requires  some  knowledge  of  the 
ratio  of  the  molecular  mass  to  the  specific  heat  ratio.  For  hydrocarbon-air  combustion,  this  ratio  is  a  very 
weak  function  of  the  exact  mixture  fraction  and  temperature.28  Consequently,  a  reasonable  estimate  of  the 
value  of  the  ratio  leads  to  accurate  temperature  measurements,  which  are  easily  accomplished  and  render  the 
technique  applicable  under  a  wide  range  of  combustion  conditions. 

Execution  of  the  transient-grating  technique  requires  three  incident  beams  from  two  laser  sources — a  pulsed 
pump  laser  and  a  continuous-wave  probe  laser.  The  output  of  the  pump  laser  is  split  into  two  beams  of  equal 
intensity  that  are  crossed  at  a  small  angle.  The  spatial  and  temporal  overlap  of  the  pump  beams  creates  an 
optical-intensity  pattern  that  couples  a  very  small  amount  of  energy  via  electrostriction  or  absorption  into  the 
test  region,  thereby  modifying  the  local  index  of  refraction.  The  probe  laser  beam — incident  at  the  Bragg 
scattering  angle — is  reflected  by  the  spatially  modulated  index  grating  and  detects  the  time  evolution  of  the 
grating.  (A  schematic  of  the  incident-beam  arrangement  is  shown  in  Figure  11.)  The  grating  structure  in  the 
fluid  returns  to  local  equilibrium  through  acoustic  and  thermal  modes.  The  counter-propagating  acoustic 
modes  alternately  interfere  constructively  and  destructively.  This  imposes  a  temporal  modulation  on  the 
signal,  the  period  of  which  is  determined  by  the  local  speed  of  sound  and  the  grating  spacing.  Since  the  speed 
of  sound  is  a  function  of  temperature,  the  technique  provides  thermometry  with  high  spatial  resolution. 


Signal  Beam 


Propagating 
Sound  Wave 


Probe  Beam  (532  nm) 


Figure  11.  Schematic  of  incident-beam  arrangement  for 
TVC  measurements.  Note  probe  and  signal  beams  were 
slightly  out-of-plane  with  respect  to  pump  beams. 
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As  part  of  our  continuing  effort  to  develop  and  apply  this  technique,  transient  grating  thermometry  has  been 
performed  in  the  rich  flame  zone  of  a  TVC  operating  under  turbulent,  pressurized,  JP-8-fueled  conditions. 
Measurements  were  accomplished  at  pressures  of  50,  75,  and  100  psi  with  local  equivalence  ratios  in  the 
range  1-1.25.  The  pump  beams  were  derived  from  the  565-nm  output  of  a  Nd:YAG-pumped  dye  laser.  The 
cw  output  of  a  vanadate  laser  (532  nm)  provided  the  probe  beam.  While  the  pump  lasers  were  not  tuned  to  a 
particular  molecular  resonance,  the  detected  signals  showed  clear  signs  of  thermalization  and  the  absence  of 
nonresonant  electrostriction.  Soot  particles  and  soot  precursors  are  the  likely  absorbers  responsible  for  signal 
generation.  Beam  steering  was  clearly  evident  in  the  form  of  variable  pointing  and  random  spatial  modulation 
of  the  exiting  beams.  Due  to  such  adverse  affects,  signal  was  not  obtained  on  all  laser  shots;  however,  useful 
signals  were  generated  with  sufficient  frequency  to  permit  meaningful  temperature  measurements. 

A  typical  single-shot  signal  is  depicted  in  Fig.  12.  Four  oscillations  are  clearly  seen.  (We  have  found  in 
practice  that  only  three  rings  are  needed  for  precise  temperature  determination.)  The  power  spectrum 
corresponding  to  this  signal  is  shown  in  Fig.  13.  It  is  dominated  by  two  features:  a)  the  Rayleigh  peak 
centered  at  zero  frequency  associated  with  the  non-propagating  thermal  mode  and  b)  the  Brillouin  feature 
associated  with  the  counter-propagating  acoustic  modes.  Temperature  is  extracted  from  each  analyzed  single¬ 
shot  signal  through  numerical  determination  of  the  peak  of  the  Brillouin  feature  in  the  power  spectrum. 


Transient  Grating  Spectroscopy 


Figure  12.  Single-shot  TGS  signal  acquired  in  the  rich 
flame  zone  of  a  TVC  operating  under  turbulent, 
pressurized  (75  psi),  JP-8-fueled  conditions. 

In  one  particular  data-collection  run,  the  TVC  was  operated  with  the  cavity  slightly  rich  (equivalence  ratio  of 
—  1.1)  at  100  psi.  Signal  from  1300  sequential  laser  shots  was  recorded  at  this  condition.  Roughly  one-third 
of  the  single-shot  signals  were  found  to  be  legitimate  analyzable  TGS  signals;  the  remainder  were  found  to  be 
compromised  by  electronic  noise  (low  S/N)  or  beam  steering.  Down-selection  of  signals  to  be  analyzed  was 
performed  in  a  two-step  process.  Each  time-domain  signal  was  first  examined  to  ensure  that  the  peak  signal 
location  fell  within  a  meaningful  delay  with  respect  to  the  arrival  of  the  pump  beams.  (The  delay  is  associated 
with  the  dynamics  of  the  grating  formation.)  After  zero  padding,  each  power  spectrum  was  constructed  using 
standard  FFT  routines,  and  the  ratio  of  the  amplitude  of  the  Brillouin  peak  to  that  of  the  Rayleigh  peak  was 
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TGS  Power  Spectrum 


then  determined.  Spectra  that  exhibited  ratios  >0.005  were  then  analyzed  in  detail.  The  Brillouin  feature  of 
the  down-selected  set  of  456  power  spectra  was  fit  using  a  fourth-order  polynomial  to  find  the  peak.  The 
corresponding  temperatures  are  presented  as  a  histogram  in  Fig.  14.  The  mean  value  of  the  temperature  is 
2260  K  and  is  quite  comparable  to  the  adiabatic-flame-temperature  values  for  decane  and  dodecane 
(sometimes  considered  to  be  single-component  surrogates  for  JP-8)  of  2200  and  2300  K,  respectively.  The 
breadth  of  the  histogram  largely  reflects  the  local  dynamic  nature  of  the  reaction  zone  as  pockets  of  fluid  in 
different  relative  states  of  combustion  maturity  pass  through  the  probe  volume. 
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Figure  14.  Temperature  histogram  constructed  through 
analysis  of  456  single-shot  signals  acquired  in  a  TVC 
operating  at  a  pressure  of  100  psi. 
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The  width  of  the  Rayleigh  feature  is  determined  by  the  local  thermal  diffusivity  and  the  width  of  the  Brillouin 
feature  is  proportional  to  the  acoustic  damping  coefficient  that  has  contributions  from  thermal  and  mass 
diffusion,  sheer  and  bulk  viscosity.  The  width  of  these  features  is  easily  determined  via  fitting  with  power 
spectral  functions  found  in  the  literature,  permitting  extraction  of  values  for  the  thermal  diffusivity  and 
acoustic  damping  coefficient.  For  power  spectra  that  exhibit  temperatures  near  the  peak  of  the  temperature 
histogram  (-2200  ±  300  K),  the  extracted  thermal  diffusivity  is  found  to  vary  by  -18%  shot-to-shot  while  the 
acoustic  damping  coefficient  varies  by  -70%.  Both  the  measured  thermal  diffusivity  and  acoustic  damping 
coefficient  are  larger  than  the  corresponding  values  calculated  using  the  output  of  an  equilibrium  flame  code 
that  accounts  only  for  the  gas  species  present  and  not  for  soot.  The  difference  between  the  measured  and 
calculated  values  probably  reflects  the  soot  loading  in  the  rich  reaction  zone.30  Our  current  efforts  are  aimed 
at  quantifying  the  contribution  of  soot  to  these  transport  properties. 


5.0  CONCLUSION 

Tremendous  time  and  energy  have  been  invested  throughout  the  research  community  in  the  development  of 
advanced  optical  diagnostics  for  the  fundamental  study  of  combustion  chemistry  and  physics.  The  techniques 
developed  for  these  important  basic-research  activities  also  have  enormous  potential  for  impacting  the  design, 
development,  test,  evaluation,  operation,  and  maintenance  of  current  and  next-generation  propulsion  systems 
when  those  techniques  are  transitioned  from  the  laboratory  to  the  test  facility  and  ultimately  to  the  field. 

This  paper  summarizes  some  recent  efforts  to  transition  diagnostics  for  use  in  the  combustor-test  facilities  of 
the  Combustion  Branch  at  Wright-Patterson  Air  Force  Base.  Various  techniques  for  flow  visualization, 
including  high-speed  digital  imaging,  PLIF,  PIV,  CSV,  and  LII,  as  well  as  methods  for  measuring 
temperatures,  species,  and  equivalence  ratio  have  been  applied  in  these  facilities. 
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A  new  diode-laser-based  UV-absorption  sensor  for  high-speed  detection  of  the  hydroxyl  radical  (OH)  is  de¬ 
scribed.  The  sensor  is  based  on  sum-frequency  generation  of  UV  radiation  at  313.5  nm  by  mixing  the  output 
of  a  763-nm  distributed-feedback  diode  laser  with  that  of  a  532-nm  high-power,  diode-pumped,  frequency- 
doubled  Nd:YV04  laser  in  a  /3-barium  borate  crystal.  Approximately  25  julW  of  UV  radiation  is  generated 
and  used  to  probe  rotational  transitions  in  the  A2X+-A2 II  (v'  =  0,  v"  =  0)  electronic  transition  of  OH.  Single¬ 
sweep,  single-pass  measurements  of  temperature  and  OH  concentration  in  a  stoichiometric  C2H4-air  flame 
are  demonstrated  at  rates  up  to  20  kHz.  ©  2005  Optical  Society  of  America 
OCIS  codes:  120.1740,  190.1900,  300.1030,  300.6260,  300.6540. 


A  number  of  tunable  diode-laser  absorption  spectros¬ 
copy  systems  developed  for  detection  of  the  hydroxyl 
radical  (OH)  have  amply  demonstrated  the  utility  of 
these  compact,  rugged  sensors  for  combustion 
diagnostics.  7  Previous  OH  sensors  have  focused  on 
rovibrational  transitions  in  the  near-IR1-3  and 
mid-IR4  or  on  electronic  transitions  in  the  UV.5-7  UV 
detection  of  flame  radicals  is  optimal  because  of  the 
large  absorption  cross  sections  of  the  electronic  tran¬ 
sitions  and  because  interference  from  other  major 
combustion  products  (e.g.,  H20,C02)  is  eliminated. 
In  recent  work,  nonlinear  optics  techniques  for  gen¬ 
erating  UV  radiation  have  been  demonstrated  in  re¬ 
alistic  combustion  environments.8  However,  previous 
UV  and  IR  tunable  diode-laser  absorption  spectros¬ 
copy  measurements  of  OH  have  been  limited  to  slow 
speeds  (0.05-1  Hz)  because  of  time  averaging  or 
lock-in  detection.  For  high-speed  measurements  in 
unsteady  flames,  previous  investigations  required 
the  use  of  picosecond  time-resolved  laser-induced 
fluorescence.9  By  implementing  a  sum-frequency¬ 
mixing  scheme  with  a  newly  available  distributed- 
feedback  (DFB)  diode  laser,  we  are  able  to  generate 
UV  radiation  with  tuning  rates  up  to  20  kHz.  We  de¬ 
scribe  in  this  Letter  the  development  of  a  compact 
diode-laser-based  UV-absorption  sensor  for  high¬ 
speed,  quantitative,  in  situ  measurements  of  OH  con¬ 
centration  and  temperature  in  flames. 

The  experimental  layout  of  the  OH  sensor  is  shown 
in  Fig.  1.  The  entire  optical  system  was  mounted  on  a 
61  cm  X  61  cm  optical  breadboard.  We  generated  UV 
laser  radiation  near  313.5  nm  by  sum-frequency  mix¬ 
ing  the  output  of  a  high-power,  diode-pumped, 
frequency-doubled  Nd:YV04  laser  at  532  nm  with 
the  output  of  a  tunable  DFB  diode  laser  at  763  nm  in 
a  /3-barium  borate  crystal.  A  half-wave  plate  and  po¬ 
larizer  combination  was  used  to  attenuate  the  high- 
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power  532-nm  beam  during  alignment,  and  half¬ 
wave  plates  in  both  beam  paths  allowed  rotation  of 
the  polarization  to  vertical,  as  required  for  type  I 
phase  matching.  After  passing  through  a  Faraday 
isolator,  the  763-nm  beam  was  upcollimated  with  a 
telescope  (/*=  -100  mm  and  f=  200  mm)  to  match  the 
spot  size  and  focal  point  of  the  532-nm  beam  in  the 
5  mm  X  7  mm  X  6  mm  crystal.  The  two  beams  were 
overlapped  and  focused  into  the  crystal  with  an  f 
=  50  mm  BK7  lens,  and  the  UV  output  was  recolli¬ 
mated  with  an  f=  50  mm  fused-silica  lens.  Typically, 
an  estimated  25  pt W  of  UV  radiation  was  generated 
in  the  crystal  with  powers  of  10  W  and  35  mW  for  the 
532-  and  763-nm  lasers,  respectively.  The  UV  output 
was  then  separated  from  the  fundamental  beams 
with  two  dichroic  mirrors,  and  the  residual  763-  and 
532-nm  laser  radiation  was  eliminated  by  narrow- 
band  interference  filters  centered  at  313  nm.  The 
alignment  procedure  for  a  similar  system  is  described 
by  Hanna  et  al. 10 


Fig.  1.  Optical  layout  for  the  OH  sensor  system:  BBO, 
/3-barium  borate  crystal;  BD,  beam  dump;  BS,  beam  split¬ 
ter;  FC,  fiber  collimator;  FO,  fiber-optic  cable;  HWP,  half- 
wave  plate;  IF,  interference  filter;  ISO,  isolator;  L,  lens;  P, 
polarizer;  PD,  photodiode. 
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A  beam  splitter  was  used  to  reflect  30%  of  the  UV 
output  into  a  reference  detector.  The  remaining  70% 
was  coupled  into  a  2-m-long,  0.6-mm-core  fused-silica 
fiber,  pitched  across  the  flame,  sent  through  an  inter¬ 
ference  filter,  and  focused  onto  a  second  detector  with 
an  f-1 5  mm  fused-silica  lens.  Both  detectors  were 
UV-enhanced  silicon  p-i-n  photodiodes  built  into  a 
transimpedance  amplifier  circuit.  The  voltage  output 
from  each  detector  was  filtered  and  amplified  with  a 
low-pass  electronic  preamplifier-filter  before  being 
acquired  on  a  personal  computer  with  a  10-MHz  ana¬ 
log  input-output  card  and  Lab  VIEW  software.  An 
etalon  with  a  free  spectral  range  of  2  GHz  was  em¬ 
ployed  to  monitor  the  frequency  of  the  DFB  laser  dur¬ 
ing  scanning. 

Raw  data  were  processed  in  a  manner  similar  to 
that  employed  in  Ref.  8,  in  which  the  ratio  of  the  volt¬ 
ages  from  the  signal  and  reference  detectors  during  a 
scan  in  the  flame  was  normalized  by  the  ratio  of  the 
voltages  from  the  signal  and  reference  detectors  dur¬ 
ing  air  scans  acquired  immediately  after  the  flame 
was  extinguished.  We  accounted  for  photodiode-bias 
and  flame-emission  offsets  by  subtracting  the  base¬ 
line  voltage  of  each  detector  from  the  raw  signals  be¬ 
fore  processing.  The  etalon  output  was  used  to  con¬ 
vert  the  processed  data  from  time  to  frequency 
domain  for  spectral  fitting. 

Measurements  of  OH  were  performed  in  a  steady, 
flat,  uniform,  near-adiabatic  C2H4-air  flame  stabi¬ 
lized  on  a  Hencken  burner.  The  DFB  laser  was  tuned 
to  762.96  nm  to  produce  UV  radiation  in  resonance 
with  the  P2(10)  line  in  the  (v'  =  0,  v"  =  0)  band  of  the 
A2 2+-A2n  electronic  transition  of  OH  at  313.526  nm 
(31  895.31  cm-1).  We  scanned  the  wavelength  across 
the  transition  at  rates  of  2-20  kHz  by  modulating  the 
injection  current  of  the  DFB  laser  with  a  triangle- 
wave  function  at  frequencies  of  1-10  kHz.  Typical 
2-kHz  average  and  20-kHz  single-sweep  absorption 
spectra  of  OH  in  the  flame  are  shown  in  Figs.  2  and  3, 
respectively,  for  an  equivalence  ratio  of  <L  =  1.0  and  a 


Fig.  2.  Comparison  of  a  38-sweep  average  OH  absorption 
spectrum  acquired  at  2  kHz  in  a  C2H4-air  flame  and  the 
best-fit  theoretical  absorption  spectrum. 


Voigt- Fit: 
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Fig.  3.  Single-sweep  OH  absorption  spectrum  acquired  at 
20  kHz  in  a  C2H4-air  flame.  The  theoretical  spectrum  is 
convolved  with  a  Gaussian  instrument  function. 


height  of  15  mm  above  the  burner.  Figures  2  and  3 
also  show  OH  concentrations  and  temperatures  from 
best-fit  theoretical  spectra. 

The  numerical  algorithm  used  to  calculate  the  the¬ 
oretical  spectra  is  described  in  detail  in  Ref.  8.  The 
measured  path  length,  pressure,  and  calculated  colli¬ 
sion  width  were  fixed,  whereas  the  temperature  and 
OH-concentration  values  were  determined  using  a 
least-squares  fit  of  a  Voigt  profile  to  the  data.  This 
approach  is  accurate  for  demonstration  purposes 
since  the  composition  of  the  flame  is  close  to  equilib¬ 
rium  and  the  collision  width  can  be  calculated  accu¬ 
rately  with  known  collision-broadening  coefficients 
for  the  major  species.11-13  As  shown  in  Fig.  2,  excel¬ 
lent  agreement  is  achieved  between  the  experimental 
and  theoretical  spectra.  The  slight  gull-wing-shaped 
residual  is  expected  because  the  Voigt  profile  does  not 
account  for  collisional-narrowing  effects.11-13  When 
the  major  species  and  hence  the  collision  width  are 
unknown,  a  more  accurate  model,  such  as  the  Gala- 
try  profile,  must  be  used  to  account  for  these  effects. 

To  fit  data  acquired  at  20  kHz,  as  in  Fig.  3,  the  the¬ 
oretical  absorption  line  shape  was  convolved  with  a 
Gaussian  instrument  function  with  a  FWHM  of 
0.127  cm-1.  This  accounted  for  the  slight  artificial 
broadening  introduced  into  the  20-kHz  data  by  the 
low  cutoff  frequency  of  the  electronic  filter,  which  was 
required  to  reduce  high-frequency  electromagnetic 
interference  in  the  photodiode  circuit.  No  differences 
in  linewidth  were  detected  between  unfiltered  spec¬ 
tra  at  2  and  20  kHz,  indicating  that  the  broadening 
was  due  solely  to  electronic  filtering.  We  determined 
the  Gaussian  instrument  function  by  comparing  av¬ 
eraged  filtered  and  unfiltered  spectra. 

Measurements  with  the  sensor  were  found  to  be  ac¬ 
curate  when  compared  with  equilibrium  calculations. 
The  average  and  single-sweep  best-fit  temperatures 
of  2324  and  2323  K,  respectively,  agree  well  with  the 
equilibrium  flame  temperature  of  2374  K.  A  similar 
20-50-K  temperature  difference  below  equilibrium 
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was  previously  observed  in  coherent  anti-Stokes  Ra¬ 
man  scattering  measurements  reported  by  Roy  et 
al.u  for  H2-air-C02  flames  in  the  same  burner.  The 
average  and  single-sweep  OH  concentrations  were 
found  to  be  4993  and  5021  parts  in  106  (ppm),  respec¬ 
tively,  which  are  7%  higher  than  the  equilibrium 
value  of  4680  ppm.  These  values  are  also  reasonable, 
given  the  proximity  of  the  measurement  location  to 
the  burner  surface. 

To  assess  random  error  in  the  sensor  measure¬ 
ments,  the  time  series  of  OH  concentration  and  tem¬ 
perature  shown  in  Fig.  4  was  assembled  from  four 
separate,  consecutive  scans  in  the  flame  (indicated  by 
vertical  dashed  lines).  Assuming  that  the  flame  sta¬ 
bilized  on  the  Hencken  burner  is  steady  and  laminar, 
the  fluctuations  observed  in  the  time  series  can  be  at¬ 
tributed  to  random  error  in  the  fitting  process.  Aver¬ 
aging  two  consecutive  laser  sweeps  was  found  to  re¬ 
duce  this  random  noise  and  also  accounted  for 
alternating  asymmetries  in  the  experimental  absorp¬ 
tion  line  shapes  that  were  introduced  by  the 
electronic  filter.  The  rms  standard  deviations  in 
the  10-kHz  temperature  and  OH-concentration  mea¬ 
surements  were  42  K  and  119  ppm,  respectively. 

The  overall  uncertainty  in  the  time-resolved  mea¬ 
surements  is  a  combination  of  random  and  system¬ 
atic  errors.  Systematic  propagation  of  measurement 
errors  was  calculated  to  be  45  K  and  150  ppm,  as¬ 
suming  uncertainties  of  2.5%,  0.67  kPa,  and  10%  in 
the  path  length,  pressure,  and  collision  width,  re¬ 
spectively.  If  the  systematic  and  random  errors  are 
uncorrelated,  they  add  in  quadrature,  yielding  an 


Fig.  4.  10-kHz  time  series  of  OH  concentration  and  tem¬ 
perature  assembled  from  four  consecutive  scans  in  a  steady 
C2H  4-air  flame  at  0  =  1.0  and  a  height  of  15  mm. 


overall  uncertainty  in  the  time-resolved  measure¬ 
ments  of  temperature  and  OH  concentration  of  62  K 
(2.7%)  and  191  ppm  (3.8%),  respectively. 

In  summary,  we  have  successfully  developed  a  new 
diode-laser-based  UV-absorption  sensor  for  OH  that 
is  based  on  a  rapidly  tunable  DFB  laser.  Single-laser- 
sweep  absorption  spectra  of  OH  were  recorded  at 
rates  up  to  20  kHz,  demonstrating  the  potential  of 
this  sensor  for  making  accurate,  time-resolved  mea¬ 
surements  of  OH  concentration  and  temperature  in 
unsteady  flames. 
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ABSTRACT 

The  use  of  coherent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy  for  temperature 
measurements  in  combustion  systems  ranging  from  laboratory  flames  to  practical  combustors  is 
well-established.  In  the  great  majority  of  these  temperature  measurement  experiments,  the  two 
pump  beams  are  obtained  from  the  same  laser  source  and  thus  have  the  same  frequency.  In  the 
CARS  process,  the  coherent  Raman  polarization  in  the  medium  is  established  by  the  interaction 
of  one  pump  beam  with  the  Stokes  beam.  The  other  pump  beam  is  scattered  from  this  induced 
polarization  to  produce  the  CARS  signal,  and  there  is  no  inherent  requirement  that  the  two  pump 
beams  have  the  same  frequency.  The  measurement  capabilities  of  the  CARS  technique  can  be 
greatly  extended  by  using  different  frequencies  for  each  of  the  pump  beams.  In  dual-pump 
CARS,  the  frequencies  of  the  two  pump  beams  are  selected  so  that  the  frequency  differences 
between  the  Stokes  beam  and  the  pump  beams  correspond  to  the  Raman  resonances  for  two 
different  species.  Concentrations  can  determined  very  accurately  from  the  ratios  of  the  two 
CARS  signals.  Dual-pump  CARS  has  been  used  in  a  wide  variety  of  experiments  for  accurate 
species  concentration  measurements.  Other  techniques  that  will  be  discussed  include  triple¬ 
pump  CARS,  dual-pump,  dual-broadband  CARS,  and  electronic-resonance-enhanced  CARS. 

The  use  of  high-resolution  single-pulse  CARS  for  temperature  and  pressure  measurements  in 
supersonic  flows  will  be  briefly  discussed.  The  development  of  these  nanosecond-laser-based 
techniques  has  been  enabled  by  the  continuing  improvements  in  the  pulse  energy,  beam  quality, 
and  injection-seeding  of  Q-switched  Nd:YAG  lasers.  Finally,  the  potential  application  of 
femtosecond  CARS  for  high-data-rate  measurements  of  temperature  and  species  in  reacting 
flows  is  discussed. 


INTRODUCTION 

Coherent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy  has  been  widely  used  for 
measuring  temperature  and  the  concentration  of  major  species  in  reacting  flows  [1]. 
Measurements  have  also  been  performed  using  CARS  to  determine  the  temperature  in  practical 
combustors  and  internal  combustion  engines  [2-8],  In  practical  combustors,  measurements  of 
temperature  using  N2  CARS  are  common  due  to  its  abundance  everywhere  in  the  combustor. 
However,  applying  the  N2  CARS  technique  for  the  measurement  of  temperature  in  practical 
combustors  is  always  challenging  mainly  due  to  the  following  three  reasons:  (1)  highly  luminous 
environments,  (2)  steering  of  the  laser  beams  due  to  density  gradients,  and  (3)  absorption  of  the 
CARS  signal  by  the  strong  C2  SWAN  bands  [1,  9].  Interference  from  flame  luminosity  can  be 
minimized  either  by  using  a  mechanical  shutter  in  front  of  the  spectrometer  [10]  or  by  using  an 
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interline-transfer  charge-coupled  device  (CCD)  camera  for  the  data  acquisition  [11],  In  practical 
combustors  with  highly  sooting  environments,  the  effect  of  beam  steering  could  be  greatly 
reduced  by  arranging  the  CARS  beams  in  a  collinear  fashion  rather  than  in  a  folded  BOXCAR 
geometry  [1],  The  absorption  of  the  CARS  signal  by  the  strong  C2  Swan  band  could  be  avoided 
by  shifting  the  CARS  signal  generation  to  a  different  wavelength  region  rather  than  near  473  nm. 

Dual-pump  CARS,  first  proposed  by  Lucht  [12],  allows  a  shift  in  the  CARS  signal  output 
away  from  473  nm  by  shifting  one  of  the  pump  frequencies  away  from  532  nm.  This  technique 
also  allows  simultaneous  concentration  measurements  of  a  second  species  such  as  02,  C02,  H2 
and  CO  in  addition  to  the  temperature  measurements  either  using  the  nitrogen  part  of  the  CARS 
spectrum  or  using  the  full  spectrum.  The  wavelength  of  the  second  pump  beam  is  selected  such 
that  the  CARS  spectra  for  the  two  species  under  study  are  observed  at  nearly  the  same 
frequency,  enabling  detection  with  a  single  spectrometer  and  charge-coupled-device  (CCD) 
camera  and  eliminating  systematic  errors  due  to  wavelength  dependence  of  the  detection  system 
efficiency.  The  dual-pump  CARS  technique  has  been  applied  for  the  simultaneous  measurement 
of  N2/02  [12-13],  N2/H2  [14],  N2/CH4  [15],  and  N2/C02  [16]. 

The  dual-pump  CARS  technique  was  applied  by  Lucht  et  al.  [17]  and  Roy  et  al.  [18]  in  the 
exhaust  stream  of  a  practical  combustor  for  measuring  temperature  and  C02  concentration  from 
a  single-laser-shot.  Several  other  CARS  techniques  such  as  triple-pump  CARS  [19],  dual 
broadband  rotational  CARS  [20-22],  and  simultaneous  vibrational  and  rotational  CARS  [23-26] 
have  also  been  used  as  tools  for  temperature  and  multiple-species  concentration  measurements. 
High-resolution  CARS  has  been  used  for  simultaneous  measurement  of  density,  temperature, 
and  flow  speed  in  underexpanded  supersonic  jet  flows  [27], 

SURVEY  OF  ADVANCED  CARS  TECHNIQUES 


DUAL-PUMP  CARS 


The  dual-pump  CARS  technique  allows  for  concentration  measurements  of  two  species 
as  well  as  for  simultaneous,  accurate  temperature  measurements  at  both  low  and  high 
temperature.  Two  examples  of  dual-pump  CARS  measurements  are  discussed  here.  Lucht  et  al. 
[17]  and  Roy  et  al.  [18]  used  dual-pump  CARS  to  perform  simultaneous  N2/C02  measurements  in 
a  variety  of  laboratory  flames  and  in  a  JP-8  fueled  combustor.  The  experimental  apparatus  for 
the  dual-pump  CARS  measurements  of  C02  and  N2  is  shown  in  Fig.  1. 

The  pump  source  for  the  measurements  was  a  Spectra-Physics  GCR  5  injection-seeded, 

Q-switched  Nd:YAG 
laser  with  a  repetition 
rate  of  1 0  Hz.  The 
pulse  energy  of  the  532- 
nm  second-harmonic 
output  of  the  Nd:YAG 
laser  was  approximately 
600  mJ.  A  narrowband 
dye  laser  and  a 
broadband  dye  laser 
were  pumped  using 
approximately  200  mJ 
and  300  mJ, 
respectively,  of  the  532- 
nm  radiation  from  the 
Nd:YAG  laser.  The 
narrowband  dye  laser 
was  a  Continuum 
ND6000,  which  has  a 
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bandwidth  of  0.08  cm'1.  The  wavelength  of 
the  narrowband  dye  laser  was  560  nm.  The 
broadband  dye  laser  was  a  modeless  design 
with  side-pumped  Bethune  cells  for  both  the 
"oscillator"  and  amplifier  [20].  The  spectral 
output  of  the  broadband  dye  laser  was 
centered  at  607  nm,  and  the  bandwidth  was 
approximately  150  cm"1  full-width-at-half- 
maximum  (FWHM). 

The  CARS  signal  was  generated 
using  the  three-dimensionally  phase- 
matched  arrangement  shown  in  Fig.  1 
(folded  BOXCARS).  The  pulse  energies  for 
the  532-nm,  560-nm,  and  607-nm  beams  at 
the  CARS  probe  volume  were  typically  30 
mJ,  30  mJ,  and  15  mJ,  respectively.  The 
CARS  focusing  lens  had  a  focal  length  of 
400  mm.  At  the  probe  volume  the  measured 
diameter  of  the  532-nm  beam  was 
approximately  90±10  pm,  while  the  560-nm 
and  607-nm  beam  focal  diameters  were 
approximately  1 30±1 5  pm.  The  spatial 
resolution  of  the  CARS  measurements  is 
estimated  to  be  approximately  2  mm,  the 
interaction  length  over  which  approximately 
80%  of  the  CARS  signal  is  generated.  After 
passing  through  the  CARS  probe  volume, 
the  pump,  Stokes,  and  CARS  signal  beams 
were  recollimated  using  a  400-mm-focal- 
length  lens.  The  pump  and  Stokes  beams 
were  directed  into  beam  dumps  and  the 
CARS  signal  beam  was  then  focused  onto 
the  entrance  slit  of  a  SPEX  1-m 
spectrometer  equipped  with  a  2400-line-per-mm  holographic  grating.  The  wavelength  of  the  N2 
and  C02  CARS  signals  was  approximately  496  nm.  The  wavelength  of  the  N2  CARS  signal  was 
adjusted  by  tuning  the  wavelength  of  the  narrowband  dye  laser.  The  wavelength  of  the  C02 
CARS  signal  did  not  vary  as  the  narrowband  dye  laser  wavelength  was  tuned,  however. 
Therefore,  the  frequency  separation  of  the  N2  and  C02  CARS  signals  could  be  adjusted  and 
optimized  so  that  the  main  features  for  the  two  molecules  did  not  overlap. 

The  CARS  signal  was  detected  using  a  16-bit  back-illuminated  PixelVision  SpectraVideo 
CCD  camera  with  a  165  x  1100  array  of  pixels  (each  pixel  24-pm  square)  at  the  exit  plane  of  the 
spectrometer.  To  acquire  single-laser-shot  spectra  at  the  laser  repetition  rate  of  10  Hz,  charge 
within  each  of  the  1 1 00  columns  of  the  CCD  array  was  accumulated  in  the  serial  register  before 
readout;  the  collected  charge  was  then  digitized  at  a  rate  of  50  kpix/s.  This  thermo-electrically 
cooled  CCD  camera  exhibited  very  low  read  noise  (approximately  1 .5  counts  out  of  65,536)  and 
dark  current  (approximately  2  counts/sec),  while  exhibiting  a  quantum  efficiency  of  approximately 
80%  at  500  nm. 

Measurements  were  performed  in  near-adiabatic  hydrogen/air/C02  flames  stabilized  on  a 
Hencken  burner  to  obtain  dual-pump  C02/N2  CARS  spectra  over  a  wide  range  of  temperatures. 
The  flowrate  of  the  C02  was  held  constant  while  the  hydrogen  flowrate  and,  consequently,  the 
temperature  was  varied  over  a  wide  range.  Because  of  the  near-adiabatic  nature  of  the  Hencken 
burner,  the  measured  CARS  temperatures  can  be  compared  with  calculated  adiabatic  equilibrium 
temperatures.  As  shown  in  Fig.  2,  the  spectra  were  acquired  with  very  good  signal-to-noise 
ratios,  and  the  agreement  between  theory  and  experiment  is  excellent. 


Raman  Shift  (cm 


Raman  Shift  (cm  "') 


Fig.  2.  Dual-pump  N2/C02  spectra  acquired  from  a  near-adiabatic 
hydrogen/air/C02  flame  stabilized  on  a  Hencken  burner  at  a 
equivalence  ratio  of  0.26.  The  bottom  graph  is  an  expandet 
portion  of  the  upper  graph.  The  calculated  adiabatic 
equilibrium  temperature  is  965  K. 
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TRIPLE-PUMP  CARS 

Triple-pump  CARS  is  a 
combination  of  two  dual-pump 
CARS  systems.  Techniques  such 
as  triple-pump  CARS  are  feasible 
for  laboratories  with  two  Q-switched 
Nd:YAG  lasers;  only  one  of  these 
lasers  need  be  injection-seeded. 
The  triple-pump  CARS  technique 
allows  for  concentration 
measurements  of  three  species  as 
well  as  for  simultaneous,  accurate 
temperature  measurements  at  both 
low  and  high  temperature.  The  first 
triple-pump  CARS  system,  shown  in 
Fig.  3,  was  used  to  probe  the  ro- 
vibrational  transitions  of  N2,  H2  and  02  molecules.  This  system  is  essentially  a  superposition  of 
two  dual-pump  CARS  systems  using  four  laser  beams  to  generate  CARS  signals  near  two 
distinct  wavelengths.  Both  wavelength  regions  exhibit  an  N2  CARS  signal  along  with  the  CARS 
signal  from  another  target  molecule.  Each  pair  of  CARS  signals  is  generated  over  a  relatively 
narrow  wavelength  region  and  can  be  captured  with  fixed  wavelength  detection.  For  the  proof-of- 
concept  measurements,  experiments  were  carried  out  in  an  atmospheric-pressure  laminar  H2-air 
diffusion  flame. 
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Fig.  4.  Schematic  diagram  of  DPDB-CARS  system  for 
detecting  temperature  and  concentration  ratios  of  O2/N2 
and  C02/N2.  (b)  Energy-level  diagram  of  DPDB-CARS 
system. 


In  the  second  triple-pump 
CARS  system  the  rotational 
transitions  of  N2  and  02  molecules 
and  the  ro-vibrational  transitions  of 
the  N2  and  C02  molecules  were 
probed.  In  this  system  a  dual¬ 
broadband  rotational  CARS  system 
is  superimposed  on  a  dual-pump 
CARS  system  that  uses  four  laser 
beams  to  generate  CARS  signals 
near  two  distinct  wavelengths.  One 
of  the  pump  beams  in  this  system 
is  obtained  from  a  broadband  dye 
laser,  allowing  us  to  probe 
rotational  and  ro-vibrational 
transitions  simultaneously  This 
technique  can  be  used  to  obtain 
very  accurate  temperature 
measurements  both  at  low  and 
high  temperatures.  In  the 
combustion  zone  or  the  exhaust  of 
a  real  combustor,  there  is  a  wide 
spatial  and  temporal  variation  of 
temperature  due  to  the  inherent 
turbulent  nature  of  the  flow  field. 
Under  these  circumstances,  the 
rotational  spectra  of  N2/02  will 
provide  better  temperature 
accuracy  at  lower  temperatures, 
generally  below  1500K  [15]; 
whereas  the  ro-vibrational  spectra 
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of  N2/C02  will  provide  improved 
temperature  accuracy  at  higher 
temperatures  as  population  is 
transferred  to  higher  energy  levels. 
The  proof-of-concept  measurements 
using  this  second  triple-pump  CARS 
experiment  were  carried  out  in  an 
atmospheric-pressure  near- 
adiabatic  hydrogen-air  flame  seeded 
with  C02  and  stabilized  on  a 
Hencken  burner.  Single-shot 
spectra  recorded  in  the  exhaust 
stream  of  a  JP-8-fueled  atmospheric 
pressure  combustor  are  shown  in 
Fig.  5. 


HIGH-RESOLUTION  CARS 
MEASUREMENTS  IN 


SUPERSONIC  FLOWS 

Mean  and  instantaneous 
measurements  of  pressure, 
temperature,  and  density  were 
acquired  in  the  flowfield  of  an 
underexpanded  sonic  jet  using  the 
high-resolution  N2  coherent  anti- 
Stokes  Raman  scattering  (CARS) 
technique.  This  non-intrusive 
method  resolves  the  pressure-  and 
temperature-sensitive  rotational 
transitions  of  the  v=0-»1  N2  Q- 

branch  to  within  Aco  =  0.10  cm-1. 
This  high-resolution  for  broadband 
CARS  was  achieved  by  using  an 
injection-seeded,  Q-switched 
Md:YAG  laser  as  the  pump  laser, 
and  by  using  a  1 ,25-m  spectrometer 
and  a  relays  lens  with  a 
magnification  factor  of  seven  to 
image  the  spectrometer  exit  slit  onto  an  unintenisifed  CCD  detector.  To  extract  thermodynamic 
information  from  the  experimental  spectra,  theoretical  spectra,  generated  by  an  N2  spectral 
modeling  program,  were  fit  to  the  experimental  spectra  in  a  least-squares  manner.  The  precision 
and  accuracy  of  the  single-shot  CARS  pressure  measurements  increase  at  sub-atmospheric 
conditions.  Typical  single-shot  CARS  spectra  from  the  underexpanded  jet  flow  field  are  shown  in 
Fig.  6.  The  pressure  and  temperature  change  drastically  as  the  flow  accelerates  after  leaving  the 
nozzle  exit.  The  expansion  is  nearly  isentropic,  and  the  thermodynamic  conditions  of  T  =  98  K 
and  P  =  0.13  atm  just  upstream  of  the  Mach  disk  correspond  to  a  Mach  number  of  approximately 
3.4. 
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Fig.  5.  Single-shot  (a)  ro-vibrational  spectra  of  C02- 
N2  and  (b)  rotational  spectra  of  02-N2  acquired  in 
center  of  exhaust  stream  of  JP-8-fueled  combustor 
at  (j)  =  0.5. 


The  high-resolution  CARS  measurements  were  compared  with  the  results  of  a  Reynolds- 
averaged  Navier  Stokes  Computational  Fluid  Dynamic  (RANS  CFD)  simulation.  Along  the 
centerline  of  the  underexpanded  jet,  the  agreement  between  the  mean  CARS  P/T/p 
measurements  and  similar  quantities  extracted  from  the  RANS  CFD  simulation  is  generally 
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excellent.  This  CARS  technique  is  able  to  capture  the 
low-pressure  and  low-temperature  conditions  of  the 
M=3.4  flow  entering  the  Mach  disk,  as  well  as  the 
subsonic  conditions  immediately  downstream  of  this 
normal  shock. 

ELECTRONIC-RESONANCE-ENHANCED  CARS 
MEASUREMENTS  OF  MINOR  SPECIES 


We  have  also  investigated  the  application  of 
electronic-resonance-enhanced  (ERE)  CARS  for  the 
measurement  of  minor  species  [29].  A  dual-pump 
ERE  CARS  technique  for  the  measurement  of  minor 
species  concentrations  was  demonstrated.  The 
frequency  difference  between  a  visible  Raman  pump 
beam  and  Stokes  beam  was  tuned  to  a  vibrational  Q- 
branch  Raman  resonance  of  nitric  oxide  (NO)  to 
create  a  Raman  polarization  in  the  medium.  An 
ultraviolet  probe  beam  (the  second  pump  beam  in  the 
CARS  process)  was  tuned  into  resonance  with 
rotational  transitions  in  the  (1 ,0)  band  of  the  A2E+  - 
X2n  electronic  transition  at  236  nm,  and  the  CARS 
signal  is  thus  resonant  with  transitions  in  the  (0,0) 
band.  The  energy  level  schematic  for  the  ERE  CARS 
process  in  NO  is  shown  in  Fig.  7. 

The  ERE  CARS  experimental  system  is 
shown  in  Fig.  8.  We  have  demonstrated  the  detection 
of  ERE  CARS  signals  from  NO  in  concentrations  as 
low  as  100  ppm,  as  shown  in  Fig.  9.  Spectral  scans 
were  obtained  with  a  fixed  Stokes  frequency  as  the 
ultraviolet  pump  frequency  was  varied,  and  with  a 
fixed  ultraviolet  pump  frequency  as  the  Stokes 
frequency  was  varied.  Good  agreement  between 
theory  and  experiment  was  obtained  for  both  these 
cases.  A  spectrum  obtained  by  scanning  the 
ultraviolet  probe  beam  is  shown  in  Fig.  10.  The  use  of 
the  dual-pump  ERE  CARS  technique  allows  us  to 
separate  clearly  the  process  by  which  the  Raman  coherence  is  induced  in  the  medium  from  the 
ERE  process  where  the  Raman  coherence  is  probed  with  a  second  pump  beam.  This  separation 
simplifies  considerably  the  theoretical  modeling  of  the  ERE  CARS  process,  and  may  enable 
sensitive,  selective  detection  of  small  polyatomic  molecules  in  flames  and  plasmas. 


Fig.  6.  Single-shot  CARS 
spectra  and  least-squares  fits 
obtained  in  a  M  =  3.4 
underexpanded  jet  flow  field  at 
(a)  the  nozzle  exit,  (b)  just 
upstream  of  the  Mach  disk,  and 
(c)  just  downstream  of  the  Mach 
disk. 


SUMMARY  AND  CONCLUSIONS 

We  have  reviewed  several  CARS  techniques  developed  to  measure  species 
concentrations  or  other  thermodynamic  parameters  such  as  pressure  in  addition  to  temperature. 
Dual-pump  and  triple-pump  CARS  systems  have  been  used  to  measure  species  concentrations 
for  a  number  of  different  species  as  well  as  temperature.  Single-shot  measurements  of  species 
concentrations  and  temperature  have  been  demonstrated  for  the  species  pairs  C02/N2,  H2/N2, 
02/N2  in  a  wide  range  of  combustion  systems  ranging  from  laboratory  flames  to  JP8-fueled 
combustion  test  stands.  The  development  of  dual-  and  triple-pump  CARS  systems  has  been 
enabled  by  a  number  of  developments.  The  pulse  energies  available  from  commercial  Q- 
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switched  Nd:YAG  laser  systems  has 
increased  steadily  to  the  point  where 
systems  with  more  than  1  J  of  pulse  energy 
at  532  nm  are  now  routinely  available.  With 
such  high  pulse  energies  it  is  easy  to  pump 
both  a  broadband  and  narrowband  dye  laser 
and  obtain  pulse  energies  that  are  more 
than  sufficient  for  dual-pump  CARS 
measurements,  and  it  is  feasible  to  perform 
triple-pump  CARS  using  a  single  Nd:YAG 
laser  to  pump  three  dye  lasers.  In  addition, 
reliable  injection  seeding  systems  are  now 
available  for  these  NdYAG  laser  systems; 
injection  seeding  ensures  that  the  Nd:YAG 
laser  radiation  is  single-longitudinal  mode 
and  results  in  a  significant  decrease  in 
CARS  noise.  The  development  of  CCD 
camera  systems  with  excellent  dynamic 
range  and  sensitivity  has  also  increased  the 

accuracy  and  precision  of  CARS  systems. 

Our  first  NO  ERE  CARS  measurements  were  performed  with  two  narrowband  dye  lasers. 
These  measurements  were  complicated  considerably  by  the  rapid  degradation  of  the  LD  490 
laser  dye  used  to  produce  the  472-nm  beam.  We  are  currently  developing  injection-seeded 
optical  parametric  generators  (OPG)  to  produce  tunable,  single-longitudinal-mode  pulsed  laser 
radiation  [30],  We  anticipate  that  the  use  of  these  OPG  systems  will  result  in  a  significant 
decrease  in  the  noise  and  therefore  the  detection  limits  for  our  ERE  CARS  measurements. 
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Ballistic  imaging  of  the  liquid  core  for  a  steady  jet 
in  crossflow 


Mark  A.  Linne,  Megan  Paciaroni,  James  R.  Gord,  and  Terrence  R.  Meyer 


A  time-gated  ballistic  imaging  instrument  is  used  to  obtain  high-spatial-resolution,  single-shot  images  of 
the  liquid  core  in  a  water  spray  issuing  into  a  gaseous  crossflow.  We  describe  further  development  of  the 
diagnostic  technique  to  improve  spatial  resolution  and  present  images  and  statistics  for  various  jets 
under  crossflow  experimental  conditions  (different  Weber  numbers).  Series  of  these  images  reveal  a 
near-nozzle  flow  field  undergoing  breakup  and  subsequent  droplet  formation  by  stripping.  One  can  also 
detect  signatures  of  spatially  periodic  behavior  in  the  liquid  core  and  formation  of  small  voids  during 
breakup.  ©  2005  Optical  Society  of  America 

OCIS  codes:  190.3270,  280.1740,  280.2470,  280.2490,  290.7050. 


1.  Introduction 

The  process  of  fuel-air  mixture  preparation  is  key 
to  flame  stabilization  and  fuel-conversion  efficiency 
in  a  wide  variety  of  air-  and  ground-based  power- 
generation  systems.  For  example,  flames  in  modern 
gas  turbines  that  are  fed  by  lean  premixed  prevapor¬ 
ized  (LPP)  fuel  ducts  are  stabilized  in  recirculation 
zones  that  can  shift  with  changes  in  load.  Flow-field 
strain  rates  within  the  recirculation  zones  that  ex¬ 
ceed  the  extinction  strain  rate  for  the  local  fuel-air 
mixture  can  lead  to  reduced  combustion  efficiency 
and  reduced  static  and  dynamic  stability.  Moreover, 
localized  heat  release  originating  from  nonuniform 
fuel-droplet  distributions  can  potentially  drive  ther¬ 
moacoustic  instabilities,  increasing  heat  transfer  to 
the  combustor  wall  and  introducing  the  potential  for 
significant  damage.  Mixture  preparation  has  a  con¬ 
trolling  effect  on  emissions  as  well.  Overly  fuel  rich 
mixing  zones  can  produce  large  amounts  of  soot;  mix¬ 
ing  zones  that  fall  outside  the  flammability  limits  are 
quenched  and  produce  hydrocarbon  and  CO  emis- 
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sions,  and  mixing  zones  near  the  stoichiometric  fuel- 
air  ratio  produce  high  NO*  emissions  associated  with 
high  temperatures.  These  performance  consider¬ 
ations  are  all  controlled  by  mixture  preparation,  a 
process  that  is  not  fully  understood. 

The  work  reported  here  focuses  on  steady,  liquid 
sprays  in  crossflow  that  are  relevant  to  gas-turbine 
LPP  combustors,  as  one  example.  The  characteristic 
geometry  for  an  LPP  duct  incorporates  the  injection 
of  liquid  fuel  into  a  high-temperature  and  -pressure 
air  stream  as  depicted  schematically  in  Fig.  1.  The 
balance  of  aerodynamic  drag,  liquid  inertia,  surface 
tension,  and  viscous  forces  induces  both  deflection 
and  deformation  of  the  jet  column.  Deflection  leads  to 
a  curved  liquid-jet  profile,  breaking  the  liquid  column 
into  large  segments  near  the  point  of  curvature 
(called  “column  breakup”),  and  subsequent  fragmen¬ 
tation.  In  contrast,  deformation  increases  the  frontal 
cross  section  of  the  jet  column  and  increases  the  drag, 
which  leads  to  stripping  of  smaller  ligaments  and 
fragments  directly  from  the  column  surface  (called 
“surface  stripping”).  The  same  forces  cause  secondary 
breakup  of  ligaments  and  fragments  into  droplets, 
which  may  break  down  even  further  before  being 
evaporated.  Small  droplets  are  also  entrained  in  the 
near-wall  region  owing  to  the  wake  flow  that  develops 
behind  the  liquid  column. 

The  relevant  global  parameter  used  to  capture  this 
balance  of  forces  is  the  jet  Weber  number  based  on 
the  gas  density  (p^),  gas  velocity  (ug),  jet-orifice  diam¬ 
eter  ( d ),  and  liquid  surface  tension  (az): 

Weg  =  Pgu82d/<Tt  (1) 
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Fig.  1.  Schematic  of  a  liquid  jet  in  crossflow  of  gas. 


Gas-turbine-based  jets  in  crossflow  typically  operate 
in  the  range  of  100  <  Weg  <  2000,  which  is  a  range 
dominated  by  shear  breakup  driven  by  aerodynamic 
drag.  Both  column  breakup  and  surface  stripping  are 
included  within  the  shear  breakup  mechanism. 
Which  of  the  two  dominates  is  determined  by  the 
liquid/ air  momentum  flux  ratio.  Furthermore,  liquid 
viscosity  acts  in  opposition  to  inertial  forces,  and  it 
can  affect  jet  penetration  heights  and  jet  stability. 

Models  for  liquid  jets  in  crossflow  recently  devel¬ 
oped  by  Madabhushi1  and  Zuo  et  al2  both  utilized  a 
modified  version  of  the  wave  breakup  approach  of 
Reitz3  (the  so-called  blob  model).  A  number  of  exper¬ 
imental  results  have  shown,  however,  that  the  mech¬ 
anism  of  liquid  jet  in  crossflow  atomization  is  quite 
different  from  the  standard  wave  breakup  approach. 
Cavaliere  and  co-workers4  showed  that  the  jet  evolu¬ 
tion  is  significantly  influenced  by  the  onset  of  a  shear 
breakup  mechanism  rather  than  a  wave  breakup  ap¬ 
proach.  Column  breakup’s  main  feature  is  the  ap¬ 
pearance  of  waves  on  the  windward  surface  of  the 
liquid  column,  which  are  then  amplified  by  aerody¬ 
namic  forces  leading  to  fracture  of  the  column  in  a 
wave  trough.  The  onset  of  observable  wave  growth 
usually  coincides  with  an  alignment,  or  at  least  par¬ 
tial  alignment,  of  the  jet  with  the  direction  of  the 
airflow.  As  noted  earlier,  surface  breakup  is  charac¬ 
terized  by  stripping  of  liquid  from  the  surface  of  the 
jet.  Examination  of  the  breakup  process  suggests  that 
both  the  column  and  surface  breakup  mechanisms 
are  usually  active,  but  one  is  dominant,  depending  on 
the  flow  conditions.5 

While  the  onset  of  jet-column  breakup  is  well  char¬ 
acterized,  the  time  required  to  complete  the  process  is 
more  difficult  to  measure  with  conventional  tech¬ 
niques  because  of  the  optical  density  in  this  region.6 
Even  the  most  advanced  models  still  do  not  account 
for  other  important  structural  features,  such  as  wake 
effects,  and  this  results  in  an  underprediction  of  the 
volume  flux  in  the  near- wall  region.  Dense  spray  ef¬ 
fects  on  breakup  and  atomization  are  also  typically 
ignored,  leading  to  uncertainties  in  the  near  field. 
Errors  in  the  near  field  can  be  important  when  fuel 
injection  is  closely  coupled  to  an  anchored  flame. 
These  problems  in  understanding  remain  because 
there  have  been  no  experimental  observations  of  the 
primary  breakup  of  the  liquid  core  in  the  dense  spray 
region,  because  such  a  core  is  obscured  by  a  dense  fog 
of  droplets.  Ballistic  imaging  can  meet  this  need,  pro- 
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Fig.  2.  Schematic  of  ballistic,  snake,  and  diffuse  photons. 


viding  high-resolution,  single-shot  images  of  the  liq¬ 
uid  core  in  a  dense  spray. 

2.  Singe-Shot,  Time-Gated,  Two-Band 
Ballistic  Imaging 

The  initial  development  and  evaluation  of  the  basic 
ballistic  imaging  instrument  used  here  is  described  in 
detail  by  Paciaroni  and  Linne.7  In  this  companion 
paper,  we  describe  further  development  of  the  tech¬ 
nique  and  demonstrate  its  application  to  a  spray. 

Ballistic  imaging  is  a  form  of  shadowgraphy  that 
generates  images  by  using  light  with  specific  signa¬ 
tures,  and  there  are  many  ways  to  do  this.  When  light 
passes  through  a  highly  turbid  medium,  some  of  the 
photons  actually  pass  straight  through  without  scat¬ 
tering,  exiting  the  medium  within  roughly  the  same 
solid  angle  that  they  entered  (see  Fig.  2a).  These 
relatively  few  photons  are  termed  “ballistic.”  Because 
they  travel  the  shortest  path,  they  also  exit  first  (see 
Fig.  2b).  A  somewhat  larger  group  of  photons  is  called 
the  “snake”  photon  group,  because  they  are  scattered 
just  once  or  twice.  They  exit  the  medium  in  the  same 
direction  as  the  input  light  but  with  a  somewhat 
larger  solid  angle  than  the  ballistic  photons.  Because 
they  travel  a  bit  further,  they  exit  just  after  the  bal¬ 
listic  photons.  Light  exiting  the  medium  that  has 
scattered  multiply  (“diffuse  photons”)  has  a  larger 
photon  number  density,  but  these  photons  are  also 
scattered  into  a  very  large  solid  angle  and  they  exit 
last.  As  a  result  of  their  undisturbed  path,  ballistic 
photons  retain  an  undistorted  image  of  structures 
that  may  be  embedded  within  the  turbid  medium.  If 
used  in  a  shadowgram  arrangement,  the  ballistic 
photons  can  provide  diffraction-limited  imaging  of 
these  structures.  Unfortunately,  in  most  highly  scat¬ 
tering  or  absorbing  environments,  the  number  of 
transmitted  ballistic  photons  is  often  insufficient  to 
provide  the  necessary  signal-to-noise  ratio  to  form  an 
image  in  a  single-shot  format.  In  such  a  case,  the 
snake  photons  can  be  used  in  imaging,  together  with 
the  ballistic  photons,  with  little  degradation  of  reso¬ 
lution.  In  contrast,  diffuse  photons  retain  no  memory 
of  the  structure  within  the  material.  If  allowed  to 
participate  in  the  formation  of  an  image,  the  various 
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Fig.  3.  Schematic  of  the  ballistic  imaging  system  used  in  this 
work. 


paths  these  multiply  scattered  photons  take  through 
the  material  will  cause  each  image  point  they  form  to 
appear  as  if  it  came  from  an  entirely  different  part  of 
the  object,  and  this  will  seriously  degrade  resolution. 
Unfortunately,  diffuse  photons  are  the  most  numer¬ 
ous  when  light  is  transmitted  through  highly  turbid 
media.  The  problem  of  obtaining  a  high-resolution 
image  through  highly  scattering  materials  is  thus  a 
matter  of  separating  and  eliminating  the  diffuse  light 
from  the  ballistic  and  snake  light.  This  can  be  done  by 
discrimination  methods  that  make  use  of  the  proper¬ 
ties  that  identify  the  ballistic  and  snake  light.  As 
already  suggested,  the  direction  taken  by  transmit¬ 
ted  light,  together  with  exit  time,  can  be  used  to 
segregate  diffuse  photons  from  the  imaging  photons. 
In  addition,  polarization  and  coherence  are  both  pre¬ 
served  by  the  ballistic  photons,  and  they  can  also  be 
used  for  segregation.  Coherence  is  not  used  here  be¬ 
cause  snake  photons  are  not  well  preserved  by  such 
techniques,  and  their  contribution  is  necessary  to 
form  a  single- shot  image. 

The  system  used  here  was  optimized  to  provide 
high-resolution,  single-shot  images  of  the  liquid  core 
in  very  dense  atomizing  sprays7  by  using  weak  spa¬ 
tial  filtering  (to  select  the  light  exiting  at  narrow 
scattering  angles)  together  with  time  gating.  The 
original  design  used  a  spatial  filter  in  front  of  the 
camera  to  reject  switching  light  that  was  forward 
scattered.  Here  we  have  eliminated  that  filter,  but  it 
is  important  to  point  out  that  any  properly  designed 
imaging  optical  train  acts  as  a  weak  spatial  filter  in 
the  sense  that  it  has  a  defined  system  aperture  and 
acceptance  angle.  In  time  gating,  a  very  fast  shutter 
consisting  of  an  optical  Kerr  effect  (OKE)  gate8  capa¬ 
ble  of  gating  times  as  short  as  2  ps  is  used  to  select 
just  the  leading  edge  containing  ballistic  and  snake 
photons. 

The  complete  system  used  for  this  work  is  shown  in 
Fig.  3.  A  1  kHz  repetition  rate  Coherent  Legend  Ti: 
sapphire  regenerative  amplifier,  seeded  with  a 
Spectra-Physics  Tsunami  Ti: sapphire  mode-locked 
laser,  generates  40  fs,  2.5  mJ  pulses  centered  in 
wavelength  at  about  800  nm.  The  linearly  polarized 
beam  is  split  into  OKE  gating  and  imaging  beams.  In 
previous  work  standard  dielectric  beam  splitters 
were  used,  but  they  were  replaced  by  bandpass  filters 


in  this  work  (for  reasons  discussed  just  below).  The 
polarization  state  of  the  imaging  beam  is  first  linear¬ 
ized,  and  then  the  polarization  is  rotated  45°  because 
the  OKE  gate  relies  upon  polarization  switching.  The 
imaging  beam  is  time  delayed  by  using  an  adjustable 
length  delay  arm,  allowing  one  to  control  the  delay 
between  the  arrival  of  the  switching  and  imaging 
pulses  at  the  OKE  gate,  for  optimum  time  gating.  The 
imaging  beam  then  passes  through  an  optics  train 
consisting  of  a  telescope  that  controls  the  imaging 
beam  size  at  the  object,  a  system  to  relay  the  beam 
through  the  OKE  switch,  a  telescope  for  imaging  onto 
a  display  screen,  and  a  second  bandpass  filter  to  re¬ 
ject  scattered  switching  light.  This  optical  system 
was  designed  and  optimized  using  OSLO,  a  commer¬ 
cial  ray- trace  code.  By  careful  choice  of  available  op¬ 
tics,  we  have  ensured  that  the  optical  train  itself  is 
diffraction  limited;  there  are  no  spurious  aberrations 
or  distortions  introduced  by  the  imaging  optics 
themselves. 

The  OKE  gate  works  in  the  following  manner. 
When  there  is  no  switching  pulse  present,  no  image  is 
transferred  to  the  display  screen.  This  is  because  the 
OKE  gate  uses  crossed  calcite  polarizers.  The  first 
polarizer  in  the  OKE  gate  (second  polarizer  used  in 
the  imaging  beam)  is  oriented  to  pass  the  polarization 
orientation  of  the  imaging  beam.  The  second  OKE 
polarizer  is  oriented  normal  to  the  first,  blocking  an 
unperturbed  imaging  beam.  The  measured  extinction 
ratio  of  the  polarizers  is  >105;  without  a  switching 
pulse  present  there  is  <10-5  transmission  of  the  im¬ 
aging  beam  through  the  second  polarizer.  Following 
the  first  OKE  polarizer,  the  imaging  beam  is  focused 
into  the  Kerr  active  liquid  (CS2  in  this  case)  with  an 
F/#5  achromat,  and  then  upcollimated  with  an 
F/#  10  achromat.  At  the  arrival  of  a  switching  pulse, 
the  intense  electric  field  of  the  pulse  causes  the  CS2 
dipoles  to  align  along  the  polarization  vector  of  the 
switching  beam,  creating  temporary  birefringence  in 
the  liquid.  This  birefringence  rotates  the  polarization 
of  the  imaging  beam,  allowing  most  of  it  (70%-75%) 
to  pass  through  the  second  polarizer.  This  OKE- 
induced  birefringence  is  limited  in  time  by  either  the 
duration  of  the  laser  pulse  or  the  molecular  response 
time  of  the  Kerr  medium,  whichever  is  longer.  In  our 
case,  the  incident  laser  pulse  is  much  shorter  in  du¬ 
ration  than  the  molecular  relaxation  time  of  2  ps  for 
CS2;  a  gate  time  of  2  ps  has  been  confirmed  by  direct 
measurement.  Past  the  OKE  gate,  the  image  was 
relayed  to  a  display  screen  and  the  image  was  cap¬ 
tured  by  a  Roper  Scientific  Pi-Max  camera. 

The  system  described  by  Paciaroni  and  Linne7  in¬ 
cluded  a  spatial  filter  at  the  location  of  the  short-pass 
filter  in  Fig.  3.  The  spatial  filter  was  used  because  the 
same  wavelength  of  light  was  used  for  switching  and 
imaging,  and  some  switching  light  was  scattered  for¬ 
ward  into  the  imaging  system.  The  spatial  filter  re¬ 
moved  most  of  that  interference.  A  compromise  was 
involved  in  the  choice  of  aperture  for  the  spatial  filter, 
however,  because  the  aperture  must  be  located  at  the 
focal  point.  That  point  identifies  the  Fourier  plane, 
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Fig.  4.  Spectral  schematic  of  the  two-band  ballistic  imaging  ap¬ 
proach  used  in  this  work. 


where  the  high-spatial-frequency  components  of  the 
image  reside  off  axis.  These  high-frequency  compo¬ 
nents  are  therefore  lost  if  they  are  blocked  by  the 
aperture,  and  this  degrades  spatial  resolution.  Paci- 
aroni  and  Linne  chose  an  aperture  that  preserved  the 
high-frequency  components,  but  this  allowed  some 
switching  light  to  enter  the  imaging  system.  This 
produced  a  small  but  noticeable  degradation  in  con¬ 
trast,  leading  to  degradation  in  spatial  resolution.  It 
is  possible  to  reject  much  of  this  forward  scatter  by 
using  alternative  trapping  techniques,  but  the  align¬ 
ment  process  must  be  repeated  everytime  anything 
in  the  imaging  system  is  changed. 

Others  have  used  the  second  harmonic  of  the  laser 
to  switch  the  OKE  gate  while  imaging  with  the  first 
harmonic  (usually  with  Nd:YAG  at  532  nm  and 
1.064  |xm).  This  two-wavelength  technique  allows 
one  to  reject  scattered  switching  light  with  a  low-pass 
optical  filter.  It  was  not  possible  to  use  that  approach 
here,  however,  because  CS2  absorbs  light  at  the  sec¬ 
ond  harmonic  of  Tiisapphire.  The  amplifier  used  in 
the  work  described  here  emits  over  twice  the  pulse 
energy  at  twice  the  bandwidth  of  the  amplifier  used 
by  Paciaroni  and  Linne.  The  laser  thus  offers  a  re¬ 
lated  approach  for  blocking  scattered  light.  A  long- 
pass  optical  filter  was  used  to  split  the  imaging  beam 
from  the  switching  beam,  and  a  short-pass  filter  was 
used  to  block  switching  light  at  the  camera.  The  spa¬ 
tial  filter  was  then  removed.  The  measured  spectra  of 
the  laser  and  the  two  beams  used  here  are  shown  in 
Fig.  4.  This  gave  a  switching  performance  similar  to 
the  earlier  implementation,  but  it  used  a  simplified 
optical  system.  It  also  improved  spatial  resolution 
relative  to  the  resolution  of  a  system  using  a  spatial 
filter  (but  otherwise  equivalent)  by  about  1-5  p,m. 
This  change  was  not  measured  by  using  the  approach 
described  by  Paciaroni  and  Linne.7  Rather,  a  resolu¬ 
tion  test  chart  was  placed  at  the  object  location,  and 
the  change  in  contrast  at  the  camera  was  simply 
observed.  These  figures  are  therefore  not  as  well  es¬ 
tablished  as  in  the  former  work. 


Paciaroni  and  Linne  performed  detailed  measure¬ 
ments  of  the  system  modulation  transfer  and  point 
spread  functions  under  various  levels  of  extinction.7 
They  found  that  this  instrument  can  routinely 
achieve  a  spatial  resolution  around  40-50  jxm  in  a 
single  frame  under  the  very  high  extinction  levels 
characteristic  of  a  Diesel  spray  (when  using  a  spatial 
filter  with  a  200  jxm  pinhole).  The  extinction  levels  of 
the  jets  presented  here  were  not  high  in  comparison 
to  a  Diesel  spray.  The  resolution  limit  for  such  images 
is  approximately  20-25  jxm  (when  using  a  spatial 
filter  with  a  400  p,m  pinhole).  Again,  this  figure  is 
approximate  as  the  resolution  limit  depends  upon  the 
actual  extinction  level,  and  we  have  not  measured  it 
in  this  jet.  The  spatial  scale  of  the  imaging  system  use 
here  was  calibrated,  however,  and  when  the  two- 
bandwidth  approach  was  used,  the  features  that  are 
clearly  observable  in  the  images  are  of  a  size  consis¬ 
tent  with  this  estimated  spatial  resolution. 

This  spatial  resolution  is  superior  to  former  single- 
frame  ballistic  imaging  cases  reported  in  the  litera¬ 
ture,  but  spray  modelers  require  resolution  nearer  to 
10  |xm.  As  a  small  extension  of  the  former  system 
analysis,  therefore,  we  have  evaluated  the  contribu¬ 
tion  of  each  component  to  this  resolution  limit.  In  the 
two-band  instrument  the  spatial  resolution  is  limited 
principally  by  the  OKE  gate.  The  switching  beam  is 
actually  focused  weakly  into  the  CS2  cell  for  good  cell 
performance  (not  shown  in  Fig.  3),  and  so  the  induced 
birefringence  is  a  function  of  radius  moving  away 
from  the  beam  axis.  Switching  quality  thus  de¬ 
creases  with  position  off  axis,  and  this  affects  res¬ 
olution  in  the  same  way  a  spatial  filter  can.  This 
problem  can  be  overcome  by  increasing  the  switch¬ 
ing  pulse  energy  and  increasing  the  switching  beam 
diameter.  Next,  crossed  polarizers  can  also  remove 
high-spatial-frequency  components.  We  do  not  see 
their  contribution  at  this  point,  but  they  could  be¬ 
come  the  next  limitation  if  the  spatial  filtering  ef¬ 
fects  were  removed. 

It  is  worth  mentioning  that  the  camera  itself  does 
not  limit  spatial  resolution.  More  common  planar  im¬ 
aging  systems  use  a  camera  that  acquires  a  pre¬ 
defined,  diffuse  image  from  within  a  flowfield  located 
some  distance  away,  and  it  relies  heavily  upon  the 
camera  lens,  image  intensifier  if  one  is  used,  and  the 
architecture  of  the  imaging  chip.  In  contrast,  a  bal¬ 
listic  image  is  relayed  within  a  laser  beam  from  the 
sample  volume  to  a  screen.  One  can  use  diffraction- 
limited  relay  optics  to  create  an  image  of  virtually 
any  size  at  the  screen.  The  camera  can  then  be  ad¬ 
justed  to  select  a  portion  of  a  magnified  image.  Dif¬ 
fraction  then  controls  spatial  resolution  for  features 
originating  at  the  sample,  not  the  camera.  The  cam¬ 
era  does  impose  a  limit  on  spatial  dynamic  range, 
however,  set  by  the  pixel  dimension  relative  to  the 
overall  size  of  the  imaging  chip. 

3.  Spray  Experiments 

A  quasi-steady  water  jet  experiment  was  developed 
to  demonstrate  the  diagnostic  in  a  relevant  flowfield. 
It  used  an  accumulator  to  provide  pressurized  water 
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Fig.  5.  Schematic  of  the  jet  in  crossflow  apparatus. 


(up  to  550  kPa)  to  a  nozzle  for  about  15  min  of  steady 
spray  time  (see  Fig.  5).  A  second  nitrogen  bottle  was 
used  to  supply  a  controllable  crossflow  of  gas  at  at¬ 
mospheric  pressure.  Two  simple  water  nozzles  were 
built  to  emulate  the  cases  studied  by  Madabhushi  et 
al. 1  The  data  presented  here  can  not  be  compared  in 
an  easy  way  with  their  predictions,  as  the  ballistic 
images  were  acquired  just  3-4  mm  from  the  jet  exit, 
but  they  can  be  used  to  augment  future  model  devel¬ 
opment  work.  The  nozzles  used  here  employed  simple 
constant  area  passages  with  diameters  of  0.789  and 
1.722  mm.  The  nitrogen  jet  was  4.37  mm  diameter  in 
both  cases,  and  it  was  centered  on  the  water  jet  before 
each  experiment  commenced.  The  nitrogen  flow  pat¬ 
tern  was  not  characterized. 

The  nitrogen  and  water  flow  rates  were  metered 
simply  by  providing  a  constant  pressure  drop  across 
the  orifice  that  formed  either  jet.  The  nitrogen  flows 
were  determined  by  using  a  calibrated  rotameter 
(calibrated  by  a  mass  flow  meter),  while  the  water 
flow  rate  was  measured  volumetrically.  The  various 
rates  were  chosen  to  provide  Weber  numbers  rele¬ 
vant  to  the  model  presented  by  Madabhushi  et  al.1 
The  specific  properties  of  each  flow  studied  are  de¬ 
tailed  in  Table  1,  where  the  Reynolds  number  of  the 
liquid  is  given  by  Ret  =  ( Uid)/v  (where  v  is  the  kine¬ 
matic  viscosity),  and  the  momentum  flux  ratio  is 
given  by  (piu2)/(pgug2).  Sets  of  40  images  were  ac¬ 
quired  for  each  case.  The  case  with  maximum  gas 
velocity,  for  the  jet  diameter  d  =  7.89  X  10-4  m,  was 
not  included  because  there  was  a  question  about  drift 
in  the  nitrogen  mass  flow  rate  for  that  case. 

4.  Results 

An  example  image  from  case  2  is  shown  in  Fig.  6.  The 
field  of  view  is  approximately  3.5  mm.  In  the  image, 
one  can  see  dark  areas  representing  a  continuous 
fluid  phase  and  light  areas  representing  the  gas 
phase.  After  background  subtraction,  each  raw  image 
was  normalized  by  an  image  of  the  beam  with  no 
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Fig.  6.  Example  image  for  case  2. 
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liquid  flow.  This  removed  the  laser  speckle  patterns 
that  were  repeatable  and  flattened  the  Gaussian  pro¬ 
file  of  the  imaging  beam.  This  normalization  proce¬ 
dure  improved  the  overall  signal-to-noise  ratio  from 
4:1  to  20:1,  it  provided  better  visual  access  to  the  dark 
regions  of  the  imaging  beam,  and  it  improved  droplet 
detection.  A  small  amount  of  beam  jitter  caused  a  loss 
of  spatial  resolution  of  the  order  of  one  micrometer, 
but  this  was  considered  a  good  compromise  given  the 
improvement  in  overall  image  quality. 

The  top  of  the  image  in  Fig.  6  is  the  location  of  the 
nozzle.  The  jet  issued  from  the  top,  and  one  can  see 
the  liquid  column  breaking  up  as  the  liquid  flows 
downward.  The  gas  flow  is  from  right  to  left  in  the 
images.  A  small  amount  of  laser  speckle  that  is 
smaller  than  the  resolution  limit  of  the  system  re¬ 
mains  within  the  gas-phase  portion  of  the  image  after 
background  subtraction  and  normalization  (see  the 
note  in  Fig.  6).  These  should  not  be  interpreted  as 
small  droplets.  It  is  also  necessary  to  point  out  that 
this  spray,  while  not  as  dense  as  an  atomizing  diesel 


Table  1.  Jet  Run  Conditions 


Case 

Jet  Diameter 
d  (m) 

Gas  Velocity 

ug  (m/s) 

Liquid  Velocity 

ut  (m/s) 

Weg 

Momentum 

Flux  Ratio 

1 

7.89  X  10“4 

66.7 

29.0 

56 

22,800 

161 

2 

7.89  X  1CT4 

100 

29.0 

126 

22,800 

72 

3 

1.73  X  1CT3 

70.7 

17.4 

138 

30,100 

52 

4 

1.73  X  10“3 

88.7 

17.4 

218 

30,100 

33 

5 

1.73  X  10“3 

106.7 

17.4 

316 

30,100 

23 
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Fig.  7.  Shot-to-shot  variation  for  case  2. 


fuel  spray  for  example,  was  quite  dense  to  passive 
imaging  techniques. 

The  interesting  fluid  features  in  Fig.  6  include  ex¬ 
pansion  of  the  liquid  core  cross  section  as  it  moves 
downstream,  deflection,  and  perhaps  deformation  of 
the  jet,  appearance  of  periodic  structures  along  the  jet 
column,  evidence  for  aerodynamic  stripping  of  the  jet, 
and  the  formation  of  ligaments,  nonspherical  pri¬ 
mary  droplets,  and  voids.  There  was  some  unsteadi¬ 
ness  in  the  spray,  as  evidenced  by  the  variation  from 
shot  to  shot  in  Fig.  7.  Variability  is  diminished  in  the 
slower  flow  case  (case  1),  and  so  we  speculate  that  it 
may  be  caused  by  some  inherent  instability  of  the 
nitrogen  flow. 

The  effect  of  Weber  number  can  be  observed  in  Fig. 
8a  (case  1)  to  8f  (case  5).  The  difference  between  cases 
1  and  2  (Figs.  8a  and  8b)  differ  only  in  gas  velocity. 
The  higher  Weg  case  (Fig.  8b)  experiences  greater 
atomization,  deflection  by  the  gas,  and  potentially 
greater  deformation  as  well.  Periodic  structures  are 
observed  in  both  cases,  but  ligaments  are  larger  and 
more  frequent  in  the  higher  Weg  case.  These  obser¬ 
vations  are  borne  out  by  statistics  taken  from  the 
entire  collection  of  images,  as  presented  in  Table  2 
below. 

A  larger  jet  diameter  is  used  to  increase  the  value 
of  Weg  for  cases  3,  4,  and  5.  Case  2  (the  smaller  d  case, 
Fig.  8b)  looks  quite  different  from  case  3  (the  larger  d 
case,  Fig.  8c),  even  though  their  respective  Weber 
numbers  are  not  very  different.  This  is  because  the 
liquid- gas  momentum  flux  ratio  changes  signifi¬ 
cantly  with  the  larger  jet  diameter.  Note  that  case  3 
had  some  very  infrequent  evidence  of  bag  breakup,  as 


e.  f. 

Fig.  8.  a,  Example  spray  for  case  1;  b,  case  2;  c,  case  3;  d,  evidence 
for  bag  breakup  in  case  3;  e,  exapmle  spray  for  case  4;  f,  case  5. 


shown  in  Fig.  8d.  Voids  are  not  common  in  cases  3,  4, 
and  5,  but  otherwise  they  show  a  progression  of  fea¬ 
tures  with  Weg  similar  to  cases  1  and  2. 

The  image  files  were  scanned  manually  for  statis¬ 
tics  on  ligament  size  and  number,  droplet  size  and 
number,  void  size  and  number,  and  the  spatial  fre¬ 
quencies  of  clearly  identifiable  periodic  structures. 
When  the  two-dimensional  image  of  a  primary  drop¬ 
let  was  elliptical  or  oblong,  the  short  dimension  was 
taken. 

Figures  9  and  10  contain  drop  size  distributions  for 
the  five  cases  described  in  Table  1.  These  data  rep¬ 
resent  averages  over  all  of  the  images  in  each  case 
group,  presented  for  a  limited  number  of  size  classes 
because  the  data  were  extracted  manually.  It  is  im¬ 
portant  to  point  out  that  droplets  smaller  than  20  jxm 
can  not  be  detected  by  this  imaging  technique;  so  the 
measured  distributions  necessarily  cut  off  at  that 
point.  As  shown  in  the  figures,  however,  most  of  the 
distributions  fall  well  above  this  small  cutoff  value, 
except  for  case  5.  The  other  plots  have  the  approxi¬ 
mate  shape  of  a  lognormal  distribution9  with  approx¬ 
imately  the  same  average  size. 
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Table  2.  Results  Extracted  from  Images 


Case 

Ave.  No. 
Drops 

SMDa 

(|jim) 

Total  No. 

Voids  Obs. 

Total  No. 
Ligaments 

Periodic  Wavelengths6  (ixm) 

1 

71 

46.7 

19 

54 

us:  150,175,200,250,275,300,350 
ds:  175,200,225,300 

2 

96 

46.7 

39 

92 

us:  225,300,325 
ds:  175,250,300,500 

3 

29 

53.5 

14 

46 

us:  150,225,250,275,300,350,400 
ds:  150 

4 

54 

45.6 

24 

81 

us:  150,200,250,300,350,400 
ds:  175,250,300,325,375,400 

5 

108 

— 

13 

78 

us:  150,200,250,300,475,600 
ds:  225,250,300,325,350,400,750 

aSMD,  Sauter  mean  diameter. 

6us,  upstream  side;  ds,  downstream  side. 


Fig.  9.  Drop  size  distributions  for  cases  1  and  2. 


Drop  size  (micrometers) 

Fig.  10.  Drop  size  distributions  for  cases  3,  4,  and  5. 


Table  2  contains  a  summary  of  the  data  extracted 
from  these  images.  The  Sauter  mean  diameters  in  the 
table  were  inferred  by  fitting  a  lognormal  distribution 
to  each  curve  in  Figs.  9  and  10  (except  for  case  5,  where 
there  were  insufficient  data  to  describe  the  distribu¬ 
tion).  Instead  of  presenting  averages  for  voids  and  lig¬ 
aments,  the  total  number  observed  out  of  14  images  is 
presented  because  there  were  some  images  containing 
neither.  The  data  in  the  column  labeled  “Periodic 
Wavelengths”  represent  all  of  the  wavelengths  for 
what  appeared  to  be  periodic  structures  in  the  jets. 

Clearly,  there  are  some  judgements  involved  in  the 
manual  process  of  data  extraction  from  these  images. 
Future  work  will  utilize  image  processing  to  automate 
this  function,  but  it  is  possible  to  introduce  significant 
errors  unless  great  care  is  applied  to  implementation 
issues  such  as  edge  detection.  For  the  time  being, 
therefore,  human  judgement  has  been  used. 

Despite  variation  in  the  data,  one  can  extract  some 
preliminary  observations.  Not  surprisingly,  the  num¬ 
ber  of  droplets  and  ligaments  produced  increases 
with  We,  while  the  low  We  and  Re  cases  produce  more 
voids.  The  Sauter  mean  diameter  of  the  primary 
droplets  does  not  vary  significantly  for  cases  1-4. 
Case  5  has  evolved  into  a  somewhat  different  regime. 
It  has  the  largest  We  and  Re,  together  with  the  small¬ 
est  momentum  ratio.  The  droplet  size  distribution  for 
this  case  has  moved  down  into  a  notably  smaller  size 
range.  Finally,  there  seems  to  be  an  increase  in  the 
wavelength  of  periodic  structures  with  We,  but  it  is 
not  a  pronounced  trend. 


5.  Conclusion 

Ballistic  imaging  is  a  fairly  new  diagnostic  tool  for  the 
near  field  of  an  atomizing  spray.  Our  latest  imple¬ 
mentation  provides  single-shot  images  with  very 
good  spatial  resolution,  sufficient  to  extract  new  in¬ 
formation  about  a  highly  relevant  spray.  This  initial 
work  reveals  a  near-nozzle  flow  field  undergoing 
breakup  via  stripping.  One  can  also  detect  signatures 
of  spatially  periodic  behavior  and  a  few  voids.  These 
results  will  contribute  to  the  development  of  a  phys¬ 
ical  model  that  can  be  included  in  subroutines  of 
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computational  fluid  dynamics  codes  that  describe 
spray  breakup. 

Future  work  will  focus  upon  an  experiment  with 
upstream  gas  flow  that  is  more  uniform  across  the  jet, 
and  it  will  be  better  characterized.  More  image  se¬ 
quences  will  be  acquired  at  more  locations  along  the 
liquid  core,  and  automatic  image  analysis  software 
will  be  used  to  extract  higher  quality  statistics. 

Support  for  this  work  is  provided  by  a  grant  from 
the  US  Air  Force  Research  Laboratory  under  grant 
contract  FA8650-04-M-2442.  Some  of  the  equipment 
used  was  provided  by  Army  Research  Office  via  ARO 
Project  DAAD19-02-1-0221. 
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A  compact,  high-speed  tunable,  diode-laser-based  mid-infrared  (MIR)  laser  source  has  been  developed  for 
absorption  spectroscopy  of  C02  at  rates  up  to  10  kHz.  Radiation  at  4.5  jam  with  a  mode-hop-free  tuning 
range  of  80  GHz  is  generated  by  difference-frequency  mixing  the  860  nm  output  of  a  distributed-feedback 
diode  laser  with  the  1064  nm  output  of  a  diode-pumped  Nd:YAG  laser  in  a  periodically  poled  lithium  niobate 
crystal.  MIR  absorption  spectroscopy  of  C02  with  a  detection  limit  of  44  ppm  m  at  10  kHz  is  demonstrated 
in  a  C2H4-air  laminar  diffusion  flame  and  in  the  exhaust  of  a  liquid-fueled  model  gas-turbine  combustor. 
©  2005  Optical  Society  of  America 
OCIS  codes:  300.6260,  120.1740,  140.2020,  300.1030,  190.1900. 

Tunable  diode-laser  absorption  spectroscopy  is  a  ma¬ 
ture,  relatively  low-cost  diagnostic  approach  com¬ 
monly  used  in  laboratory  flames  and  combustors  of 
practical  interest  for  quantitative  measurement  of 
multiple  species  concentrations  and  temperature.1 
For  the  measurement  of  unsteady  phenomena,  the 
most  successful  approach  takes  advantage  of  the 
high-speed  tunability  of  distributed-feedback  (DFB) 
diode  lasers  in  the  near  IR  for  kilohertz-rate  detec¬ 
tion  of  H20,  CO,  and  C02.2  Rapid-scan  diode  lasers 
for  accessing  strong  electronic  transitions  in  the  UV 
or  fundamental  bands  in  the  mid-infrared  (MIR), 
however,  are  still  not  available,  limiting  the  maxi¬ 
mum  detection  rates  of  species  such  as  OH,  NO,  CO, 
and  C02. 

To  tune  to  the  electronic  or  fundamental  vibra¬ 
tional  absorption  bands  of  these  molecules  for 
enhanced  sensitivity  and  selectivity,  researchers 
have  previously  used  sum-frequency3,4  and 
difference-frequency5,6  mixing  of  slow-scan  diode  la¬ 
sers  with  other  high-power  laser  sources  in  nonlinear 
crystals.  Wavelengths  in  the  UV  and  MIR  have  been 
achieved  with  this  approach  but  with  data- 
acquisition  bandwidths  of  —100  Hz  or  less.1-6 

By  exploiting  the  new  wavelength  availability  in 
DFB  diode  lasers  along  with  sum-  or  difference- 
frequency  generation,  one  can  achieve  high  scan 
rates  in  the  UV  and  MIR  spectral  regions  while  ac¬ 
cessing  strong  absorption  bands  and  avoiding  inter¬ 
ference  from  H20.  Detection  of  the  hydroxyl  radical 
(OH)  in  the  UV  with  a  20  kHz  data-acquisition  band¬ 
width,  for  example,  was  recently  demonstrated  for 

0146-9592/05/223087-3/$15.00 


the  first  time  by  using  a  laser  source  based  on  sum- 
frequency  generation.7 

In  a  similar  manner,  we  report  the  first  demonstra¬ 
tion  to  our  knowledge  of  MIR  detection  of  C02  at 
single-scan  rates  up  to  10  kHz  with  a  signal-to-noise 
ratio  of  40:1  by  using  a  DFB  diode  laser  and 
difference-frequency  generation  (DFG).  Detection 
rates  of  50  kHz  are  achievable  with  a  signal-to-noise 
ratio  of  20:1.  Data  are  presented  in  combustion  envi¬ 
ronments  with  path  lengths  ranging  from 
2.5  to  7.5  cm,  providing  the  measurement  bandwidth 
required  to  track  and  possibly  control  unsteady  com¬ 
bustor  performance  characteristics  in  a  variety  of  ap¬ 
plications.  Examples  of  combustion  phenomena  that 
require  high  data-acquisition  rates  include  ignition, 
blowout,  flame  holding,  and  acoustic  instability  Fur¬ 
thermore,  the  wavelength  region  around  4.5  ptm 


Signal 

Detector 
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Detector 


DFB 


Isolator  XI 2 


860  nm 


Fig.  1.  Schematic  of  high-speed  MIR  C02-absorption  spec¬ 
troscopy  system. 
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Hencken  Burner  o=0, 5 
Theory  (6.76%  C02) 


1 

Equilibrium 

T=1GOOK 


Frequency  Detuning  (GHz) 

Fig.  2.  Broadened  C02  spectra  centered  at  2237.87  cm-1 
in  the  Hencken  burner  at  <£=  0.5.  Inset,  detailed  view  of 
theoretical  model  compared  with  experimental  data. 

holds  the  potential  for  simultaneous  detection  of 
blended  C02  and  CO  spectra,  the  ratio  of  which  is 
sought  as  a  useful  parameter  for  combustion  moni¬ 
toring  and  control.2 

The  mixing  scheme  used  to  achieve  MIR  wave¬ 
lengths  for  absorption  by  C02  and  CO  is  shown  in 
Fig.  1.  A  75  mW  single-mode  DFB  diode-laser  beam 
near  860  nm  and  a  500  mW,  diode-pumped  Nd:YAG- 
laser  beam  at  1064.66  nm  are  difference-frequency 
mixed  in  a  40  mm  long  periodically  poled  lithium  nio- 
bate  (PPLN)  crystal  to  attain  420  nW  of  MIR  radia¬ 
tion  centered  near  4.47  yam.  The  DFB  diode-laser 
temperature  is  varied  to  achieve  a  slow-scan  DFG 
center-wavelength  range  up  to  20  nm  in  the  MIR, 
and  DFB  diode-laser  drive-current  modulation  is 
used  for  rapid  mode-hop-free  DFG  tuning.  DFG  tun¬ 
ing  ranges  of  80  and  60  GHz  are  achieved  with  drive- 
current  modulation  at  2  and  10  kHz.  Nonlinearities 
in  time  are  corrected  by  using  an  etalon  with  a  2  GHz 
free  spectral  range.  The  DFG  laser  output  is  directed 
through  the  flame  as  well  as  to  a  reference  detector 
for  normalization.  Standoff  detection  with  spatial  fil¬ 
tering  and  bandpass  filters  centered  at  4.5  yam 
(125  nm  FWHM)  are  used  to  reduce  background  ther¬ 
mal  radiation  prior  to  detection  of  the  signal  and  ref¬ 
erence  beams  with  cryogenically  cooled  InSb  detec¬ 
tors.  Residual  background  radiation  is  measured 
with  the  laser  beams  blocked  and  then  subtracted 
along  with  photodiode  bias  prior  to  normalization. 
Further  details  on  the  DFG  setup  can  be  found  in 
Ref.  5. 

Theoretical  spectra  for  C02  incorporate  spectro¬ 
scopic  line  parameters  from  the  HITRAN-HITEMP 
database  and  apply  line  broadening  to  simulate  the 
effects  of  temperature  and  pressure.5  The  tempera¬ 
ture  is  fixed  based  on  coherent  anti-Stokes  Raman 
scattering  (CARS)  data  collected  previously,8  and 
concentration  is  allowed  to  vary  during  the  compari¬ 
son  with  experimental  C02  spectra.  The  measure¬ 
ment  of  temperature  by  using  C02  spectra  at  4.5  yam 
requires  further  model  development^  or  the  detection 


of  multiple  species2  and  is  the  subject  of  ongoing  in¬ 
vestigation.  The  data  of  Fig.  2,  collected  at  2  kHz  in  a 
nearly  adiabatic,  laminar  diffusion  flame  stabilized 
over  a  25  mm  X  25  mm  Hencken  burner,  demonstrate 
that  the  theoretical  model  adequately  predicts  many 
features  within  the  C02  absorption  spectrum  despite 
its  complex  nature,  with  the  measured  mole  fraction 
of  C02  closely  matching  the  equilibrium  prediction. 
The  inset  displays  theoretical  spectra  at  ±2%  C02 
mole  fraction  to  illustrate  the  precision  that  can  be 
achieved  with  the  current  sensor. 

Nonaveraged,  10  kHz  measurements  in  the  ex¬ 
haust  of  a  preheated,  liquid-fueled,  swirl-stabilized, 
atmospheric-pressure  CFM56  gas-turbine  combustor 
at  <£=0.5  and  <£=  0.8  are  shown  in  Fig.  3.  Further  de¬ 
tails  of  the  combustor,  which  has  a  7.6  cm  exit  diam¬ 
eter  exhaust  nozzle,  can  be  found  in  Ref.  8.  To  our 
knowledge,  this  is  the  first  demonstration  of  10  kHz 
MIR  absorption  spectroscopy  in  a  liquid-fueled  com¬ 
bustor,  illustrating  that  it  is  feasible  to  apply  the 
DFG  sensor  to  reacting  flows  of  practical  interest. 
Both  <£=0.5  and  <£=  0.8  show  good  agreement  with 
theoretical  comparisons  using  the  HITRAN- 
HITEMP  database  and  CARS  temperatures  of  1280 
and  1693  K,  respectively.  The  concentrations  appear 
to  be  within  1%  of  equilibrium  predictions  and  within 
7%  of  previous  measurements  by  Fourier- transform 
IR  (FTIR)  spectroscopy.  A  scatterplot  of  15  scans  for 
<£=  0.5  shown  in  the  inset  of  Fig.  3  illustrates  the  abil¬ 
ity  of  the  sensor  to  differentiate  between  the  two 
combustor  conditions. 

Time-series  measurements  utilizing  10  kHz  data 
from  the  Hencken  burner  and  CFM56  combustor  at 
<£=  0.5  are  shown  for  comparison  in  Fig.  4.  The  C02 
concentrations  are  similar  in  both  cases,  but  data 
from  the  CFM56  combustor  display  a  characteristic 
frequency  of  —750  Hz.  In  contrast,  time-series  mea¬ 
surements  in  the  Hencken  burner  are  steady  with  a 
standard  deviation  of  2.5%.  Assuming  there  is  no  sig- 
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Fig.  3.  Broadened  C02  spectra  at  2237.5  cm-1  in  the 
CFM56  combustor  at  <£=0.5, 0.8.  The  inset  for  <£=0.5  shows 
15-shot  data  scatter  at  a  10  kHz  scan  rate. 
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Fig.  4.  10  kHz  time-series  measurements  of  C02  mole 

fraction  at  0=0.5  in  the  Hencken  burner  and  CFM56 
combustor. 


Fig.  5.  Demonstration  of  simultaneous  C02  and  CO  mea¬ 
surements  centered  at  2236.21  cm-1  in  the  CFM56 
combustor. 

nificant  noise  contribution  from  the  laminar  Hencken 
flame  and  for  a  signal-to-noise  ratio  of  unity,  this 
yields  a  10-kHz  detection  limit  of  44  ppm  m.  Given 
that  C02  concentrations  are  typically  of  the  order  of 
100,000  ppm  in  the  combustion  products,  this  sensi¬ 
tivity  is  more  than  adequate  for  many  combustion- 
control  applications.  Nonetheless,  it  is  possible  to 
sacrifice  measurement  speed  for  accuracy.  Time  aver¬ 
aging  for  1  s,  for  example,  would  lead  to  a  detection 
limit  of  approximately  0.44  ppm  m.  While  it  is  pos¬ 
sible  to  improve  the  detection  limit  by  time  averag¬ 
ing,  it  is  also  possible  to  analyze  multiple  regions 
within  the  wide  tuning  range  to  enable  detection 
rates  greater  than  10  kHz.  By  tracking  five  separate 
regions  in  Fig.  2,  for  example,  we  achieved  a  50  kHz 
measurement  rate  with  a  standard  deviation  of  5% 
and  a  detection  limit  of  83  ppm  m. 

Finally,  note  that  the  potential  exists  for  simulta¬ 
neous  measurement  of  CO  and  C02  concentrations 
by  operating  the  sensor  near  2236.21  cm-1.  This  is 
demonstrated  in  Fig.  5,  which  shows  measurements 
in  the  CFM56  combustor  at  0=  0.5  and  0=1.1.  The 
72(27)  line  of  CO  in  the  (z/'  =  0,z/  =  l)  band  becomes 


more  prominent  as  the  CO  concentration  increases 
from  a  low  to  a  high  equivalence  ratio.  This  facili¬ 
tates  measurement  of  the  C02-to-CO  ratio,  which  can 
then  be  maximized  to  improve  combustion  efficiency. 
The  tuning  range  of  the  DFG  laser  is  sufficient  for  ac¬ 
curate  measurement  of  the  C02  concentration,  and  it 
may  be  possible  with  further  model  development  to 
isolate  the  signal  contribution  from  CO.  The  use  of 
wavelength-modulation  spectroscopy  may  also  help 
to  improve  the  analysis  or  enable  thermometry  from 
blended  C02-CO  spectral  features.9 

In  summary,  a  newly  developed  10  kHz  C02 
absorption-spectroscopy  system  based  on  difference- 
frequency  generation  of  4.5  /zm  radiation  has  been 
demonstrated  successfully  in  a  laboratory  flame  and 
in  the  exhaust  of  a  liquid-fueled  combustor.  To  our 
knowledge,  this  is  the  first  demonstration  of  high¬ 
speed  absorption  spectroscopy  of  C02  in  the  mid-IR 
spectral  region,  as  well  as  the  first  demonstration  of 
high-speed  tunable  diode-laser  absorption  spectros¬ 
copy  of  C02  in  the  exhaust  of  a  liquid-fueled  combus¬ 
tor  of  practical  interest.  Measured  concentrations  for 
a  limited  data  set  are  within  7%  of  equilibrium  pre¬ 
dictions  and  FTIR  measurements,  with  a  10  kHz  de¬ 
tection  limit  of  44  ppm  m.  Extension  to  detection 
rates  as  high  as  50  kHz  as  well  as  simultaneous  de¬ 
tection  of  C02  and  CO  are  also  demonstrated. 
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Broadband  picosecond  coherent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy  of  nitrogen  is  demon¬ 
strated  using  145-ps  pump  and  probe  beams  and  a  115-ps  Stokes  beam  with  a  spectral  bandwidth  of  5  nm. 
This  is,  to  our  knowledge,  the  first  demonstration  of  broadband  CARS  using  subnanosecond  lasers.  The 
short  temporal  envelope  of  the  laser  pulses  and  the  broadband  spectral  nature  of  the  Stokes  beam  will  en¬ 
able  nonresonant-background-free,  single-shot,  or  time-dependent  spectroscopy  in  high-pressure  or 
hydrocarbon-rich  environments.  Successful  correlation  of  room-temperature  broadband  picosecond  N2  CARS 
with  a  theoretical  spectrum  is  presented.  ©  2005  Optical  Society  of  America 
OCIS  codes:  320.5390,  120.1740,  140.2050,  190.4380,  300.6230,  300.6290. 


Coherent  anti-Stokes  Raman  scattering  (CARS)  mea¬ 
surements  of  nitrogen  and  hydrogen  molecules  using 
conventional  broadband  and  modeless  nanosecond 
dye  lasers  has  been  widely  utilized  for  thermometry 
in  gaseous  flows.1-3  The  advantage  of  broadband 
CARS  over  narrowband  or  scanning  CARS  is  that  it 
allows  acquisition  of  single-shot  spectra  of  transient 
phenomena  under  unsteady  conditions.4  A  significant 
drawback  of  the  nanosecond  CARS  approach,  how¬ 
ever,  is  interference  of  the  nonresonant  background 
signal  with  the  resonant  CARS  signal.  This  limits  the 
applicability,  sensitivity,  and  accuracy  of  nanosecond 
CARS  at  higher  pressures  and  especially  in 
hydrocarbon-rich  environments  due  to  the  high  non- 
resonant  susceptibility  of  hydrocarbon  compounds. 
The  contribution  from  the  nonresonant  background 
signal  is  highest  when  the  pump  and  probe  beams 
are  overlapped  temporally.4-6  In  the  picosecond  re¬ 
gime,  it  is  possible  to  delay  the  pump  beam  tempo¬ 
rally  with  respect  to  the  probe  beam  to  suppress  the 
nonresonant  contribution  to  the  CARS  signal. 

This  Letter  reports,  to  our  knowledge,  the  first 
demonstration  of  broadband  CARS  at  subnanosecond 
time  scales  using  a  modeless  dye  laser.  Previous  in¬ 
vestigations  of  the  time-resolved  dynamics  of  atoms 
or  molecules  in  the  picosecond  regime  have  employed 
optical  parametric  amplifiers,7  synchronously 
pumped  dye  lasers,5’8  and  distributed-feedback  dye 
lasers  (DFDLs).9,10  These  sources,  however,  are  not 
suitable  for  single-shot  spectroscopic  measurements 
in  unsteady  flows  because  of  their  relatively  narrow 
spectral  width  and,  to  our  knowledge,  have  not  been 
utilized  for  temperature  measurements  in  gaseous 
environments.  In  addition  to  single-shot  CARS  ther¬ 
mometry  in  high-pressure,  hydrocarbon-rich  environ¬ 
ments,  the  broadband  picosecond  dye  laser  described 
here  might  also  be  useful  for  velocity  measurements 
in  high-speed  flows  by  using  the  Raman-excitation 


laser-induced  electronic  fluorescence  (RELIEF) 
technique.11 

A  schematic  diagram  of  the  broadband  picosecond 
CARS  system  is  shown  in  Fig.  1.  The  modeless  dye 
laser  is  pumped  by  the  frequency-doubled,  nearly 
transform-limited  pulse  width,  —85  mJ/pulse  output 
of  a  10-Hz  Nd:YAG  regenerative  amplifier  at  532  nm. 
In  contrast  to  most  picosecond  dye  lasers,  the  ab¬ 
sence  of  a  cavity  allows  the  generation  of  an  output 
beam  without  any  mode  structure.  The  first  cell  of 
the  dye  laser  is  side  pumped  and  is  followed  consecu¬ 
tively  by  side-  and  end-pumped  amplifier  cells.  In  the 
current  setup,  a  mixture  of  R  640  and  KR  620  dyes  is 
used  to  generate  the  output  beam,  which  is  centered 
at  —607  nm.  When  used  with  532-nm  pump  beams, 
this  wavelength  corresponds  to  the  Stokes  beam  for 


Fig.  1.  Schematic  diagram  of  broadband  picosecond  CARS 
system.  M,  mirror;  X/2;  half-wave  plate;  P,  polarizer;  BD, 
beam  dump;  BS,  beam  splitter;  HR,  high  reflector;  ASE, 
amplified  spontaneous  emission. 
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Fig.  2.  (a)  Temporal  profile  of  dye  laser  at  various  pump 

energies  measured  with  streak  camera,  (b)  spectral  profile 
of  dye  laser. 


Fig.  3.  Dye-laser  output  energy  as  function  of  pump 
energy. 

CARS  spectroscopy  of  nitrogen.4  A  broadband  high 
reflector  placed  within  3  mm  of  the  relatively  short 
(—12  mm)  first  cell  allows  significant  temporal  over¬ 
lap  between  the  reflected  photons  at  607  nm  and  the 
— 145  ps  pump  beam  at  532  nm  within  the  dye  me¬ 
dium.  The  high  reflector  provides  a  preamplified  gain 
of  almost  a  factor  of  5  in  total  energy  output.  Ampli¬ 
fied  spontaneous  emission  (ASE)  from  the  first  cell  is 
amplified  in  the  two  subsequent  cells  described  pre¬ 
viously.  The  second  amplifier  cell  is  end  pumped  to 
improve  the  spatial  profile  of  the  beam,  and  the  out¬ 
put  is  collimated  with  a  60-cm-focal-length  spherical 
lens.  To  determine  whether  ASE  from  the  two  ampli¬ 
fier  cells  contributes  significantly  to  the  total  output 
energy,  ASE  from  the  first  cell  was  blocked,  and  the 
output  energy  of  the  dye  laser  was  reduced  by  at 
least  three  orders  of  magnitude. 

The  temporal  pulse  width  of  the  607-nm-dye-laser 
beam  was  measured  as  a  function  of  pump  energy  by 
using  a  Hamamatsu  streak  camera  (Model  C5680-21 
with  M5676)  with  a  temporal  resolution  of  10  ps  for 
the  selected  sweep  range  of  1  ns.  Figure  2(a)  shows 
the  temporal  profiles  of  the  dye-laser  output  for  dif¬ 
ferent  pump  energies.  The  full  width  half-maximum 
(FWHM)  pulse  width  of  the  dye  laser  is  reduced  by 
9%  from  129  ps  when  the  pump  energy  is  increased 
from  7  to  14  mJ.  A  further  increase  in  pump  energy 
has  no  appreciable  effect,  allowing  a  consistent  pulse 
width  of  —115  ps  to  be  maintained.  The  spectral  pro¬ 
file  of  the  dye  laser,  shown  in  Fig.  2(b),  was  measured 
to  have  a  FWHM  of  —5  nm  with  an  Ocean  Optics 
spectrometer  (Model  USB2000)  with  a  resolution  of 
—0.5  nm.  This  5  nm  bandwidth  is  necessary  to  cap¬ 


ture  the  full  spectrum  of  the  nitrogen  CARS  signal 
for  each  laser  shot,  especially  at  high  temperatures.4 
The  output  energy  of  the  dye  laser  is  plotted  as  a 
function  of  the  pump  energy  in  Fig.  3.  The  conversion 
efficiency  of  the  dye  laser  is  —15.5%  for  the  entire 
range  of  pump  energies,  implying  the  medium  is  not 
saturated  at  these  energy  levels. 

The  frequency-doubled  output  of  the  Nd:YAG  re¬ 
generative  amplifier  at  532  nm  is  used  for  the  pump 
and  probe  beams  in  the  nitrogen  CARS  system,  while 
the  dye-laser  output  at  607  nm  is  used  as  the  Stokes 
beam.  The  pump-  and  probe-beam  energies  at  the 
CARS  probe  volume  are  150  /zJ,  and  the  energy  in 
the  Stokes  beam  is  800  /zJ.  The  temporal  overlap  of 
the  pump,  probe,  and  Stokes  beams  is  optimized  us¬ 
ing  translation  stages,  and  the  spatial  overlap  is  ar¬ 
ranged  in  a  folded  BOXCARS  geometry,  as  shown  in 
Fig.  1.  The  laser  beams  are  focused  and  recollimated 
using  300-mm  focal  length  lenses.  The  spatial  resolu¬ 
tion  defined  by  the  spatial  overlap  of  the  beams  is  es¬ 
timated  to  be  30  /z m  normal  to  the  beam  direction 
and  1.5  mm  in  the  phase-matching  direction.  The 
CARS  signal  is  dispersed  by  a  1.25  m  spectrometer 
(SPEX  1250M)  equipped  with  a  2400  groove/mm 
grating.  An  Andor  backilluminated,  unintensified 
CCD  camera  (Model  DU  440BU)  with  a  2048 
X  512  pixel  array  is  used  for  acquisition  of  the  CARS 
spectra.  Figure  4  shows  a  room-air  nitrogen  spectrum 
that  was  averaged  over  20  single-shot  spectra  ac¬ 
quired  by  using  the  broadband  picosecond  CARS  sys¬ 
tem  described  here.  The  spectral  dispersion  of  the 
CARS  signal  is  0.174  cm_1/pixel,  and  the  resolution 
of  the  CARS  detection  system  is  —0.54  cm-1.  Figure  4 
also  shows  a  comparison  with  a  theoretical  room- 
temperature  spectrum  from  the  Sandia  CARSFT 
code.12 

In  summary,  broadband  CARS  spectroscopy  of  ni¬ 
trogen  using  picosecond  lasers  has  been  demon¬ 
strated.  To  our  knowledge,  this  is  the  first  experimen¬ 
tal  demonstration  of  broadband  picosecond  CARS 
spectroscopy  for  thermometric  purposes.  This  laser 
system  will  allow  further  investigation  of 
nonresonant-background  suppression  in  high- 
pressure  and  hydrocarbon-rich  environments12  for 
improving  the  accuracy  and  sensitivity  of  CARS  ther¬ 
mometry.  This  system  will  also  allow  more  detailed 


Raman  Shift  (cm'1) 

Fig.  4.  Experimental  and  theoretical  broadband  CARS 
spectra  of  nitrogen  at  room  temperature. 
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studies  of  the  collisional  dependence  of  the  CARS  sig¬ 
nal  through  variation  of  the  time  delay  between  the 
pump  and  the  probe  beams. 
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The  time-resolved  dynamics  of  resonant  and  nonresonant  broadband  picosecond  coherent 
anti-Stokes  Raman  scattering  (CARS)  signals  in  gas-phase  media  are  investigated.  For  — 135  ps 
pump  and  probe  beams  and  — 106  ps  Stokes  beams,  the  magnitude  of  the  nonresonant  signals  are 
decreased  by  more  than  three  orders  of  magnitude  when  the  probe  beam  is  delayed  by  —110  ps, 
whereas  the  resonant  nitrogen  CARS  signal  is  reduced  only  by  a  factor  of  3.  Investigation  of  these 
time  dynamics  is  important  for  understanding  the  optimal  time  delay  for  nonresonant  background 
suppression  as  well  as  for  understanding  the  collisional  and  Doppler  dependence  of  the  resonant 
CARS  signals.  ©  2005  American  Institute  of  Physics.  [D  0 1 :  10.1063/1.2159576] 


Coherent  anti-Stokes  Raman  scattering  (CARS)  spec¬ 
troscopy  of  nitrogen  is  widely  used  for  temperature  measure¬ 
ments  in  reacting  flows  and  plasmas.1,2  In  air-breathing  com¬ 
bustion  environments,  measurements  of  temperature  using 
nitrogen  CARS  have  the  advantage  that  nitrogen  is  present  at 
high  concentrations  almost  everywhere  in  the  combustor. 
Most  previous  CARS  thermometric  measurements  in  gas 
phase  or  reacting  flows  have  been  performed  using  nanosec¬ 
ond  laser  pulses.  A  major  limitation  of  nanosecond-laser- 
based  CARS  thermometry  is  the  contribution  of  the  nonreso¬ 
nant  signal,  which  limits  the  accuracy  and  degrades  the 
sensitivity  of  the  technique.3  The  nonresonant  background 
can  be  suppressed  by  polarization  selection,  but  this  results 
in  a  reduction  of  the  resonant  CARS  signal  by  at  least  a 
factor  of  sixteen.3 

There  have  been  relatively  few  demonstrations  of  pico¬ 
second  CARS  in  the  gas  phase,  and  all  previous  measure¬ 
ments  in  both  liquids  and  gases  have  been  performed  using 
synchronously  pumped  dye  lasers,  which  do  not  allow  the 
acquisition  of  single-shot  spectra  for  unsteady  flows.4"7  In 
unsteady  flows,  where  there  is  significant  variation  in  tem¬ 
perature  and  density,  measurement  of  the  CARS  signal  using 
a  tunable  source  such  as  a  synchronously  pumped  dye  laser, 
optical  parametric  amplifier,  or  distributed-feedback  dye  la¬ 
ser  leads  to  a  distortion  of  the  spectra  biased  toward  low 
temperatures.  This  is  due  to  the  requirement  of  scanning  the 
dye  lasers  or  the  OPA  for  the  acquisition  of  spectrum  cover¬ 
ing  a  bandwidth  of  —20-100  cm-1,  especially  at  tempera¬ 
tures  relevant  to  combustion.  We  have  recently  demonstrated 
picosecond  CARS  measurements  using  a  broadband  mode¬ 
less  dye  laser  with  sufficient  bandwidth  to  excite  the  full 
ro-vibrational  transition  band  in  a  single  shot,8  thereby  en¬ 
abling  nonresonant  background  suppression  while  avoiding 
temperature  bias  in  unsteady  flows. 

Recently,  CARS  thermometry  using  femtosecond  laser 
pulses  has  also  been  demonstrated.9  Both  picosecond  and 
femtosecond  CARS  systems  permit  nonresonant  background 
suppression  and  enable  the  investigation  of  molecular- 
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ensemble  collisional  dynamics.  Relatively  straightforward 
substitution  of  picosecond  lasers  into  well-established  broad¬ 
band  nanosecond  CARS  systems  will  enable  single-shot 
thermometry  in  practical  combustion  environments;  how¬ 
ever,  femtosecond  CARS  thermometry  will  require  consider¬ 
able  further  development  to  achieve  such  measurements.10 

The  objective  of  this  work  is  to  investigate  the  time- 
resolved  dynamics  of  the  broadband  picosecond  resonant 
pure-nitrogen  CARS  signal  along  with  the  nonresonant  sig¬ 
nals  from  argon,  oxygen,  and  carbon  dioxide.  This  will  pro¬ 
vide  an  understanding  of  the  time  frame  required  for  effec¬ 
tive  suppression  of  the  nonresonant  contribution  to  the 
CARS  signal  as  well  as  an  understanding  of  the  nitrogen- 
nitrogen  collisional-Doppler  dephasing  and  relaxation  pro¬ 
cesses  in  the  ensemble.  The  dependence  of  the  broadband 
picosecond  CARS  signal  on  pressure  and  temperature  is  the 
subject  of  ongoing  research  and  will  be  addressed  in  a  com¬ 
panion  letter.  The  current  study  is  focused  on  determining  the 
appropriate  delay  time  for  the  probe  beam  with  respect  to  the 
pump  beam  so  as  to  suppress  the  nonresonant  contribution  to 
the  resonant  CARS  signal.  In  the  liquid  phase,  time-resolved 
observation  of  the  resonant  and  nonresonant  contribution  to 
the  third-order  nonlinear  susceptibility  using  picosecond 
CARS  has  been  studied  by  Zinth  et  al.6  As  expected,  the 
authors  observed  a  distinct  temporal  behavior  for  the 
resonant  and  nonresonant  signals. 

The  laser  wavelengths  in  the  current  experiment  are  se¬ 
lected  to  excite  the  rovibrational  transition  manifold  of  the 
nitrogen  molecule  while  being  nonresonant  to  argon,  oxygen, 
and  carbon  dioxide.  The  nearly  transform-limited  frequency- 
doubled -135  ps  output  of  aNd:YAG  regenerative  amplifier 
at  532  nm  is  used  for  the  pump  and  probe  beams,  and  the 
-106  ps  output  of  a  broadband  modeless  dye  laser  at 
606  nm  is  used  as  the  Stokes  beam.  The  temporal  pulse- 
widths  of  the  laser  beams,  measured  with  a  Hamamatsu 
streak  camera  (Model  C5680-21/M  5676),  are  shown  in  Fig. 
1.  Each  profile  is  averaged  over  ten  laser  shots.  The  solid 
lines  shown  in  Fig.  1  are  Gaussian  envelopes  fitted  through 
the  data  points  and  are  shown  to  indicate  the  deviation  of  the 
laser  pulsewidths  from  Gaussian  profiles.  Further  details  on 
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Time  (ps) 

FIG.  1.  Temporal  profiles  of  the  Nd:YAG  and  dye-laser  beams  acquired 
with  a  Hamamatsu  streak  camera.  The  solid  lines  are  Gaussian  profiles  fitted 
through  the  data  points.  The  profiles  are  shifted  temporally  for  clarity. 


the  design  and  performance  of  the  broadband  picosecond 
CARS  system  are  described  elsewhere.8 

For  these  experiments,  a  CARS  polarization  is  induced 
in  the  medium  by  the  narrowband  pump  and  the  broadband 
Stokes  beams  by  overlapping  them  both  spatially  and  tem¬ 
porally.  A  variable-delay  probe  beam  is  then  used  to  investi¬ 
gate  the  induced  polarization.  The  energy  level  diagram  of 
the  resonant  and  nonresonant  contributions  to  the  CARS  sig¬ 
nal  is  shown  in  Fig.  2. 1,4  The  nonresonant  signal  appears  as  a 
broad  background  that  interferes  with  and  distorts  the  CARS 
spectrum.  The  contribution  from  the  nonresonant  back¬ 
ground  is  highest  when  all  the  laser  beams  are  overlapped 
temporally  and  can  significantly  affect  temperature  accuracy, 
especially  in  hydrocarbon-rich  environments  due  to  the  high 
nonresonant  susceptibility  of  hydrocarbon  compounds. 

A  typical  room-temperature  CARS  spectrum  in  pure  ni¬ 
trogen  and  a  nonresonant  spectrum  in  pure  argon  averaged 
over  100  laser  shots  are  shown  in  Fig.  3;  these  spectra  are 
acquired  with  all  laser  beams  arriving  at  the  probe  volume 


Non  resonant 


FIG.  3.  A  typical  room  temperature  CARS  spectrum  in  pure  nitrogen  and  a 
pure  nonresonant  spectrum  in  argon  averaged  over  100  laser  shots. 


simultaneously.  The  nitrogen  spectrum  represents  the  over¬ 
lapping  Q-branch  transition  in  the  v=0— >v=l  band  in  the 
ground  electronic  level.  M  odulation  in  the  nonresonant  spec¬ 
trum  is  due  to  etalon  effects  from  the  dye  cells  of  the  mod¬ 
eless  dye  laser.  The  time-resolved  resonant  CARS  signal  in 
pure  nitrogen  and  the  nonresonant  signal  acquired  by  flowing 
pure  argon,  oxygen,  and  carbon  dioxide  are  shown  in  Fig.  4 
as  a  function  of  the  time  delay  between  the  pump  and  probe 
beams.  Each  data  point  represents  the  integrated  signal  over 
an  entire  spectrum,  such  as  that  shown  in  Fig.  3,  for  a  fixed 
time  delay  between  the  pump  and  probe  beams.  From  Fig.  4, 
it  is  evident  that  the  magnitudes  of  all  the  nonresonant  sig¬ 
nals  are  decreased  by  more  than  three  orders  of  magnitude 
when  the  probe  beam  is  delayed  by  -110  ps  with  respect  to 
the  pump  beam.  Note  that  the  full  width  half  maximum  tem¬ 
poral  envelope  of  the  Stokes  beam  is  —106  ps  while  that  of 
the  pump  or  probe  beam  is  -135  ps,  as  shown  in  Fig.  1.  The 
magnitude  of  the  resonant  CARS  signal  is  highest  when  the 
beams  are  overlapped  temporally  due  to  the  nonresonant 
contribution  to  the  resonant  CARS  signal.  The  signal  decays 
as  the  probe  beam  is  delayed  with  respect  to  the  pump  beam 
due  to  dephasing  of  the  pump/Stokes-induced  polarization. 
At  approximately  130  ps,  the  slope  of  decline  in  the  signal 


Pump-Probe  Delay  (ps) 


FIG.  4.  Time-resolved  resonant  and  nonresonant  signals  as  functions  of 
FIG.  2.  Energy-level  diagrams  of  the  resonant  and  nonresonant  processes  pump-probe  time  delay  displaying  the  behavior  of  the  resonant  anSflSnreso- 
that  contribute  to  the  CARS  signal.  nant  CARS  signal. 
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changes,  indicating  the  disappearance  of  the  nonresonant 
contribution  to  the  CARS  signal. 

The  data  in  Fig.  4  indicate  the  magnitude  of  the  CARS 
signal  is  reduced  by  a  factor  of  3  while  the  nonresonant 
signal  is  reduced  by  over  three  orders  of  magnitude  at 
—110  ps.  Beyond  130  ps,  the  signal  decays  exponentially 
with  r=63  ps  due  to  collision-induced  dephasing  and  rota¬ 
tional  energy  transfer.11  The  oscillation  of  the  signal  after 
— 500  ps  is  due  to  the  constructive  and  destructive  interfer¬ 
ence  between  the  CARS  signal  generated  from  different  rovi- 
brational  transitions  excited  by  the  broadband  CARS  system 
dictated  by  the  phase  differences  between  them. 

I  n  summary,  we  demonstrate  that  the  broadband  picosec¬ 
ond  C  A  RS  system  described  here  can  be  used  to  suppress  the 
nonresonant  contribution  preferentially  while  enabling 
single-shot  measurements  typical  of  broadband  nanosecond- 
laser-based  systems.  In  future  work,  the  time-resolved  study 
described  here  will  be  extended  to  include  the  effects  of 
Doppler  and  collisional  broadening  for  a  wide  range  of 
temperatures  and  pressures. 
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Abstract:  We  demonstrate  the  ability  to  generate  ultra-high  frequency 
sequences  of  broadly  wavelength  tunable,  high  intensity  laser  pulses  using  a 
custom  built  Optical  Parametric  Oscillator  (OPO)  pumped  by  the  third 
harmonic  output  of  a  “burst-mode”  Nd:YAG  laser.  Burst  sequences 
consisting  of  6  -  10  pulses  separated  in  time  by  6  -  10  microseconds  are 
obtained,  with  average  total  conversion  efficiency  from  the  355-nm  pump  to 
the  651.5-nm  signal  and  780-nm  idler  of  approximately  36%.  An  external 
cavity  diode  laser  at  780  nm  is  used  to  injection  seed  the  OPO  cavity, 
resulting  in  a  time-averaged  line  width  of  approximately  200-300  MHz  for 
both  the  signal  and  idler  waves. 

©  2006  Optical  Society  of  America 

OCIS  codes:  (190.4970)  Parametric  oscillators  and  amplifiers;  (280.2490)  Flow  diagnostics; 
(280.1740)  Combustion  diagnostics 
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1.  Introduction 

While  there  has  been  enormous  progress  in  recent  years  in  the  development  and  application  of 
a  variety  of  optical  diagnostic  imaging  techniques,  the  ability  to  capture  time-evolving  or 
volumetric  information  is  severely  constrained  by  limitations  of  available  laser  technology. 
Over  the  last  several  years,  we  have  been  developing  the  capability  of  generating  ’'trains”  of 
20-30,  high-energy  Nd:YAG  pulses,  separated  in  time  by  a  variable  period  as  short  as  one 
microsecond  [1,2].  The  approach  utilizes  a  low  power  (order  mW)  master  oscillator,  a  custom 
dual  Pockel  cell  pulse  “sheer,”  and  a  series  of  flashlamp-pumped  amplifiers.  In  general,  it  is 
found  that  significant  energy  pulses  can  be  extracted  for  sequences  as  long  as  -150 
microseconds,  with  total  energy  per  burst  sequence  of -1.5  J  at  the  fundamental  wavelength 
of  1064  nm  and  2nd/3rd  harmonic  conversion  efficiencies  of -50%  and  40%,  respectively  [1]. 

In  this  paper  we  demonstrate  the  ability  to  generate  trains  of  wavelength-tunable  pulses 
using  a  custom  built  Optical  Parametric  Oscillator  (OPO),  which  is  the  first  step  toward  our 
goal  of  developing  an  ultra-high  frame  rate  Planar  Laser-Induced  Fluorescence  (PLIF) 
imaging  system.  PLIF  is  a  powerful  diagnostic  technique  that  has  been  widely  employed  for 
studies  of  combustion  and  high  speed  reacting  flow  [3].  However,  since  PLIF  is  based  on 
resonant  absorption  of  radiation,  high  instantaneous  power,  wavelength-tunable  laser  sources 
are  required  for  time-resolved  imaging.  While  dye  and/or  solid-state  sources,  including 
Nd:YAG-pumped  OPOs,  are  readily  available  commercially,  the  published  technology  on 
generation  of  high-speed  bursts  of  such  tunable  radiation  is,  to  our  knowledge,  limited  to  three 
papers.  Wu,  et  al.  [4]  pumped  a  grazing-incidence  dye  laser  with  -0.5  mJ  per  pulse  at  532  nm 
from  an  Nd:YAG  burst-mode  laser,  which  is  similar  to  that  used  in  the  present  work.  While 
burst-mode  output  was  obtained,  the  individual  pulse  energies  were  too  low  to  be  measured. 
Luff,  et  al.  [5]  have  reported  an  alexanderite  system  which  utilizes  the  combination  of  a  long 
pulse  (-170  ns)  Q-switched  oscillator,  a  Harriott  Cell  Regenerative  Amplifier  (for  pulse 
slicing  and  amplification),  and  two  single-pass  amplifiers.  Approximately  150  microjoules 
per  pulse,  for  a  30-pulse  sequence  with  1-ps  separation  at  761  nm  was  reported.  Kaminski,  et 
al.  [6]  used  a  set  of  four  commercial  double-pulsed  Nd:YAG  lasers  to  pump  a  single 
commercial  dye  laser.  Starting  with  270  mJ  per  individual  pulse  at  532  nm,  they  were  able  to 
generate  eight  pulses  at  282  nm,  with  an  average  energy  of  -1  mJ  and  a  minimum  interpulse 
period  of  125  psec,  constrained  by  the  high  intensity  pumping  requirement  of  the  dye  laser. 

2.  Experiments 

Our  strategy  is  to  utilize  an  OPO  for  the  generation  of  tunable  radiation,  taking  advantage  of 
the  fact  that  the  gain  decays  essentially  instantaneously  after  the  passage  of  each  pump  pulse 
within  the  burst.  It  was  hypothesized  that  photo-bleaching  effects,  which  severely  limit  the 
repetition  rate  of  dye  lasers,  would  therefore  be  minimal,  as  would  be  thermal  effects  since 
absorption  in  BBO  at  355  nm  is  quite  low  [7].  The  custom-built  OPO  cavity,  shown  in  Fig.  1, 
was  designed  specifically  for  use  with  the  burst  mode  Nd:YAG  pump  laser.  The  OPO  “gain” 
medium  consists  of  a  pair  of  12-mm-long  Type  I  BBO  crystals  that  are  5-mm  x  7-mm  in  cross 
section  and  are  arranged  in  a  linear  cavity  configuration.  The  crystals  are  oriented  to  provide 
walk-off  compensation  between  the  pump  and  signal/idler  beams,  which  provides  higher 
effective  gain  for  the  relatively  small  cross  sectional  area  (-2-4  mm2)  pump  beam  [8].  The 
cavity  is  doubly  resonant  on  the  signal  and  idler  wavelengths,  using  a  broad-band  high 
reflector  and  output  coupler  coated  for  20  -  30%  reflectivity  in  the  wavelength  range  600  - 
850  nm.  The  355-nm  pump  beam  is  coupled  into  and  out  of  the  cavity  using  a  pair  of  45° 
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Optical  Isolator 


^  ^  1  ^  OP0  Output 


Diode  Seed  Laser 


Double  Pass 
355  nm  pump 

Fig.  1.  Schematic  diagram  of  OPO  Cavity  illustrating  injection-seeding  and  double  pass  of  355-  nm 
pump  beam.  Cavity  is  doubly  resonant  at  signal  and  idler  wavelengths. 

dichroic  mirrors,  which  reflect  the  355  nm  pump  beam  and  transmit  the  OPO  signal  and  Idler 
beams.  By  using  a  355-nm  0°  reflection  mirror,  the  355-nm  pump  beam  can  be  retro-reflected 
for  a  second  pass  through  the  OPO  cavity.  Note  that  double-pass  alignment  requires  very  low 
angular  displacement  due  to  the  phase-matching  requirement.  More  specifically,  angular 
displacement  of  the  retro-reflected  pump  is  equivalent  to  changing  the  BBO  crystal  angle. 
Since  a  1°  angle  change  affects  the  OPO  signal  wavelength  by  -70  nm,  it  is  clear  that  careful 
alignment  is  required. 

The  total  cavity  length  is  -10  cm,  limited  by  the  large  size  of  the  current  pump  mirror 
mounts.  A  single-frequency  external  cavity  diode  laser  is  used  to  injection  seed  the  cavity  at 
either  the  signal  or  idler  [9]  wavelengths,  depending  upon  the  experiment.  The  seed  radiation 
is  injected  through  the  output  coupler  using  a  Faraday  rotation  optical  isolator,  in  a  manner 
similar  to  that  employed  previously  for  injection  seeding  of  a  Titanium: Sapphire  laser  [10]. 

3.  OPO  Conversion  Efficiency 

A  series  of  baseline  measurements  were  performed  in  which  the  burst-mode  pump  laser  was 
operated  in  a  manner  identical  to  that  used  to  generate  high-frequency  pulse  trains,  but  with 
only  a  single  pulse  per  burst.  The  results  are  summarized  in  Fig.  2,  which  show  OPO  total 
power  conversion  efficiencies  as  a  function  of  input  pulse  energy  when  the  OPO  cavity  is 
operated  in  double-pass  pump  configurations.  It  can  be  seen  that  the  OPO  threshold  is  -4  mJ, 
and  the  conversion  efficiency  rises  rapidly  as  a  function  of  pulse  energy,  reaching  a  plateau  of 
-35%  (total  signal  +  idler)  for  a  pump  input  energy  of  -25  mJ.  For  comparison,  the 
theoretical  threshold  for  single -pass  pumping  of  a  doubly  resonant  OPO  cavity  can  be 
estimated  from  the  expression  [11] 


(1) 


where  sQ  and  jjq  are  permittivity  and  permeability  of  free  space,  respectively,  deff  is  the 
effective  non-linear  coefficient  for  OPO  conversion,  equal  to  1.98pm/V,  /  is  the  crystal  length, 
Rs  and  Rt  are  the  reflectivity  of  the  output  coupler  at  the  signal  and  idler  wavelengths, 
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Fig.  2.  Conversion  efficiency  of  OPO  cavity  shown  in  Fig.  1  for  single  355-nm  pulse  from  burst¬ 
mode  laser  system. 


respectively.  Equation  (1)  predicts  a  threshold  intensity  of  - 2.2  MW/cm2,  corresponding  to  a 
threshold  pump  pulse  energy  of  ~1.5  mJ  for  our  beam  of  nominal  diameter  3.0  mm  and  pulse 
duration  of  10  ns.  This  is  in  quite  good  agreement  with  our  observed  threshold  of  -4  mJ.  We 
note  that  achieving  such  low  threshold  implies  that  the  beam  spatial  quality  of  the  burst  mode 
pump  laser  is  quite  good,  an  issue  which  was  a  significant  concern  prior  to  performing  these 
measurements.  We  also  point  out  that  low  threshold,  while  always  important  for  nonlinear 
processes,  is  particularly  critical  for  burst  mode  operation  of  the  OPO  due  to  the  inherent 
intensity  envelope  of  the  individual  pump  pulses  within  the  burst.  While  we  have  not  yet 
explored  this  in  detail,  we  note  that  the  pump  intensity  should  be  a  factor  of  approximately 
four  greater  than  threshold  for  efficient  OPO  operation  [7].  As  illustrated  in  Fig.  2,  the  plateau 
in  conversion  efficiency  begins  at  -30%  for  a  pump  energy  of  -17  mJ,  which  is  about  four 
times  threshold. 

Because  our  OPO  cavity  is  double  resonant,  the  OPO  output  includes  both  signal  (65 1  nm) 
and  idler  (780  nm)  components  with  a  measured  signal  idler  energy  ratio  of  0.55:0.45,  which 
is  approximately  equal  to  the  ratio  of  single  photon  energies.  In  broad  band  operation  the 
OPO  was  operated  over  a  wide  range  of  wavelengths  from  -600/869  nm  to  700/720  nm  for 
the  signal/idler  respectively.  It  was  found  that  the  OPO  output  was  approximately  constant,  at 
least  over  a  signal  range  of  ±50  nm.  We  also  seeded  the  OPO  system  at  idler  wavelengths  of 
827nm  and  780  nm.  In  both  seeding  cases,  the  OPO  conversion  efficiency  was  not 
significantly  changed,  but  the  spectral  linewidth  was  greatly  narrowed. 

4.  Burst  Sequences 

Operation  in  burst  mode  is  illustrated  in  Figs.  3-5,  which  show  some  typical  single  burst 
sequences  for  the  355-nm  pump  and  corresponding  OPO  idler  output  at  780  nm.  Due  to 
limitations  in  our  sampling  oscilloscope,  the  RC  time  constant  was  increased  to  a  few 
microseconds  to  display  the  captured  burst  sequences.  The  relatively  long  observed  decay  of 
the  individual  pulses  is  an  artifact  of  this  and  does  not  correspond  to  the  actual  (-  6  nsec) 
individual  pulse  durations.  In  each  of  the  illustrated  cases,  the  OPO  cavity  was  operated  with 
injection  seeding  at  the  780-nm  idler  wavelength.  (Unseeded  operation  gave  nearly  identical 
results).  Figure  3  illustrates  a  burst  sequence  of  six  pulses,  separated  in  time  by  10  ps.  A 
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variety  of  additional  combinations  have  been  produced  ranging  from  1  to  12  pulses  with  4-  to 
12-ps  spacing.  Note  that  the  displayed  pump  and  OPO  output  burst  sequences  were  obtained 
simultaneously,  and  that  a  significant  effort  was  made  to  minimize  the  non-uniformity  of  the 
pulse  energy  distribution  within  the  burst. 

The  average  instantaneous  pump  energy  for  the  burst  sequence  shown  in  Figure  3  is  -31 
mJ  and  the  total  conversion  ratio  is  -35%.  In  this  case  the  OPO  651-nm  signal  energy  is  -6 
mJ  per  pulse. 


Fig.  3.  Typical  6-pulse,  10-ps-spacing  pump  (left)  and  double  pass  OPO  (right)  burst  sequence.  Total  OPO 
conversion  efficiency  (signal  +  idler)  is  35%.  Average  single-pulse  355-nm  input  energy  is  31  mJ. 


Figure  4  is  very  similar  to  Figure  3,  except  that  the  number  of  pulses  has  been  increased  to 
eight.  Once  again,  the  input  355  nm  pump  burst  is  reasonably  uniform.  It  is  also  noted  that  the 
intensity  envelopes  of  the  OPO  output  follow  reasonably  the  envelopes  of  the  pump  pulses. 
The  average  pump  energy  is  26  mJ  and  the  total  conversion  ratio  is  33%. 


Fig.  4.  Typical  8-pulse,  8-ps-spacing  pump  (left)  and  double-pass  OPO  (right)  burst  sequence.  Total  OPO 
conversion  efficiency  (signal  +  idler)  is  33%.  Average  single-pulse  355-nm  input  energy  is  26  mJ. 


Figure  5  illustrates  another  typical  case,  consisting  of  10  pulses  with  6  ps  spacing.  Again, 
both  the  pump  and  OPO  output  bursts  are  reasonably  uniform  and  the  intensity  envelopes  are 
very  similar,  which  means  each  pulse  has  approximately  equal  conversion  ratio.  The  average 
pump  energy  is  16  mJ  per  pulse,  and  the  OPO  conversion  efficiency  is  32%,  which  is  similar 
to  that  observed  for  the  single-pulse  case. 
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Fig.  5.  Typical  10-pulse,  6-ps-spacing  pump  (left)  and  double-pass  OPO  (right)  burst  sequence.  Total  OPO 
conversion  efficiency  (signal  +  idler)  is  32%.  Average  single-pulse  355-  nm  input  energy  is  16  mJ. 


A  variety  of  additional  combinations  have  been  produced  ranging  from  1  to  12  pulses  with 
4-  to  12-ps  spacing.  In  all  cases  total  signal  +  idler  conversion  efficiency  is  -30%  or  more, 
essentially  identical  to  that  obtained  using  a  single  pulse.  It  is  also  noted  that  the  intensity 
envelopes  of  the  OPO  output  follow  reasonably,  but  not  precisely,  the  envelopes  of  the  pump 
pulses.  We  attribute  this  result  to  the  fact  that  the  pump-pulse  intensity  is  significantly  above 
threshold  by  a  factor  of  four  or  more.  In  this  regard  it  is  important  to  note  that  the  pump  laser 
produces  bursts  with  an  inherent  intensity  envelope,  particularly  when  operated  at  high 
intensity  where  gain  narrowing  is  significant.  The  multiple  non-linear  steps  (2nd  /3rd  harmonic 
followed  by  OPO)  will  tend  to  exacerbate  this  problem  and  so  it  is  critical  to  produce  the  most 
uniform  pump  bursts  as  possible. 

5.  OPO  Spectral  Linewidth 

As  discussed  earlier,  a  prime  motivation  for  the  work  presented  here  is  to  develop  the 
capability  to  perform  NO-based  Planar  Laser  Induced  Fluorescence  (PLIF)  imaging  [12]  at 
ultra-high  frame  rates.  As  such  an  ultimate  goal  is  to  mix  the  OPO  signal  output  with  residual 
355  nm  pump  in  order  to  generate  tunable  burst  mode  output  in  the  UV  range.  Our  OPO 
signal  output  is  at  651  nm,  a  spectral  region  where  it  is  difficult  to  obtain  diode  laser  seed 
sources.  A  potential  solution  is  to  seed  at  the  idler  wavelength  [8],  which  for  this  case  is  -780 
nm. 
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Fig.  6.  Low  resolution  spectra  of  seeded  and  unseeded  OPO  signal  (left)  and  idler  output  (right).  Note  that 
the  OPO  is  seeded  at  the  idler  wavelength. 

We  used  an  external  cavity  diode  laser  (-  5  mW  at  780  nm)  as  the  seed  source.  Figure  6 
shows  typical  low  resolution  spectra,  obtained  with  an  available  0.3  m  spectrometer,  for 
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seeded  and  unseeded  OPO  signal  and  idler  outputs.  Notice  that  both  the  signal  and  idler 
beams  are  narrowed  significantly,  from  -  1  nm  to  a  line  width  which  is  very  difficult  to 
measure  using  the  low  resolution  spectrometer. 

We  have  also  performed  some  preliminary  measurements  using  a  2-GHz  free  spectral 
range  confocal  spectrum  analyzer,  which  while  not  designed  for  line-width  measurements  of 
pulsed  lasers  can,  nonetheless,  provide  a  reasonable  estimate.  The  spectrum  analyzer  was 
scanned  slowly  using  a  computer  generated  voltage  ramp  applied  to  the  controller’s  external 
ramp  input.  An  ordinary  PIN  photodiode  captured  the  transmitted  signal  which  was 
processed  with  a  boxcar  averager  and  digitized  with  a  computer.  A  narrow  bandpass  780-nm 
filter  was  placed  directly  in  front  of  the  detector  to  avoid  stray  light  at  532  or  355  nm. 


Ov  (GHz) 


Fig.  7.  Etalon  trace  of  cw  seed  laser  (left)  and  injection-seeded  OPO  idler  output  (right)  at  780  nm.. 
Linewidth  of  seeded  OPO  output  is  200  -  300  MHz,  based  on  2.0  GHz  FSR  of  etalon. 


Figure  7  shows  typical  traces  of  the  cw  seed  laser  (left)  and  time  averaged  pulsed  OPO 
signal  output  (right).  While  the  OPO  signal  output  traces  are  admittedly  somewhat  non¬ 
steady,  due  to  a  combination  of  cavity  mode  stability  and  drift  in  the  non-stabilized  etalon,  it 
is  clear  that  the  average  line  width  is  a  fraction  (10  -  15%)  of  the  etalon  FSR.  We  conclude 
that  the  time  averaged  line  width  is  on  the  order  of  200  -  300  MHz.  While  it  is  somewhat 
speculative,  it  should  be  noted  that  the  longitudinal  mode  spacing  for  our  OPO  cavity  is  -  1.5 
GHz.  It  is  possible,  although  not  conclusively  determined,  that  the  weak  “peaks”  which  seem 
to  periodically  occur  at  a  position  ~  one  third  of  the  way  between  the  major  transmission 
peaks  could  be  an  indication  of  lasing  on  an  additional  longitudinal  mode.  We  also  note  that 
the  results  from  a  low-resolution  spectrometer  showed  narrowing  line  width  at  the  signal 
wavelength  (651.5  nm),  when  seeded  at  the  780-nm  idler  wavelength. 

6.  Conclusions 

We  have  demonstrated  in  this  paper  the  ability  to  generate  ultra-high  frequency  sequences  of 
broadly  wavelength-tunable,  high-intensity  laser  pulses  using  a  custom  built  injection-seeded 
OPO  pumped  by  the  third-harmonic  output  of  a  “burst-mode”  Nd:YAG  laser.  Burst 
sequences  consisting  of  6  -  10  pulses  separated  in  time  by  between  6  and  10  ps  are  obtained. 
For  a  double  pass  OPO,  the  average  total  OPO  conversion  efficiency  is  approximately  35%, 
corresponding  to  individual  65 1  nm  single  pulse  energy  of  ~6.0  mJ.  An  external  cavity  diode 
laser  at  780  nm  is  used  to  injection  seed  the  OPO  cavity,  resulting  in  substantial  narrowing, 
from  ~1  nm  to  200-300  MHz  for  both  the  signal  and  idler  waves. 

Future  work  will  be  focused  on  generation  of  higher  power  UV  output,  as  well  as  on 
extension  of  the  burst  envelop.  The  latter  will  be  attempted  using  a  long-pulse  duration  power 
supply  for  pumping  the  Nd:YAG  amplifier  chain.  Preliminary  work  has  indicated  that  this 
approach  can  generate  reasonably  flat-top  gain  profiles  for  durations  in  the  range  0.5  -  1.5  ms. 
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The  use  of  a  fiber-coupled  terahertz  (THz)  transmitter/receiver  pair  for 
spectroscopic  detection  of  water  vapor  is  investigated.  Transmission 
signals  of  an  alumina  cylinder  demonstrate  that  the  measurement 
approach  can  be  applied  in  a  windowless  ceramic  combustor.  First, 
a  conventional  commercial  transmitter/receiver  pair  is  used  to  make 
measurements  for  frequencies  to  1.25  THz.  Water- vapor  absorption  is 
clearly  evident  within  the  alumina  transparency  window  and  is  readily 
modeled  using  existing  databases.  A  variety  of  data-acquisition  schemes  is 
possible  using  THz  instrumentation.  To  assess  signal-collection  techni¬ 
ques,  a  prototype  THz  transmitter/receiver  pair  is  then  used  with  the 
asynchronous  optical-sampling  (ASOPS)  technique  to  obtain  asynchro¬ 
nous  THz-sampling  signals  to  1  THz  without  the  need  for  an 
optomechanical  delay  line.  Two  mode-locked  Ti:sapphire  lasers  operating 
at  slightly  different  repetition  rates  are  used  for  pumping  the  transmitter 
and  receiver  independently  to  permit  a  complete  time -domain  THz  signal 
to  be  recorded.  The  resulting  repetitive  phase  walkout  is  demonstrated  by 
collecting  power  spectra  of  room  air  that  exhibit  water- vapor  absorption. 
Index  Headings:  Terahertz  time-domain  spectroscopy;  THz-TDS;  Asyn¬ 
chronous  optical  sampling;  ASOPS;  Water  vapor. 


INTRODUCTION 

The  field  of  terahertz  (THz)  time-domain  spectroscopy  has 
developed  rapidly,  and  great  strides  have  been  made  in  the 
technological  innovation  of  THz  sources  and  detectors.  Brief 
summaries  of  this  rapid  evolution  can  be  found  in  review 
papers  by  Nuss  and  Orenstein1  and  Chen  and  Zhang.2  THz 
sources  provide  ffee-space,  low-average-power  output  ( — 10 
nW)  that  can  be  coherently  or  incoherently  detected.  The  low 
output  levels  make  it  possible  to  analyze  detected  signals  in  the 
linear-dispersion  regime.3  With  coherent  detection,  signals  that 
are  1/1 60th  the  strength  of  the.  incoherent  thermal  background 
can  be  detected.4 

Terahertz  sources  and  detectors  have  been  used  extensively 
for  spectroscopy  and  imaging.5  The  short-pulse  nature  of  the 
time-resolved  approach  makes  it  possible  to  study  the 
dynamics  of  a  wide  variety  of  systems  using  either  THz 
emission  or  pump/probe  approaches.6  THz  time-domain 
spectroscopy  has  been  successfully  performed  on  pure  samples 
of  liquid  water7’8  and  of  polar8,9  and  nonpolar10  solvents.  Free- 
electron  transport  properties  and  dynamics  in  photoionized 
hexane  have  been  shown  to  be  consistent  with  the  Drude  model 
for  the  frequency-dependent  dielectric  function.11  The  collision 
frequency  and  plasma  density  of  a  helium  discharge  have  been 
measured.12 

Extraction  of  both  components  of  the  complex  dielectric 
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function  can  be  accomplished  using  THz  time-domain 
spectroscopy  without  the  need  for  a  Kramers-Kronig  analy¬ 
sis,13  and  fundamental  spectral-line-shape  studies  can  be 
performed  as  well.  Several  groups  have  demonstrated  gas- 
phase  absorption  spectroscopy.  A  setup  that  employs  an 
antenna  source  along  with  broadband  bolometric  detection 
has  been  used  to  detect  H2S,  with  a  detection  limit  of  30  ppm.14 
Employing  an  antenna/receiver  pair,  Harde  et  al.  performed 
THz  time-domain  spectroscopy  on  methyl  bromide,  methyl 
chloride,  and  methyl  fluoride.  They  accurately  measured 
molecular  constants  and  the  self-broadening  coefficient  through 
a  pulse-propagation  analysis  of  the  time-resolved  THz 
pulses.15,16  A  lineshape  analysis  of  the  reconstructed  absorp¬ 
tion  revealed  a  spectrum  that  bridges  the  two  classical  line 
shape  regimes — namely,  the  van  Vleck-Weisskopf  and  the 
Lorentzian  regimes.16,17  Near-real-time  part-per-million  de¬ 
tection  of  methyl  chloride  has  recently  been  demonstrated 
using  a  THz-TDS  spectrometer  based  on  a  White-cell  design.18 
While  most  of  the  studies  published  to  date  have  been 
performed  on  static-gas  samples,  preliminary  investigations 
have  been  conducted  in  stable  flame  environments  on  the 
detection  of  hot  water  molecules.19  Since  a  number  of  passive 
dielectric  and  semiconductor  materials  are  semi-transparent  in 
the  THz  regime,  the  frequency-dependent  absorption  and 
dispersion  coefficients  can  be  measured  using  THz  time- 
domain  spectroscopy.  Measurement  of  these  coefficients 
expands  the  database  of  information  collected  with  traditional 
far-infrared  (FIR)  and  microwave  techniques  and  provides 
a  tool  for  examining  the  role  of  intrinsic  and  impurity  charge 
carriers.20 

In  the  present  study,  we  explore  the  use  of  THz  time-domain 
spectroscopy  for  the  investigation  of  gas-phase  spectra  in 
ceramic  vessels.  Detection  of  stable  major  species  such  as 
water  at  the  exit  plane  of  a  combustor  provides  a  means  to 
assess  combustor  efficiency.  First,  we  employed  a  conventional 
commercial  time-domain  instrument  in  which  the  time  delay  is 
scanned  optomechanically,  with  the  same  laser  being  used  to 
drive  the  transmitter  and  receiver.  We  then  explored  the  use  of 
electronic  synchronization  of  separate  lasers  for  driving  the 
prototype  transmitter  and  receiver  with  asynchronous  optical 
sampling  (ASOPS).  To  our  knowledge,  this  technique  was  first 
proposed  independently  by  Lill  et  al 21,22  and  by  Barnes  and 
Lytle.23  The  ASOPS  technique  has  been  employed  to  delay  the 
pulse  train  from  one  laser  with  respect  to  another,24,25  and  to 
delay  the  outputs  between  a  mode-locked  diode  laser  and 
a  modulated  diode  laser,26  between  a  mode-locked  laser  and 
a  free-running  electrical  signal,27  and  between  a  mode-locked 
laser  and  a  free-running  microwave  source.28  A  similar 
asynchronous-sampling  effect  can  be  achieved  by  splitting 
the  output  from  a  single  laser  and  passing  it  through  two 
Fabry-Perot  interferometers  with  a  slight  difference  between 
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their  mirror  separations.  Under  measurement  conditions  where 
it  is  desirable  or  necessary  to  sweep  through  the  signal  rapidly, 
delays  between  laser  sources  generated  via  optomechanical 
means  can  become  problematic.  Such  conditions  arise,  for 
example,  in  the  study  of  molecular  energy  transfer.  To  address 
this  concern,  we  sought  to  make  a  THz  time-domain 
measurement  using  the  asynchronous  THz-sampling  technique, 
mapping  short  real-time  intervals  onto  long  equivalent-time 
intervals  that  can  be  accommodated  more  easily  during 
experiments.  Recently,  Janke  et  al.29  demonstrated  the  use  of 
the  ASOPS  technique  to  measure  the  resonant  response  of 
a  biosensor  cavity  in  the  THz  spectral  region. 

The  ASOPS  technique  was  originally  developed  to  provide 
a  platform  for  measurement  of  rapid  excited-state  processes  in 
a  pump/probe  format  without  the  need  for  an  optomechanical 
delay  line.30,31  Here,  two  mode-locked  lasers  are  operated  at 
slightly  different  repetition  rates,  producing  a  controlled 
relative-phase  walkout  between  the  two  beams — in  effect, 
a  replacement  for  an  optomechanical  delay  line.  Each 
successive  probe  pulse  samples  a  longer  delay  with  respect  to 
the  previous  pump  pulse  until  this  delay  equals  the  pump-pulse 
period;  then  the  cycle  is  repeated.  In  this  way,  a  real-time 
period  is  scaled  to  an  equivalent-time  period  by  a  factor 
-  fi),  where  f\  and  f2  denote  the  repetition  rates  of  the  two 
lasers.  Synchronous  detection  is  achieved  without  the  need  to 
modulate  either  beam.31  The  absence  of  an  optomechanical 
delay  line  in  the  ASOPS  approach  maintains  the  spot  size  of 
the  pump  and  probe  beams  constant  in  the  overlap  region  and 
eliminates  the  need  to  determine  “time  zero”  during  wave¬ 
length  tuning.30  This  technique  has  been  successfully  em¬ 
ployed  to  measure  the  excitation  and  decay  dynamics  of 
fluorophores  in  liquid  solution,31  gas-phase  quenching  rates,32 
and  species  concentrations33  in  flames.  The  use  of  dual- beam 
excitation  permits  determination  .  of  the  quenching  rates 
required  for  absolute  concentration  measurements.33  The 
ASOPS  technique  can  also  be  advantageous  for  signal-to-noise 
enhancement.  Selection  of  a  sufficiently  large  beat  frequency 
allows  rapid  signal  averaging  combined  with  high-pass  filtering 
of  laser-baseband  noise.  The  sampling  time  (temporal  resolu¬ 
tion)  is  determined  by  the  beat  frequency  (A/=/i  —  f2)  divided 
by  the  product  of  the  laser  frequencies,  xsamp  =  A f/f\f2,  while 
the  collection  time  is  given  by  1/A/.  Hence,  to  improve  signal- 
to-noise  ratios  and  reduce  collection  times,  it  is  desirable  to 
maximize  the  beat  frequency.  However,  this  is  done  at  the 
expense  of  temporal  resolution  so  a  compromise  must  be 
reached  for  each  individual  measurement.  In  practice,  the  beat 
frequency  must  satisfy  A /  <  zf2Ft  where  t  denotes  the  desired 
temporal  resolution  and  F  is  the  bandwidth  of  the  detection 
system.24  The  ASOPS  technique  requires  a  more  complicated 
hardware  setup  than  is  often  used  for  pump/probe  measure¬ 
ments.  However,  the  payoffs  of  increased  data  acquisition  rate 
and  increased  signal-to-noise  ratio  through  ac  coupling  of  the 
signal  can  far  outweigh  the  setup  complexity  in  some 
measurement  scenarios. 

THZ  INSTRUMENT 

Measurements  were  made  using  THz- transmitter  and  re¬ 
ceiver  modules  produced  by  Picometrix  in  two  platform 
configurations.  The  first  configuration  made  use  of  a  commer¬ 
cially  available  system  (T-Ray  200034)  that  employs  a  conven¬ 
tional  optomechanical  delay  line.  This  typical  THz  time- 
domain-spectroscopy  platform  uses  a  single  femtosecond-laser 
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Frequency  (THz) 

Fig.  1.  Measured  and  calculated  absorption  spectra  in  room  air  with  two 
strong  and  three  weak  water-vapor  lines. 

oscillator  to  pump  both  the  THz  transmitter  and  the  THz 
receiver.  The  output  of  the  laser  was  split,  with  one  half  of  the 
energy  being  directed  to  the  transmitter,  and  the  other  half  being 
directed  through  an  optomechanical  delay  line  to  the  receiver. 
The  THz  receiver  acts  as  a  time-gated  detector.  As  the  optical 
delay  is  scanned,  the  receiver  sweeps  through  the  complete 
THz  signal.  For  the  spectrum  shown  in  Fig.  1,  the  delay  was 
scanned  a  total  of  277  ps  at  a  rate  of  5  ps/s.  The  signal  was 
recorded  every  5.1  pm  of  linear  travel,  which  corresponds  to 
a  time  step  of  17  fs.  Four  back-to-back  sweeps  were  averaged 
to  yield  the  raw  signal,  which  was  recorded  using  the 
commercial  software  of  the  T-Ray  2000  system.  Processing 
of  the  time-domain  signals  was  accomplished  off-line  using  an 
algorithm  described  in  the  Results  and  Discussion  section. 

The  second  configuration  employed  a  prototype  transmitter 
and  receiver  that  were  pumped  independently  by  two  similar 
femtosecond-laser  oscillators  for  executing  THz-ASOPS  meas¬ 
urements.  The  transmitter  and  receiver  pairs  used  in  both 
configurations  were  similar  in  design,  consisting  of  photocon- 
ductive  antennae  structures  with  hyper  hemispherical  lenses. 
Thus,  the  modules  provided  a  free-space  line-of-sight  source 
and  receiver  of  THz  radiation.  The  collimated  transmitter  beam 
had  a  clear  aperture  of  4  cm,  and  for  this  study  the  modules 
were  placed  at  various  separations  ranging  from  18  to  40  cm. 

For  both  experimental  platforms,  excitation  light  from  the 
femtosecond  oscillator(s)  was  coupled  into  the  modules  using 
fiber  optics.  Commercial,  mode-locked  Ti:sapphire  oscillators 
(Spectra-Physics  Tsunamis)  delivering  —  1  W  of  800  nm  light 
with  a  spectral  bandwidth  of  12  nm  were  used  as  the  excitation 
source.  Two  pairs  of  half-wave  plates  and  polarization-prism 
beam  splitters  were  used  to  control  the  power  delivered  to  the 
THz  transmitter  and  receiver.  To  compensate  for  group 
velocity  dispersion  in  the  meter-length  fibers,  the  Ti:sapphire 
beams  were  double-passed  through  a  pair  of  transmission 
gratings  prior  to  their  insertion  into  the  fibers.  A  commercial 
autocorrelator  was  used  to  verify  a  pulse  width  of  —100  fs  at 
the  output  of  the  fibers.  The  half-wave  plates  were  adjusted 
such  that  —70  mW  of  light  from  each  laser  was  incident  on  the 
grating  pair.  A  loss  of  —20  mW  for  each  beam  was 
experienced  during  transmission  through  the  grating  assembly. 


262  Volume  60,  Number  3,  2006 


249 


Fig.  2.  Raw  THz-ASOPS  signals  taken  in  room  air  at  beat  frequencies  of  10 
and  56  Hz,  with  1  s  signal  accumulation  times.  The  56  Hz  signal  has  been  offset 
for  clarity. 


Losses  in  the  fibers  themselves  reduced  the  power  delivered  to 
the  antennae  to  —8  mW. 

For  the  THz-ASOPS  setup,  the  laser  used  to  pump  the 
transmitter  was  passively  operated  at  a  repetition  rate  of  f\  ~ 
8L336  MHz.  The  output  of  a  diode  employed  to  monitor  this 
laser  was  used  as  a  trigger  for  the  electronics  that  mode-locked 
the  second  laser  at  a  repetition  rate  of  fz  =  fi  -  A/.  Beat 
frequencies,  A/,  of  10-300  Hz  were  used  in  this  study.  The 
upper  limit  was  determined  by  the  bandwidth  of  the  amplifier 
on  the  receiver  and  does  not  represent  a  limit  of  the  technique 
itself.  In  previous  ASOPS  measurements,  beat  frequencies  of 
2-160  kHz  have  been  reported.29,33  The  receiver  module 
included  an  amplifier  with  output  directed  into  a  500  MHz 
digital  oscilloscope  for  signal  viewing  and  data  acquisition. 
Signal  analysis  was  accomplished  off-line.  Archived  signals 
were  recorded  with  1  s  dwell  times.  Each  saved  sample 
contained  a  full  sweep  of  the  THz-ASOPS  signal  in  the 
equivalent-time  domain.  Conversion  of  the  saved  data  to  the 
real-time  domain  was  performed  in  post-collection  analysis. 
The  data  were  obtained  by  triggering  the  digital  oscilloscope  on 
the  signal  itself.  §  With  this  arrangement  all  signals  have  the 
same  time  origin,  regardless  of  the  target  sample,  which  is 
convenient  for  studies  of  power  transmission.  If  phase 
information  is  needed,  the  oscilloscope  can,  in  principle,  be 
triggered  from  the  second-harmonic  signal  generated  by 
passing  residual  light  from  the  two  pump  lasers  through 
a  nonlinear  crystal. 

RESULTS  AND  DISCUSSION 

In  an  experiment  conducted  with  the  Picometrix  T-Ray  2000 
system  that  employs  an  optomechanical  delay  line,  spectra  of 
ambient  water  vapor  were  recorded  to  1.25  THz.  In  reducing 
the  data,  zeroes  were  padded  on  both  the  front  and  the  back  of 
the  signal  to  increase  the  signal  length  from  A  to  10/V  points, 
effectively  providing  a  ten-point  interpolation  of  the  signal  in 
the  frequency  domain  following  execution  of  a  fast  Fourier 
transform.35  After  zero  padding,  the  signal  was  apodized  with 


§  The  steep  negative  slope  of  the  first  signal  minimum  was  used. 


Fig.  3,  THz-ASOPS  signals  of  Fig.  2,  converted  from  equivalent  time  to  real 
time. 


a  Gaussian  window  to  minimize  distortion  in  the  power 
spectrum  and  then  transformed.35,36  The  Gaussian  window  was 
centered  over  the  raw  signal  and  given  a  full-width  at  half¬ 
maximum  (FWHM)  of  240  ps.  In  Fig.  1  we  show  the  observed 
power  spectrum  of  ambient  water  vapor  along  with  a  calcula¬ 
tion  based  on  the  HITRAN  database.37  The  observed  transition 
linewidths  (FWHM)  are  on  the  order  of  0.012  THz  and  are 
easily  fit  with  Lorentzian  profiles  using  the  air-broadening 
coefficients  reported  in  the  HITRAN  database  without  the  need 
for  instrumental  convolution.  The  amplitude  of  the  observed 
absorption  features  is  consistent  with  the  separation  of  the 
transmitter  and  receiver  (18  cm)  and  a  water-vapor  density  of 
1.9  X  1017  cm-3  (72  °F,  30%  relative  humidity).  In  marked 
contrast,  the  absorption  spectrum  of  bulk  water  at  room 
temperature  exhibits  no  sharp  spectral  features;  the  absorbance 
smoothly  decreases  with  increasing  frequency  between  0.25 
and  2.0  THz.38 

Similar  spectra  of  water  vapor  in  room  air  were  recorded 
using  the  THz-ASOPS  platform  with  the  prototype  transmitter 
and  receiver  heads.  The  useful  spectral  bandwidth  of  these 
heads  does  not  extend  as  far  as  that  of  the  conventional 
platform;  hence,  emphasis  was  placed  on  spectral  features  at 
frequencies  below  1  THz.  After  the  temporal  signal  acquired  on 
the  oscilloscope  was  first  scaled  from  the  recorded  equivalent 
time  to  real  time,  the  data-processing  routine  described  above 
was  also  implemented  for  the  THz  signals  acquired  with  this 
platform.  Examples  of  raw  THz-ASOPS  signals  of  room  air 
taken  at  two  different  beat  frequencies  are  shown  in  Fig.  2 
(equivalent  time)  and  Fig.  3  (read  time).  For  clarity,  the  56  Hz 
signal  has  been  offset  in  both  figures.  These  time-domain 
signals,  recorded  using  a  1  s  acquisition  time,  essentially 
consist  of  one  oscillation  of  the  THz  electric  field  generated  by 
the  transmitter.  The  reduced  amplitude  of  the  56  Hz  signal  with 
respect  to  the  10  Hz  signal  is  real  and  reflects  the  operational 
bandwidth  of  the  receiver/amplifier  combination.  Methods  of 
improving  this  bandwidth  are  under  investigation.39  We  note 
that  while  this  beat  frequency  is  small  with  regard  to  fast 
kinetics,  the  system  is  well  suited  for  studying  long  signal 
delays  or  long-lived  events,  such  as  photon  echoes  arising  from 
free-induction  decay.3,16  The  measured  root  mean  square  (rms) 
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Fig.  4.  THz-ASOPS  power  spectrum  of  room  air  taken  at  a  beat  frequency  of 
32  Hz.  Two  weak  water-vapor  absorption  features  are  discernible. 


noise  in  the  prototype  system  is  observed  to  be  about  14% 
greater  than  that  of  the  commercial  system. 

Figure  4  shows  the  power  spectrum  of  room  air  generated 
from  an  average  of  eight  1-s  signal  acquisitions  taken  at  a  beat 
frequency  of  32  Hz.  The  positions  of  two  weak  wateTvapor 
absorption  lines  are  indicated.  At  room  temperature,  water  has 
several  strong  resonances  for  frequencies  greater  than  1  THz  as 
well  as  relatively  weak  resonances  at  lower  frequencies.40  The 
ratio  of  the  line  strength  of  the  transition  at  0.75  THz  to  that  at 
1.16  THz  seen  in  Fig.  1  is  0.19  at  room  temperature  according 
to  the  JPL  database.40  Under  our  typical  laboratory  conditions, 
the  density  of  water  molecules  in  the  air  is  ~2  X  1017  cm~3.  At 
300  K  the  water  line  at  0.56  THz  should  have  a  signal  strength 
1.5  times  that  of  the  feature  at  0.75  THz.  Our  measured  ratio  of 
integrated  areas  is  1.4,  with  an  uncertainty  of  —25%. 

Many  materials  that  are  opaque  in  the  visible  or  near-infrared 
regions  exhibit  transparent  bands  near  1  THz41,42  Since 
ultraviolet,  visible,  and  infrared  spectroscopic  studies  of  high- 
pressure  combustion  are  hampered  by  the  need  for  conven¬ 
tional  windows  in  the  test  article,  we  chose  to  examine  the  THz 
transparency  of  a  common  combustor  material  found  in 
practical  devices,  namely,  alumina.  Figure  5  shows  power 
spectra  generated  from  two  series  of  measurements  that  were 
made  sequentially.  The  first  series  was  made  on  room  air  and 
serves  as  a  reference.  The  second  was  made  on  a  cylindrical 
ceramic  (alumina)  combustor  liner  with  inner  and  outer 
diameters  of  4.13  cm  and  4.76  cm,  respectively.  Five  signals 
were  recorded  for  each  series  at  a  beat  frequency  of  16  Hz. 
Between  0.75  and  3  THz,  alumina  has  a  nearly  constant 
refractive  index  of  >3  (increasing  slightly  with  frequency), 
making  the  liner  a  cylindrical  lens.43,44  To  minimize  refractive 
losses  in  transmitting  the  THz  beam  through  the  liner,  a  2.5  cm 
aperture  was  placed  in  the  beam  just  in  front  of  the  liner;  the 
liner,  in  turn,  was  placed  as  close  as  possible  to  the  receiver. 
This  limited  the  ray  paths  to  those  that  were  most  normal  to  the 
liner  surface.  Near  1  THz,  away  from  a  water  resonance,  an 
alumina  index  of  3.09  and  an  air  index  of  1  lead  to  a  reflection 
loss  at  each  of  the  air/ceramic  interfaces  of  about  26%J*  As 
shown  in  Fig.  5,  the  combined  reflection  and  absorption  losses 


II  The  index  value  of  3.09  is  an  average  of  the  two  values  at  1  THz  reported 
in  Refs.  43  and  44. 


Fig.  5.  Relative  transmitted  power  through  room  air  and  the  ceramic  cylinder 
(4.76  cm  o.d.,  4.13  cm  i.d.).  Note  the  water-absorption  line  in  air  signal  near 
0.56  THz. 

in  the  liner  increase  steadily  with  frequency,  beginning  at  about 
0.25  THz.  Bolivar  et  al  43  have  measured  the  loss  tangent  of 
alumina,  which  can  be  converted  to  an  absorption  coefficient,45 
between  0.75  and  3  THz  using  a  thin  slab  of  alumina  with 
minimal  lensing  issues.  Cheville  et  al.44  have  made  a  similar 
measurement  between  0.2  and  2  THz  using  solid  alumina 
cylinders  3  mm  in  diameter.  The  two  measurements  disagree 
substantially  at  low  frequency  but  approach  each  other  at  high 
frequency.  Assuming  these  two  measurements  bound  the 
expected  absorption  losses,  we  estimate  transmission  values 
at  0.8,  1.0,  and  1.25  THz  of  41-91%,  22-44%,  and  7-11%, 
respectively,  for  our  hollow  cylinder.  Reflective  losses  from  the 
four  interfaces  total  70%.  Combining  the  absorptive  and 
reflective  losses,  we  expect  a  total  power  transmission  of  12— 
28%,  7-14%,  and  2-3%  at  0.8,  1.0,  and  1.25  THz, 
respectively.  A  10%  transmission  was  observed  for  the  cylinder 
at  0.8  THz,  with  the  difference  probably  being  due  to  lensing 
effects.  The  alumina  transparency  window,  although  narrow, 
will  permit  detection  of  water  lines  to  nearly  1.25  THz,  which 
is  significant  for  potential  combustion  studies. 

Careful  interpretation  of  spectroscopic  signals  in  numerous 
gas-phase  applications  demands  knowledge  of  the  dynamics  of 
the  quantum  states  involved,  including  collisional  energy 
transfer.  The  ASOPS  technique  provides  a  pump/probe  tool  for 
studying  such  fast  dynamics.31,32  Application  of  the  ASOPS 
approach  in  the  THz  regime  offers  new  possibilities  in  the 
study  of  collisional  dynamics,  such  as  rotational  energy  transfer 
in  ground  electronic  states.  For  example,  a  tunable  visible  or 
ultraviolet  laser  could  be  used  to  pump  population  out  of 
a  particular  quantum  ground  state.  A  THz-ASOPS  absorption 
measurement  could  then  be  used  to  determine  the  collisional 
re-population  of  this  state.  Early  in  the  development  of  THz 
time-domain  spectroscopy,  Greene  et  al 46  demonstrated 
a  pump/probe  measurement  by  combining  an  optical  pump 
(630  nm  beam)  with  a  THz  probe.  As  discussed  in 
Schmuttenmaer’s  review  article,6  a  large  number  of  pump/ 
probe  measurements  have  now  been  performed  using  various 
hardware  platforms. 

A  combination  of  the  ASOPS  technique  and  large- 
bandwidth  THz  hardware  could  provide  a  valuable  tool  for 


264  Volume  60,  Number  3,  2006 


251 


reacting-flow  studies.  We  note  that  the  hardware  associated 
with  THz  measurements  is  advancing  rapidly.  The  measure¬ 
ments  reported  by  Janke  et  al.  were  performed  with  a  GHz- 
repetition-rate  pump  laser.29  For  a  fixed  desired  temporal 
resolution,  increasing  the  laser  repetition  rate  increases  the  beat 
frequency  and  hence  the  data  acquisition  rate  as  well  as 
improving  the  signal-to-noise  ratio. 
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We  describe  adaptation  of  ballistic  imaging  for  the  liquid  core  of  an  atomizing  spray.  To  describe  unambigu¬ 
ously  the  forces  that  act  to  break  apart  the  liquid  core  in  a  spray,  one  must  directly  measure  the  force  vectors 
themselves.  It  would  be  invaluable,  therefore,  to  obtain  velocity  and  acceleration  data  at  the  liquid-gas  in¬ 
terface.  We  employ  double-image  ballistic  imaging  to  extract  velocity  information  through  the  application  of 
image  analysis  algorithms.  This  method  is  shown  to  be  effective  for  liquid  phase  droplet  features  within  the 
resolution  limit  of  the  imaging  system.  In  light  of  these  results,  it  is  clear  that  a  three-  or  four-image  imple¬ 
mentation  of  this  technique  would  allow  the  determination  of  acceleration,  and  by  extension,  information 
about  the  forces  active  in  spray  breakup.  ©  2006  Optical  Society  of  America 
OCIS  codes:  120.1740,  110.2960,  110.7050. 


Liquid  fuels  are  commonly  used  in  combustion  de¬ 
vices  because  they  have  high  energy  density.  To  use 
the  fuel  effectively,  however,  it  is  necessary  to  dis¬ 
perse  the  fuel  into  the  airstream  by  using  a  spray. 
Until  recently,  models  describing  fuel  spray  breakup 
were  based  on  secondary  observations  of  phenomena 
such  as  the  behavior  of  droplets  on  the  spray  periph¬ 
ery  by  use  of  specific  spray  geometries.  These  models 
are  therefore  semiempirical.  The  principal  missing 
component  required  for  generation  of  a  fully  generic 
spray  breakup  model  has  been  an  understanding  of 
what  happens  to  the  liquid  portion  of  the  jet  near  the 
centerline,  just  at  the  location  where  it  exits  into  the 
air  (the  near  field).  This  problem  has  persisted  be¬ 
cause  an  atomizing  fuel  spray  has  a  very  dense  cloud 
of  small  droplets  shrouding  the  near  field,  and  this 
cloud  is  opaque  to  normal  imaging  techniques. 

Ballistic  imaging  was  originally  applied  to  biologi¬ 
cal  tissue,  and  it  has  been  demonstrated  with  various 
optical  configurations.  The  first  report  of  ballistic  im¬ 
aging  for  the  liquid  core  in  an  atomizing  spray  de¬ 
scribed  the  application,  to  acquire  a  single  image,  of  a 
time-gated  instrument  to  the  near  field  of  a  water  jet 
in  a  liquid-oxygen  injector.1  Paciaroni  and  Linne2  and 
Linne  et  al .3  described  a  system  optimized  for  spray 
research:  a  ballistic  imaging  instrument  capable  of 
acquiring  single  images  in  dense  sprays  with  signifi¬ 
cantly  improved  spatial  resolution. 

In  this  Letter  we  demonstrate  that  the  instrument 
can  be  modified  to  detect  the  velocity  both  of  the 
liquid-gas  interface  of  a  spray  core  and  of  primary 
droplets  stripped  from  the  core.  Moreover,  we  de¬ 
scribe  a  simple  extension  that  will  provide  images  of 
the  force  vectors  that  act  to  break  apart  intact  liquid 
features  in  sprays. 


A  full  description  of  the  development  and  evalua¬ 
tion  of  the  ballistic  imaging  instrument  applied  here 
can  be  found  elsewhere.2,3  In  brief,  when  light  passes 
through  a  highly  turbid  medium,  some  photons  can 
pass  straight  through  without  scattering.  These  rela¬ 
tively  few  photons  are  termed  ballistic.  Since  they 
travel  the  shortest  path,  they  exit  first.  A  somewhat 
larger  group  of  snake  photons  is  scattered  only  once 
or  twice,  and  these  photons  exit  the  medium  travel¬ 
ing  in  the  same  direction  as  the  input  light  with  a 
larger  solid  angle  than  the  ballistic  photons.  Since 
they  travel  a  larger  distance,  they  exit  just  after  the 
ballistic  photons.  Photons  that  have  undergone  mul¬ 
tiple  scattering  events,  termed  diffuse  photons,  are 
the  most  numerous  in  materials  with  high  extinction 
coefficients.  These  photons  are  scattered  into  a  very 
large  solid  angle  (477  Sr),  and  they  exit  last. 

The  undisturbed  path  taken  by  ballistic  photons  al¬ 
lows  the  retention  of  image  information  regarding 
structures  that  may  be  embedded  within  the  turbid 
medium.  If  they  are  used  in  a  shadowgram  arrange¬ 
ment,  the  ballistic  photons  can  provide  a  diffraction- 
limited  image  of  these  structures.  Unfortunately,  in 
most  highly  scattering  environments  the  number  of 
transmitted  ballistic  photons  is  often  insufficient  to 
provide  the  necessary  signal-to-noise  ratio  to  form  an 
image  in  a  single-shot  format.  In  such  a  case,  snake 
photons,  together  with  ballistic  photons,  can  be  used 
for  imaging  with  little  degradation  in  resolution.  The 
problem  of  obtaining  a  high-resolution  image 
through  highly  turbid  media  is  thus  a  matter  of  sepa¬ 
rating  and  eliminating  diffuse  light  from  ballistic  and 
snake  light.  This  can  be  done  by  using  discrimination 
methods  that  make  use  of  the  properties  of  the  trans¬ 
mitted  light.  In  the  current  work,  we  use  exit  time 
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(via  a  fast  optical  Kerr  gate)  and  propagation  direc¬ 
tion  to  select  the  ballistic  and  snake  photons3  (see 
Fig.  1). 

To  demonstrate  velocity  imaging,  we  adopted  a  flow 
system  used  for  liquid  jet  in  cross-flow  research  by 
shutting  off  the  gas  flow  and  reducing  the  liquid  flow. 
This  generated  a  steady  sequence  of  falling  droplets, 
which  enabled  the  1  kHz  laser  system  to  illuminate 
droplet  image  pairs  with  sufficient  time  resolution 
between  successive  images.  Sprays  will  require 
greater  than  1  kHz  repetition  rates,  but  such  laser 
systems  and  cameras  are  commercially  available. 
The  image  pairs  used  for  this  proof  of  concept  were 
acquired  by  use  of  an  interline  transfer  CCD  capable 
of  storing  two  images  spaced  as  little  as  2  /zs  apart. 

To  extract  velocity,  we  analyzed  pairs  of  ballistic 
images  taken  at  times  t1  and  t2 ,  beginning  with  some 
image  processing.  Laser  speckle  has  a  distinct  small- 
scale  structure  that  changes  from  shot  to  shot.  Direct 
subtraction  of  a  background  image  introduces  aber¬ 
rant  structure  because  the  speckle  patterns  in  one  co¬ 
herently  illuminated  image  do  not  align  well  with 
those  in  a  second  image.  This  difficulty  is  exacer¬ 
bated  by  the  fact  that  speckle  from  two  images  can 
dominate  correlation  calculations  used  to  extract  ve¬ 
locity,  leading  to  erroneous  results.  Speckle  noise 
must  be  minimized,  therefore,  before  application  of  a 
correlation  technique  that  tracks  image  features. 

We  deal  with  laser  speckle  by  filtering  a  back¬ 
ground  image,  first  by  eroding  and  then  by  dilating 
the  image,  using  a  circular  structuring  element.  This 
eliminates  small-scale  structure  in  the  background 
image  without  changing  larger  features  or  intensity 
variations.  This  adjusted  background  is  used  to  cor¬ 
rect  the  two  source  images,  effectively  eliminating 
much  of  the  speckle  noise.  The  images  are  processed 
as  shown  in  Eq.  (1): 

C^raw  —  B  blank) 

^clean  s~d  ~d  \  ? 

(L>adj  —  &  blank) 

where  7raw  is  the  original  image,  Eblank  is  an  averaged 
background  image  with  no  illumination,  and  Badj  is 
the  illuminated  background  image  adjusted  by  the 
aforementioned  filtering  scheme.  Next,  the  intensity 
across  the  image  is  adjusted  to  increase  contrast  and 
utilize  the  full  dynamic  range  of  the  image  format. 
Finally,  a  median  filter  is  applied  to  partially  remove 
small  features  that  are  below  the  resolution  limit  of 
the  imaging  system. 


Fig.  1.  Schematic  of  the  ballistic  imaging  instrument  used 
here. 


It  is  necessary  to  select  points  of  interest  within 
these  enhanced  images,  to  track  from  the  image 
taken  at  t1  to  the  second  image  at  t2.  We  set  an  ap¬ 
propriate  threshold  level  based  on  the  contents  of  the 
images  and  the  droplet  and  void  edges.  We  use  this 
thresholding  process  to  convert  the  gray-scale  image 
at  t1  into  a  two- tone  image,  such  that  pixels  are  ei¬ 
ther  black  or  white.  The  Sobel  edge-detection 
algorithm4  is  applied  to  this  image,  leaving  only  the 
border  pixels  of  the  droplets  and  voids.  These  border 
pixels  are  selected  as  investigation  points  for  the  cor¬ 
relation  step. 

The  feature  offsets  between  the  two  droplet  images 
have  two  components:  bulk  motion  and  small-scale 
motion  (including  distortions).  The  bulk  motion  is  es¬ 
pecially  significant  here  because  the  image  acquisi¬ 
tion  rate  was  necessarily  slow.  To  determine  the  bulk 
motion,  one  must  isolate  and  match  the  large  objects 
in  the  image  pair,  and  their  centers  of  mass  must  be 
calculated.  Each  of  the  investigation  points,  as  deter¬ 
mined  above,  belongs  to  a  large  object  and  is  assigned 
a  bulk  motion  vector  calculated  from  its  associated 
change  in  location  of  the  center  of  mass  from  the  first 
image  to  the  second  image. 

The  entire  procedure  thus  far  is  in  preparation  for 
the  correlation  step  associated  with  the  small-scale 
motion,  which  examines  a  feature  (selected  investiga¬ 
tion  point)  and  determines  how  it  has  moved  from  the 
first  image  to  the  second.  The  selected  investigation 
points  form  the  center  positions  used  to  draw  one 
complete  set  of  correlation  windows  from  the  image 
at  time  t±.  We  then  remove  the  bulk  motion  offset  for 
each  point  at  time  t2  to  calculate  a  modified  list  of 
points.  These  adjusted  points  are  used  as  the  center 
positions  of  a  second  set  of  correlation  windows  for 
the  image  at  time  t2,  such  that  small-scale  motion 
can  be  extracted  via  correlation  in  the  absence  of  any 
contribution  from  bulk  motion. 

It  is  worth  mentioning  here  that  the  size  of  the  cor¬ 
relation  window  is  important  for  obtaining  accurate 
results  from  this  analysis,  and  some  experimentation 
is  required  for  determining  the  optimum  sizes  for 
various  imaging  systems.  The  window  size  naturally 
limits  the  largest  small-scale  offset  that  can  be  calcu¬ 
lated.  On  the  other  hand,  making  the  window  larger 
can  lead  to  erroneous  correlation  maxima  or  intro¬ 
duce  edge  effects,  as  the  calculated  window  positions 
stray  over  the  edge  of  the  image  data.  These  effects 
must  be  dealt  with  carefully  when  this  method  is 
implemented.  To  ensure  accuracy,  correlation 
matches  near  the  values  obtained  by  correlating  a 
source  image  with  background  noise  should  be 
discarded. 

At  this  stage,  the  software  has  calculated  the 
small-scale  offset  for  each  investigation  point  by 
cross  correlating  each  window  centered  at  an  investi¬ 
gation  point  with  its  partner  window  centered  at  the 
bulk  offset  adjusted  investigation  point.  The  correct 
offset  is  defined  as  the  position  that  maximizes  the 
correlation.  At  this  point  both  the  bulk  and  the  small- 
scale  offsets  for  each  investigation  point  have  been 
calculated,  so  the  velocity  vector  for  each  feature  has 
been  determined. 
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Results  of  the  method  of  determining  small-scale 
velocity  as  applied  to  an  isolated  pair  of  water  drop¬ 
lets  are  shown  in  Fig.  2.  The  velocity  vectors  in  the 
image  show  how  the  drop  is  elongating  along  its  ver¬ 
tical  axis  and  contracting  asymmetrically  along  its 
horizontal  axis  as  it  falls.  The  motion  of  the  ligament 
near  the  lower  portion  of  the  drop  is  also  correctly 
indicated. 

It  is  important  to  point  out  that  related  image 
analysis  techniques  have  been  applied  to  gas-phase 
flows  for  some  time.  These  techniques  include  Mie 
scattering  from  small  seeded  particles  for  particle- 
image  velocimetry  and  Rayleigh  or  laser-induced 
fluorescence  imaging  of  gas-phase  species.  The  errors 
in  particle-image  velocimetry  analysis  have  been 
studied  in  detail  and  are  well  understood,  but 
particle-image  velocimetry  relies  on  sharp  images  of 
single  particles  that  produce  distinct  correlation 
peaks.  Here,  edges  are  correlated  in  a  way  similar  to 
gaseous  image  velocimetry,  and  they  produce  some¬ 
what  less-distinct  correlation  streaks,  as  discussed  in 
detail  by  Fielding  et  al.  5  Grunefeld  et  al.  ,6  and  Toku- 
maru  and  Dimotakis.7  The  principal  difference  be¬ 
tween  those  techniques  and  this  one  is  that  the  gas¬ 
eous  image  velocimetry  correlations  rely  on 
dispersed,  gray-scale  images  for  which  the  correla¬ 
tion  must  be  accomplished  across  a  slowly  varying  in¬ 
tensity  field.  Owing  to  the  strong  contrast  in  the  sig¬ 
nal  field,  processed  ballistic  images  can  be  converted 
into  two-tone  images  with  more  distinct  edges  before 
any  correlation  is  performed.  While  the  issues  raised 
by  Fielding  et  al.5  should  be  investigated  here  as 
well,  the  difference  just  mentioned  offers  a  possibility 
of  less  uncertainty  In  addition,  a  sequence  of  images 
(e.g.,  four)  would  allow  some  comparison  and  ratio¬ 
nalization  of  the  inferred  velocity  to  be  made. 


Fig.  2.  Droplet  image  at  t\  with  velocity  vectors.  The  drop¬ 
let  diameter  is  of  the  order  of  500  julyi i. 


The  results  presented  here  demonstrate  that  this 
method  is  effective  in  determining  velocity  informa¬ 
tion  from  pairs  of  ballistic  images,  provided  that  the 
time  step  from  t1  to  t2  is  small  enough  to  allow  for 
sufficiently  strong  feature  correlation.  It  remains 
necessary  to  conduct  a  more  quantitative  analysis  of 
the  correlation  method  to  determine  how  each  stage 
in  the  process  affects  noise  levels  in  the  image  and 
the  robustness  of  the  correlation. 

If  one  could  obtain  at  least  three  or  four  images 
taken  at  sufficiently  short  intervals  it  would  be  pos¬ 
sible  to  apply  a  similar  method  to  mitigate  uncertain¬ 
ties  and  to  obtain  acceleration  vectors.  Laser  systems 
with  the  appropriate  speed  are  commercially  avail¬ 
able,  and  four  images  can  be  acquired  with  two 
double-image  cameras  suitably  aligned  with  each 
other.  Other  components  of  the  instrument  [e.g.,  the 
optical  Kerr  gate  (OKE);  Fig.  1]  are  not  rate  limiting. 

From  acceleration  data,  given  some  knowledge 
about  the  composition  of  the  liquid  and  gas  under  ob¬ 
servation,  one  could  determine  the  forces  acting  on 
the  features  tracked  by  our  method.  This  capability 
can,  we  believe  for  the  first  time,  resolve  unambigu¬ 
ously  the  dynamics  that  break  apart  the  liquid  core 
in  the  near  field. 
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RELIEF  VELOCIMETRY  FOR  LARGE-SCALE  INSTRUMENTATION  REQUIREMENTS 

WIND-TUNNEL  FACILITIES  FOR  AFRL  TGF 
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BRIEF  OVERVIEW  OF  SOME  ILLUSTRATION  OF  THE  BASIC  RELIEF  FLOW 

OPTICAL  VELOCIMETY  TECHNIQUES  TAGGING  VELOCIMETRY  CONCEPT 
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RAMAN  SPECTRUM  OBTAINED  WITH  1  microsecond  PUMP/PROBE  LASER  WAVELENGTHS  AND  PREDICTED  RELATIVE  RELIEF 

TIME  DELAY  CLEARLY  SHOWING  POPULATION  in  02  SIGNAL  FOR  INTERROGATION  FROM  VIBRATIONAL 

_ VIBRATIONAL  LEVELS  v=0-3 _  _ LEVELS  v"  =  1,  3,  and  4 
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Yag-Based  UV  Interrogation  400mm  Cylindrical  Lens 

Laser  (223nm) 


SINGLE  VERTICAL  SLICES  OF  GRAY  SCALE  INTENSITY  FROM  THE 

PREVIOUS  IMAGES  ALONG  WITH  LEAST  SQUARES  COMPUTER  FIT  LAYOUT  AND  PHOTOGRAPH  OF  EKSMA  SL300  SERIES 
TO  SIMPLE  LORENTZIAN  LINE  SHAPE  SBS  PULSE  COMPRESSED  Nd:YAG  LASER  SYSTEM 
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METHOD  OF  BUILDING  UP  VELOCITY  VECTORS  BY  TAGGING 
MULTIPLE  LINES  AND  COLLECTING  A  PAIR  OF 
RELIEF  IMAGES  AT  TWO  DIFFERENT  TIMES 
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We  investigate  the  effects  of  gas-mixture  composition  on  the  electronic-resonance-enhanced 
coherent  anti-Stokes  Raman  scattering  (ERE-CARS)  signals  of  nitric  oxide  (NO).  From  previous 
laser-induced  fluorescence  (LIF)  studies,  quenching  rates  are  known  to  change  drastically,  by  factors 
of  400-800,  in  mixtures  of  C02/02/N2.  The  observed  ERE-CARS  signal  remains  constant  to 
within  30%  whereas  LIF  signals  from  NO  are  predicted  to  decrease  by  more  than  two  orders  of 
magnitudes  in  the  same  environments.  This  is  very  significant  for  using  NO  ERE-CARS  in 
high-pressure  combustion  environments  where  the  electronic  quenching  rate  can  vary  rapidly  as  a 
function  of  both  space  and  time.  ©  2006  American  Institute  of  Physics.  [DOI:  10.1063/1.2338014] 


Nitric  oxide  (NO)  is  an  important  pollutant  because  of 
its  serious  environmental  implications.  In  the  atmosphere 
NO  reacts  with  sunlight  to  form  other  nitrogen  oxides  (NO*) 
that  ultimately  play  a  role  in  ground-level  smog,  acid  rain, 
stratospheric  ozone  depletion,  and  global  warming.  Because 
more  than  95%  of  atmospheric  NO*  originates  from  combus¬ 
tion  processes  and  95%  of  this  combustion-formed  NO*  is 
emitted  from  combustors  as  NO,  a  great  deal  of  attention  has 
been  devoted  to  characterizing  and  reducing  NO  emissions 
from  combustion  equipment.  Accurate  measurement  of  NO 
concentrations  [NO]  within  high-pressure  combustors  is  very 
difficult  but  is  critical  for  the  minimization  of  pollutant  emis¬ 
sions  from  power  and  propulsion  systems.  Current  state-of- 
the-art  measurements  of  [NO]  in  high-pressure,  liquid-fueled 
combustors  are  based  on  laser-induced  fluorescence  (LIF); 
however,  a  major  limitation  of  LIF  is  significant  quenching 
of  the  signal  owing  to  collisions  of  excited  state  NO  with  02, 
C02,  H20,  and  other  molecules.1-4 

Coherent  anti-Stokes  Raman  scattering  (CARS)  is  com¬ 
monly  used  for  measurement  of  temperature  and  the  concen¬ 
trations  of  major  species  (typically  >1%)  in  reacting  flows 
and  plasmas.5  Dual-  and  triple-pump  CARS  techniques  are 
used  for  simultaneous  measurements  of  temperature  and 
multiple  species  concentrations.6-9  However,  conventional 
and  multiple-pump  CARS  techniques  are  not  suitable  for 
measuring  the  concentrations  of  minor  species  such  as  NO 
because  of  the  strength  of  the  nonresonant  four- wave  mixing 
signal  compared  to  the  Raman-resonant  CARS  signal,  and 
because  the  CARS  signal  is  proportional  to  the  square  of 
number  density  and  drops  rapidly  with  decreasing  concentra¬ 
tion.  The  vibrational  Raman  cross  section  of  NO  is  0.2 
X  10-30  cm2/sr  whereas  the  Raman  cross  section  of  N2  is 
0.46  X  10-30  cm2/sr  at  532  nm.5 

The  signal  strength  for  Raman-resonant  CARS  can  be 
enhanced  significantly  by  tuning  one  or  more  of  the  three 
CARS  laser  beams  into  resonance  with  an  electronic  transi- 
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tion  of  the  molecule.  Electronic-resonance-enhanced  CARS 
(ERE-CARS)  has  been  applied  to  a  limited  extent  for  minor- 
species  measurements  in  flames  and  plasmas,  but  the  diffi¬ 
culty  of  interpreting  ERE-CARS  spectra  and  the  requirement 
for  two  or  three  tunable  ultraviolet  laser  sources  have  hin¬ 
dered  widespread  application  of  this  technique.10-12  Hanna 
et  alP  proposed  a  variation  of  the  ERE-CARS  technique  in 
which  visible  pump  and  Stokes  laser  beams  are  used  to  in¬ 
duce  a  Raman  polarization,  and  an  ultraviolet  probe  beam  is 
scattered  from  the  induced  Raman  polarization  to  produce 
the  CARS  signal  beam.  This  technique,  for  which  only  the 
ultraviolet  probe  beam  is  tuned  into  resonance  with  a  se¬ 
lected  electronic  transition  of  the  molecule,  is  much  simpler 
to  implement  than  ERE-CARS  schemes  with  multiple  ultra¬ 
violet  beams. 

The  objective  of  this  work  is  to  investigate  the  effects  of 
variations  in  electronic  quenching  rate  on  the  ERE-CARS 
signal  from  NO.  ERE-CARS  measurements  were  performed 
in  N0/02/N2  or  N0/C02/N2  jet  flows  at  room  temperature 
and  pressure.  The  NO  concentration  was  fixed  at  1000  ppm 
for  ah  cases.  The  composition  of  the  jet-flow  buffer  gases, 
either  N2/02  or  N2/C02,  was  varied  from  pure  N2  to 
18%N2/82%02  or  18%N2/82%C02,  respectively.  In  this 
manner  the  collisional  quenching  rate  for  NO  was  varied  by 
a  factor  of  400  for  the  N0/N2/02  jet  flows  and  by  a  factor  of 
800  for  the  N0/N2/C02  jet  flows.18-20 

An  energy-level  diagram  for  the  NO  ERE-CARS  process 
is  shown  in  Fig.  1.  The  pump  (oq)  and  Stokes  (o>2)  beams  are 
visible  laser  beams  with  frequencies  that  are  far  from  reso¬ 
nance  with  the  A2S+-X2n  electronic  transition.  The  probe 
beam  at  frequency  co3  is  at  or  near  an  electronic  resonance. 
This  wide  separation  between  frequencies  aq  and  co3  of  the 
pump  and  probe  beams  distinguishes  this  technique  from  that 
employed  in  previous  ERE-CARS  experiments,10-12  which 
were  performed  with  the  same  laser  frequency  for  the  pump 
and  probe  beams  (oq  =  <w 3),  and  with  the  pump,  Stokes,  and 
probe  beams  at  or  near  electronic  resonance. 

A  schematic  diagram  of  the  experimental  system  is 
shown  in  Fig.  2.  The  laser  source  for  the  aq  pump  beam  is  an 
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FIG.  1.  (Color)  Energy-level  diagram  for  the  NO  ERE-CARS  technique. 
The  indicated  transitions  identify  the  pump  beam  (X1  =  532  nm),  Stokes 
beam  (\2  =  591  nm),  ultraviolet  probe  beam  (X3  =  236  nm),  and  ERE-CARS 
signal  beam  (X4=226  nm). 

injection- seeded,  g-switched  Nd:  Yttrium-aluminum-garnet 
(YAG)  laser  with  a  repetition  rate  of  10  Hz  and  a  pulse 
length  of  8  ns.  The  532-nm  Nd:YAG  second-harmonic 
beam  is  used  to  pump  a  tunable,  narrowband  dye  laser  to 
produce  laser  light  at  704  nm.  The  704-nm  laser  radiation  is 
then  sum-frequency-mixed  with  the  355-nm  Nd:  YAG  third- 
harmonic  beam  to  produce  the  probe  beam  (co3)  at  236  nm.  A 
second,  unseeded  Nd:YAG  laser  is  used  to  pump  another 
tunable  narrowband  dye  laser  to  produce  the  Stokes  beam 
((x)2)  at  a  wavelength  of  591  nm.  The  CARS  signal  (co4)  at 
226  nm  is  generated  using  a  three-dimensional  phase¬ 
matching  geometry.  The  energy  of  the  pump,  the  Stokes,  and 
the  probe  beams  are  2,  2,  and  0.2  mJ/pulse,  respectively. 

A  polarization- selection  technique  is  used  to  suppress 
the  nonresonant  background  signal.  As  shown  in  Fig.  2,  the 
polarization  of  all  three  laser  beams  is  set  with  respect  to  the 
vertical  axis.  The  236-nm  probe  beam  is  vertically  polarized, 
whereas  the  polarizations  of  the  pump  and  the  Stokes  beams 
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FIG.  3.  The  square  root  of  the  ERE-CARS  signal  vs  CARS  signal  frequency 
for  (a)  three  different  concentrations  of  C02  in  the  N0/N2/C02  jet  flow  and 
(b)  three  different  concentrations  of  02  in  the  N0/N2/02  jet  flow.  The  NO 
concentration  was  1000  ppm  for  all  spectra. 


are  set  at  an  angle  of  60°  with  respect  to  the  vertical  axis. 
The  polarizer  in  the  signal  channel  is  set  orthogonal  to  the 
polarization  of  the  nonresonant  four- wave  mixing  beam.13 

ERE-CARS  spectra  of  NO  for  different  concentrations 
of  C02  are  shown  in  Fig.  3(a)  and  for  different  concentra¬ 
tions  of  02  in  Fig.  3(b).  The  NO  concentration  for  all  of 
these  flows  was  set  at  1000  ppm.  The  ERE-CARS  spectra 
were  recorded  by  tuning  the  wavelength  of  the  ultraviolet 


xn 

SO* 


FIG.  2.  (Color)  Schematic  diagram  of  NO  ERE-CARS 
system.  P:  polarizer,  angles  set  with  respect  to  the  ver¬ 
tical  axis;  T:  telescope;  X/2:  half-wave  plate;  NBDL: 
narrowband  dye  laser;  F:  filter,  composed  of  four  45°, 
215-nm  mirrors;  PMT:  photomultiplier  tube. 
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FIG.  4.  Dependence  of  the  square  root  of  the  ERE-CARS  signal  and  the  LIF 
signal  on  composition  of  the  N0/N2/02  or  N0/N2/C02  jet  flow.  The  NO 
concentration  was  1000  ppm  for  all  ERE-CARS  measurements. 

probe  beam.  The  Stokes  wavelength  (vacuum)  was  held 
fixed  at  591.209  nm;  the  frequency  difference  between  the 
pump  and  Stokes  beams  was  tuned  to  the  (^(8.5)  Raman 
transition.  The  ERE-CARS  signal  was  divided  by  the  ultra¬ 
violet  probe  energy;  the  square  roots  of  normalized  spectra 
are  plotted  in  Fig.  3.  The  spectral  line  notation  shown  in  Fig. 

3  corresponds  to  the  electronic  transition  accessed  by  the 
probe  laser.  The  signal  is  essentially  constant  despite  the 
large  increase  in  electronic  quenching  rate  as  the  concentra¬ 
tions  of  02  or  C02  increase  in  the  jet  flow.  Although  the 
collisional  quenching  rate  varies  drastically  with  changing 
02  or  C02  concentrations,  the  collisional  linewidths  of  the 
NO  transitions  are  essentially  constant.  The  line-broadening 
parameter  for  collisions  of  NO  with  02  (y12 

=  0.265  +  0.016  cm-1 /atm)  is  approximately  10%  lower  than 
that  for  collisions  of  NO  with  N2  (y12 

=  0.293  +  0.02  cm_1/atm). 14-16  The  line-broadening  param¬ 
eter  for  collisions  of  NO  with  C02  (y12 

=  0.303  +  0.01  cm-1 /atm)  is  approximately  equal  to  that  for 
collisions  with  N2.  The  line-broadening  parameter  y12  is  the 
coherence  decay  rate  owing  to  both  energy-transfer  and  elas¬ 
tic  collisions. 

The  spectral  sum  of  the  square  root  of  the  ERE-CARS 
signal  is  plotted  in  Fig.  4  for  different  concentrations  of  02 
and  C02  in  the  jet  flow.  The  square  root  of  the  ERE-CARS 
signal  is  proportional  to  the  number  density  of  NO.  The 
ERE-CARS  signal  shown  in  Fig.  4  is  calculated  by  dividing 
the  raw  ERE-CARS  signal  by  the  probe  pulse  energy  (X3 
=  236  nm),  taking  the  square  root,  and  then  integrating  from 
a  signal  frequency  of  44  190-44  270  cm-1.  The  spectral  sum 
of  the  square  root  of  the  ERE-CARS  signal  is  then  normal¬ 
ized  to  unity  for  a  jet  flow  of  1000  ppm  NO  in  99.9%  N2. 
The  calculated  LIF  signal  from  NO  is  also  normalized  in  the 
same  fashion  and  plotted  in  Fig.  4.  A  comparison  of  the 
experimental  NO  ERE-CARS  signal  with  the  calculated  NO 
LIF  signal  shows  the  drastic  reduction  in  LIF  signal  as  the 
02  or  C02  concentrations  increase.  For  the  LIF  calculations, 
the  quantum  efficiency  from  the  A2X+  electronic  level  was 
calculated  using  a  fluorescence  lifetime  of  206  ns17  and 
Downloaded  27  Nov  2006  to  129.92.250.43.  Redistribution  subject 


quenching  cross  sections  for  collisions  of  NO  with  N2,  NO, 
02,  and  C02  of  0.0074,  43.0  25.1,  and  60  A2, 

respectively.18-20  The  square  root  of  the  ERE-CARS  signal  is 
nearly  independent  of  the  electronic  quenching  rate.  This  re¬ 
sult  confirms  a  very  significant  advantage  for  the  application 
of  NO  ERE-CARS  in  high-pressure  combustion  environ¬ 
ments  where  the  collisional  quenching  rate  can  vary  rapidly 
as  a  function  of  both  space  and  time.  Similar  quenching  in¬ 
dependence  of  ERE-CARS  signal  of  hydroxyl  radical  (OH) 
was  theoretically  suggested  by  Attal-Treout  et  al.21 

In  summary,  we  find  that  the  NO  ERE-CARS  signal  is 
essentially  independent  of  the  electronic  quenching  rate, 
even  when  the  quenching  rate  varies  by  more  than  two  or¬ 
ders  of  magnitude.  The  ERE-CARS  signal  actually  increases 
slightly  or  remains  constant  as  the  02  or  C02  concentration 
increases.  This  result  is  in  contrast  to  the  LIF  signal,  which  is 
inversely  proportional  to  the  collisional  quenching  rate.  This 
finding  is  very  significant  for  the  application  ERE-CARS  for 
the  detection  of  NO  in  high-pressure  combustion  environ¬ 
ments  where  the  electronic  quenching  rate  can  vary  rapidly 
as  a  function  of  both  space  and  time.  Moreover,  the  proposed 
ERE-CARS  technique  also  looks  promising  for  the  detection 
of  hydrocarbon  molecules  (such  as  C2H2  and  C6H6)  in  react¬ 
ing  flows  that  are  very  important  for  understanding  the 
mechanism  of  soot  formation. 
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abstract  An  al I -sol i d-state  continuous- wave  (cw)  laser  sys¬ 
tem  for  mid-infrared  absorption  measurements  of  the  carbon 
monoxide  (CO)  molecule  has  been  developed  and  demon¬ 
strated.  The  single-mode,  tunable  output  of  an  external-cavity 
diode  laser  (ECDL)  is  difference-frequency  mixed  with  the 
output  of  a  550-mW  diode-pumped  cw  Nd:YAG  laser  in  a  pe¬ 
riodically  poled  lithium  niobate  (PPLN)  crystal  to  generate 
tunable  cw  radiation  in  the  mid-infrared  region.  The  wavelength 
of  the  860-nm  ECDL  can  be  coarse  tuned  from  860.782  to 
872.826  nm,  allowing  the  sensor  to  be  operated  in  the  spec¬ 
tral  region  4. 4-4.8  pm.  CO -concentration  measurements  were 
performed  in  CO/CO2/N2  mixtures  in  a  room-temperature  gas 
cell,  in  the  exhaust  stream  of  a  well-stirred  reactor  (WSR) 
at  W right-Patterson  Air  Force  Base  and  in  a  near-adiabatic 
hydrogen/air  C02-doped  flame.  The  noise  equivalent  detec¬ 
tion  limits  were  estimated  to  be  1.1  and  2.5  ppm  per  meter  for 
the  gas  cell  and  flame  experiments,  respectively.  These  limits 
were  computed  for  combustion  gas  at  1000  K  and  atmospheric 
pressure  assuming  a  signal-to-noise  ratio  of  1.  The  sensor  un¬ 
certainty  was  estimated  to  be  2%  for  the  gas-cell  measurements 
and  10%  for  the  flame  measurements  based  on  the  repeatability 
of  the  peak  absorption. 

PACS07.07.Df;  42.62. Fi;  42.65. Ky;  42.72.Ai 


1  I  ntroduction 

Increasing  concern  over  the  environmental  impact 
of  combustion  emissions  has  brought  many  new  governmen¬ 
tal  regulations  in  recent  years.  In  response  to  these  restric¬ 
tions,  manufacturers  are  producing  new  equipment  capable 
of  extremely  low  levels  of  pollutant  emissions.  Currently,  ad¬ 
vanced  power-generating  gas  turbines  emit  less  than  10  ppm 
of  nitric  oxide  (NO)  and  carbon  monoxide  (CO).  These  emis¬ 
sion  levels  lie  near  the  lowest  detection  limit  of  the  current 
sensor  technology. 

Diode- laser- based  absorption  sensors  are  non-intrusive, 
and  they  offer  high  sensitivity  and  the  potential  for  combus¬ 
tion  control  through  real-time  measurements  of  trace  species. 
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Several  groups  have  been  pursuing  research  for  the  detection 
of  C  O  usi  ng  tu  nabl  e  i  nf rared  d  i  ode- 1  aser  spectroscopy.  M  i  hal  - 
cea  et  al.  [1, 2]  developed  a  diode-laser-based  absorption  sys¬ 
tem  capable  of  CO  detection  using  a  tunable  external -cavity 
I  nG  aA  sP  diode  laser  in  the  spectral  range  1.49- 1.58  |xm.  The 
CO  transitions  in  the  second  overtone  band  (1.3-2  |xm  region) 
are  four  orders  of  magnitude  weaker  than  those  in  the  fun¬ 
damental  band.  Furthermore,  the  spectral  interference  from 
major  species  such  as  carbon  dioxide  (CO2)  and  water  (H  2O) 
are  very  strong  in  this  spectral  region,  making  it  difficult  to 
extract  quantitative  concentration  of  CO  from  the  experimen¬ 
tal  spectrum.  Several  groups  [3, 4]  have  also  taken  advantage 
of  the  CO2  and  H2O  interferences  to  perform  multi-species 
detection  using  a  similar  I  aser  system. 

Transition  lines  in  the  first-overtone  band  of  CO  are  one 
to  two  orders  of  magnitude  stronger  than  those  in  the  second- 
overtone  band,  and  several  transitions  in  the  R  branch  are 
isolated  from  spectral  interferences  from  CO2  and  H20.  Wang 
et  al.  [5, 6]  performed  absorption  measurements  on  the  first- 
overtone  band  of  the  CO  molecule  using  room-temperature, 
continuous-wave  (cw),  single  mode  InGaAsSb/AIGaAsSb 
diode  lasers  operated  near  2.3  (xm  in  an  atmospheric  pressure 
ethylene/air  flame.  The  concentrations  of  CO  were  deter¬ 
mined  by  interrogating  two  transitions  in  the  first-overtone 
region.  The  R (30)  CO  transition  at  4343.81cm-1  was  used 
for  measurements  in  the  post-flame  region  (1.5  cm  above  the 
burner  surface).  The  R (15)  CO  transition  at  4311.96cm-1 
was  used  for  measurements  in  the  exhaust  duct  (120-cm-long 
duct  located  79  cm  from  the  burner  surface).  For  measure¬ 
ments  in  the  post-flame  zone,  CO  concentrations  in  rich 
flames  were  in  good  agreement  with  the  chemical-equilibrium 
predictions.  For  direct- absorption  measurements  in  the  ex¬ 
haust,  a  detection  limit  of  1.5  ppm-m  at  470  K  was  demon¬ 
strated  for  a  measurement  time  of  0.1s  with  a  detection 
bandwidth  of  50kHz.  By  using  wavelength-modulation- 
spectroscopy  techniques,  system  sensitivity  of  0.1  ppm-m 
was  achieved  for  a  total  measurement  time  of  0.4  s  and  a  de¬ 
tection  bandwidth  of  500  Hz.  For  some  years  after  this  study, 
no  DFB  diode  lasers  were  available  near  2.3  |xm.  Currently, 
d i  stri  buted  feedback  ( D  F  B )  d i  ode  I  asers  near  2 .3  (xm  are  com¬ 
mercially  available  [7, 8],  Ebert  etal.  [9]  have  used  this  new 
generation  DFB  lasers  to  interrogate  the  R  (30)  CO  transition. 
They  performed  direct-absorption  measurements  of  CO  con- 
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centrations  in  the  post-combustion  chamber  of  a  hazardous 
waste  incinerator  achieving  a  detection  limit  of  6.5  ppm  for 
a  1.0  s  measurement  time  through  a  2.5  m  optical  path  length. 

To  access  the  fundamental  band  (near  4.6  |im)  of  carbon 
monoxide,  lead-salt  diode-lasers  are  available  and  have  been 
extensively  used  [10-14],  Although  successful  in  detecting 
CO,  the  use  of  in  situ  sensors  based  on  lead-salt  diodes  has 
been  limited  due  to  operational  complexity,  the  requirement 
of  cryogenic  cooling  of  the  lasers,  and  multi  mode  operation  of 
the  I aser  system.  T  he  recent  devel opment  of  quantum-cascade 
distributed-feedback  (QC-DFB)  lasers  has  allowed  spectro¬ 
scopic  monitoring  of  CO  in  ambient  air  and  flames  [15, 16]; 
however,  cw  non-cryogenic  versions  of  these  systems  are  still 
not  avail  able. 

A  second  strategy  to  obtain  mid-infrared  radiation  is  by 
nonlinear  optical  parametric  frequency  conversion;  this  strat¬ 
egy  offers  broad  tunabi  lity,  narrow  I  i  new  i dth,  broadband  para- 
metric  gain,  efficient  continuous-wave  (cw)  single-pass  con¬ 
version,  near-room-temperature  operation,  and  the  use  of 
many  mature  laser  technologies  to  seed  the  nonlinear  con¬ 
version  to  IR  [17],  Several  groups  have  reported  spectro¬ 
scopic  measurements  of  H20,  C02,  CO,  NO,  C2H2,  CeH6, 
CH4,  C2H4,  OCS  [18],  and  other  molecules  in  the  IR  region 
using  difference-frequency-mixing  (DFM )  sources.  Schadeet 
al.  [19]  used  a  AgGaS2  crystal  to  obtain  DFM  radiation  in 
resonance  with  line  P  (28)  in  the  fundamental  band  of  CO 
at  2022.914cm-1.  In  a  similar  but  modular  set  up,  Kelz  et 
al .  [20]  used  the  same  bi  refri  ngent  nonl  i  near  crystal ,  A  gG  aS2, 
to  address  the  spectral  region  around  4.76  pun.  These  sys¬ 
tems  produced  low  levels  of  mid-IR  radiation  from  moderate 
power  diode  lasers.  Schade  et  al.  used  30-  and  50-mW  in¬ 
put  beams  to  produce  200 nW,  while  Keltz  et  al.  typically 
produced  >100 nW  of  mid-IR  radiation  from  20-  and  6-mW 
beams. 

Quasi -phase- matched  (QPM )  materials  have  many  advan¬ 
tages  for  the  production  of  mid-infrared  radiation  through 
no n I i  near  co nversi 0 n .  Q  P M  materi als  (e.g.,  L  i  N  b03,  L  iT a03, 
KTiOP04,  R bT i O A sO 4 )  can  be  engineered  to  use  the  larg¬ 
est  nonlinear  susceptibility  component  of  the  material.  The 
power-conversion  efficiency  of  DFM  processes  in  QPM  peri¬ 
odically  poled  lithium  niobate  (PPLN)  is  typically  one  order 
of  magnitude  higher  than  theconversion  efficiency  in  birefrin- 
gent  materials  [18]. 

Absorption  sensors  based  on  the  use  of  a  PPLN  crys¬ 
tal  to  produce  mid-infrared  radiation  in  a  DFM  process 
have  been  applied  for  the  detection  of  trace  gases  [21-23], 
Petrov  et  al.  [24]  investigated  the  feasibility  of  applying  of 
adiode-pumped  mid-IR  difference-frequency-mixing  (DFM ) 
source  based  on  a  periodically  poled  L i N b03  (PPLN)  crys¬ 
tal  to  detect  atmospheric  CO,  N20,  and  C02.  Their  tun¬ 
able  mid-IR  DFM  source  mixed  a  diode-pumped  Nd:YAG 
ring  laser  (220  mW  at  1064 nm)  and  820  mW  from  a  high 
power  GaAIAs  tapered  amplifier  seeded  at  860  nm  by  adiode 
laser  that  allows  for  fast-frequency  tuning  by  means  of  cur¬ 
rent  modulation.  A  maximum  of  8p,W  were  measured  at 
4.5  p,m;  however,  CO -concentration  measurements  were  typ¬ 
ically  performed  with  3  ixW  of  mid-IR  power.  With  this  sys¬ 
tem  Petrov  et  al.  accessed  the  CO  fundamental  band  at  the 
R( 6)  transition  near  2169cm-1.  The  detection  sensitivity  of 
5  ppb  -  m/yHz  was  extrapolated  based  on  rms  noise  meas¬ 


ured  in  the  2  f  spectra  under  interference-free  conditions  in 
the 4.31- 4.63  p,m  spectral  region. 

The  system  described  here  is  based  on  the  DFM  of  two 
near-infrared  solid-state  lasers  in  a  PPLN  crystal  to  pro¬ 
duce  tunable  laser  radiation  in  the  4.2-4.8|iim  spectral  re¬ 
gion.  The  sensor  system  takes  advantage  of  a  new,  compact 
diode-pumped  Nd:YAG  laser  system  and  the  incorporation 
of  an  external-cavity  diode  laser  (ECDL)  that  allows  for  fre¬ 
quency  tuning.  The  application  of  this  sensor  to  mid-infrared, 
single-pass  direct  optical  absorption  measurements  of  the 
CO  molecule  is  discussed  in  this  paper.  Preliminary  CO- 
concentration  measurements  have  been  previously  reported 
in  laboratory  and  real  combustion  conditions  [25]  including 
an  operating  gas  turbine  [26].  Three  experiments  are  dis¬ 
cussed  here.  These  are:  (1)C0/C02/N2  mixtures  in  a  room- 
temperature  gas  cel  I ,  (2)  i  n  the  exhaust  of  a  w  el  I  -sti  rred  reactor 
(WSR),  and  (3)  in  a  near-adiabatic  hydrogen/air  C02-doped 
flame.  Spectral  interferences  were  investigated  in  detail  in  the 
C02-doped  flame  measurements,  and  CO  spectral  lines  with 
minimal  C02  and  H20  absorption  interferences  were  identi¬ 
fied.  The  simplicity  and  relatively  low  cost  of  the  DFM  -based 
sensor  described  here  make  it  an  attractive  system  that  is  po¬ 
tentially  applicable  to  numerous  other  interesting  molecules 
in  the  infrared  spectral  region. 


2  E  xperimental  system  and  procedure 

2.1  CO  -sensor  system 

The  schematic  diagram  of  the  experimental  sys¬ 
tem  is  shown  in  Fig.  1.  The  mid-IR  sensor  system  is  based  on 
DFM  of  the  laser  radiation  from  a  1064-nm,  diode-pumped, 
500-mW  Nd:YAG  laser  system  (IRCL-1064-500-S  from 
CrystaLaserLC) andatunable, 860-nm ECDL  (DL-lOOfrom 
Toptica  PhotonicsAG)  in  a  periodically  poled  lithium  niobate 
(PPLN)  crystal  (Deltronic  Crystal  Industries  Inc.).  The  PPLN 
crystal  is  40  mm  long,  0.5  mm  thick,  and  has  a  quasi-phase- 
match  period  of  22.8  p.m. 


FIGURE  1  Experimental  system  for  the  CO -absorption  measurements, 
fi  =  +  25.4  mm,  f  2  =  +  50.2  mm,  f-$  =  +300  mm,  U  =  +150  mm,  f$  = 
+200  mm,  and  f&  =  +150  mm 
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The  vacuum  wavelength  of  the  1064-nm  Nd:YAG  laser 
was  measured  to  bel064.664nm  using  a  Burleigh  WA-1000 
cw  wavemeter.  The  major  advantages  of  the  diode-pumped 
Nd:YAG  system  are  its  excellent  beam  quality  (TEM  oo),  nar¬ 
row  bandwidth  (<  10  kHz),  stability  (<  2%  over  24  h),  com¬ 
pactness  (3  x  3  x  12  cm),  operability  (no  special  cooling  re¬ 
quired),  and  reliability.  The  wavelength  of  theECDL  system 
can  be  tuned  coarsely  so  that  the  DFM  output  beam  can  be 
tuned  into  resonance  with  various  CO  transitions  in  the  fun¬ 
damental  band.  The  bandwidth  of  the  ECDL  output  radia¬ 
tion  was  specified  by  the  manufacturer  to  be  ~  1 M  Hz.  The 
frequency  spectrum  of  the  ECDL  was  constantly  monitored 
with  a  Burleigh  SA  Plus  spectrum  analyzer  (2-G  Hz  free  spec¬ 
tral  range)  as  the  ECDL  output  was  scanned,  typically,  over 
a  mode-hop-free  tuning  range  of  12  GHz.  The  use  of  a  36-dB 
Faraday  isolator  was  required  to  block  the  back  reflections 
into  the  ECDL  and  ensure  single-mode  operation.  With  the 
use  of  the  isolator,  no  spectral  jitter  was  observed  while  tuning 
theECDL  laser. 

Several  factorswereconsidered  to  optimize  theDFM  con¬ 
version  in  the  PPLN  crystal.  Both  fundamental  beams  were 
carefully  overlapped  on  a  dichroic  mirror  and  then  focused 
using  a  plano-convex  300-mm-focal-length  lens  in  the  mid¬ 
dle  of  the  PPLN  crystal.  With  this  lens,  the  Rayleigh  ranges 
of  the  fundamental  beams  were  approximately  17  mm,  which 
is  approximately  equal  to  one-half  of  the  length  of  the  PPLN 
crystal.  The  waist  diameters  of  the  beams  were  just  small 
enough  to  be  contained  within  the  crystal  body.  To  correct 
for  the  different  focusing  characteristics  of  the  860-nm  and 
1064-nm  beams,  a  telescope  was  used  in  the  1064-nm  beam 
path  to  adjust  the  1064-nm  beam  waist  position  and  size.  The 
tel escope  consi sted  of  tw o  bi -convex  I enses  w i th  focal  I engths 
of  +  25.4  mm  and  +  50.2  mm. 

A  n  alignment  procedure  was  developed  to  ensure  proper 
spatial  overlap  of  the  fundamental  beams  in  the  crystal.  A  vis¬ 
ible  HeNe  laser  included  in  the  optical  path  of  the  1064-nm 
beam  was  used  to  facilitate  the  alignment  of  the  sensor.  For 
coarse  alignment,  two  apertures  were  placed  before  and  after 
the  PPLN  crystal.  Both  input  beams  were  directed  through 
the  center  of  these  apertures.  Two  mirrors  in  the  optical  path 
for  each  input  beam  provided  enough  degrees  of  freedom  to 
align  the  lasers  through  these  apertures.  Thus,  the  860-nm 
and  1064-nm  beams  were  roughly  col  I  i  near  and  focused  close 
to  the  same  axial  location.  A  150-|xm-diameter  pinhole  was 
then  used  to  perform  more  precise  alignment  of  the  beams. 
Since  the  waist  of  the  input  beams  was  larger  than  the  pin¬ 
hole  diameter,  the  beam  was  partially  blocked.  Maximum 
power  transmission  through  the  pinhole  indicated  the  pos¬ 
ition  of  the  center  of  the  beam  in  the  radial  direction.  By 
comparing  the  peak  transmitted  power  measurements  at  dif¬ 
ferent  axial  locations,  we  found  the  beam  waist.  The  waist 
of  the  860-nm  beam  was  determined  by  the  beam  diameter 
and  the  f  —  +300  mm  focusing  lens;  the  waist  location  of 
this  beam  was  fixed  for  a  specific  ECDL  wavelength  set¬ 
ting.  The  axial  location  of  the  1064-nm  beam  waist  was  then 
determined.  The  spacing  of  the  lenses  in  the  1064-nm  tele¬ 
scope  was  then  adjusted  so  that  the  location  of  the  1064-nm 
beam  waist  coincided  with  the  axial  location  of  the  860-nm 
beam  waist.  The  col  I  i  nearity  of  the  1064-nm  and  860-nm 
beams  was  then  checked  by  using  the  pinhole  in  the  positions 


12.5  mm  before  and  after  the  waist  location.  Typically  the 
paths  of  the  860-nm  beam  and  HeNe  laser  were  adjusted  to 
match  the  path  of  the  1064-nm  beam.  N ext,  the  PPLN  crystal 
was  placed  in  the  system  with  its  center  at  the  axial  loca¬ 
tion  of  the  waist  of  the  input  beams.  The  oven  that  housed 
the  PPLN  crystal  was  mounted  on  a  kinematic  mount  with 
five  degrees  of  freedom  to  allow  precise  orientation  of  the 
PPLN  crystal .  T  he  constant-temperature  oven  al  I ow ed  adj  ust- 
mentof  the  longitudinal  spatial  period  of  the  crystal  structure 
to  optimize  the  DFM  process  for  a  particular  combination  of 
fundamental  frequencies.  The  polarizations  of  the  1064-nm 
and  860-nm  beams  were  also  adjusted  to  optimize  DFM  in 
the  PPLN  crystal.  Half-wave  plates  were  located  in  the  beam 
paths  upstream  of  the  dichroic  mirror  to  allow  adjustment  of 
the  polarization  of  each  beam.  The  1064-nm  Nd:YAG  laser 
power  was  measured  to  be  570  mW .  H  owever  due  to  the  po¬ 
larization  characteristics  of  the  dichroic  mirror  and  the  DFM 
process,  the  polarization  was  adjusted  to  maximize  the  DFM 
efficiency,  thus  sacrificing  some  power  in  the  transmission 
th  ro  u  g  h  the  d  i  c  hro  i  c  m  i  rro  r.  T  he  actu  al  1 064-  n  m  po  w  er  meas- 
ured  in  front  of  the  PPLN  entrance  face  was  320  mW.  Sim¬ 
ilarly,  some  ECDL  power  was  lost  in  the  reflection  from  the 
dichroic  mirror  because  the  polarization  was  adjusted  to  max¬ 
imize  the  DFM  efficiency.  The  power  values  for  the  ECDL 
listed  in  Table  1  were  measured  just  in  front  of  the  PPLN 
crystal . 

The  mid-infrared  radiation  generated  in  the  PPLN  crys¬ 
tal  was  collimated  using  a  plano-convex  calcium  fluoride 
(CaF2)  lens  (f  =  +150  mm)  after  exiting  the  PPLN  crystal. 
The  mid-infrared  beam  was  then  split  into  a  "signal”  beam 
and  a  "reference”  beam  using  a  50-50  beamsplitter.  The  sig¬ 
nal  beam  was  directed  through  the  "test  region".  In  this  paper 
three  "test  regions”  are  discussed:  i)  a  gas  cell  filled  with 
a  mixture  of  CO  and  other  buffer  gases,  ii)  the  exhaust  of 
a  well-stirred  reactor  (WSR),  and  iii)  the  post-flame  region  of 
a  hydrogen/air  flame  doped  with  CO2.  The  signal  beam  was 
focused  usi  ng  a  pi  ano-convex  C aF  2 1 ens  w i th  a  focal  I ength  of 
150  mm  onto  a  cryogenically  cooled  I  nSb  detector  after  pass¬ 
ing  through  a  long-wave-pass  filter.  The  reference  beam  was 
focused  using  a  plano-convex  CaF2  lens  with  a  focal  length  of 
200  mm  onto  a  second  I  nSb  detector,  again  after  being  trans¬ 
mitted  through  a  long-wave-pass  filter.  The  filter,  with  cut  off 
at  3.5  run,  rejected  the  860-nm  and  1064-nm  beams;  in  add¬ 
ition  the  I  nSb  detectors  had  a  cutoff  at  5.4  |xm,  thus  effectively 
behaving  as  a  broad- band  filter. 

The  detectors  used  (KISDP-1-J1  from  Kolmar  Tech¬ 
nologies,  Inc,)  were  InSb  detectors  with  an  active  area  of 
0.01cm2.  The  responsivity  of  both  detectors  was  matched 
within  5%  of  each  other;  the  responsivity  at  peak  wavelength 
was 3. 93  A/W.  To  avoid  electrical  noise,  this  model  included 
an  integrated  transimpedance  amplifier.  These  detectors  were 
cooled  with  liquid  nitrogen  to  operate  at  77  K.  The  band  width 
of  these  detectors  was  5  M  Hz  nominal  at  —3  dB  and  the  detec¬ 
tion  limit  D*  -  6.2  x  1010cm  (Hz)1/2/W.  This  corresponds 
to  a  noise-equivalent-power  (NEP)  of  4nW;  this  NEP  is  at 
I  east  20  ti  mes  smal  I  er  than  the  generated  mid-l  R  radiation  (see 
Table  1.)  The  use  of  cryogenically  cooled  detectors  is  con¬ 
venient  but  not  a  limiting  factor  in  the  development  of  the 
C  O  -sensor.  C  u rrentl  y,  there  are  commerci  al  I y  avai  I  abl  e  detec¬ 
tors  that  are  thermoelectrical  I y  cooled  and  offer  detectivities 
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Experimental 

Situation 

Test  CO  Transition 

Name  Position 

[cm-1]  (|xm) 

mid-IR 
generated 
power  [|xW  ] 

Diode 

ID 

ECDL 

Wavelength 

[nm] 

Power 

[mW] 

CO2  gas  cell 
measurements* 

- 

2332.990 

(4.286) 

2.380 

J  J  82 

852.831 

80.0 

Room-temperature 
gas  cell 

R  (23) 

2224.7127 

(4.494) 

0.897 

JJ  82 

860.782 

58.0 

Well  Stirred 

Reactor  (WSR) 

R(ll) 

2186.6390 

(4.573) 

0.089* 

2624 

863.612 

32.3 

Hydrogen/air 
C02-doped  flame 

P  (19) 

2064.3969 

(4.844)* 

0.134 

2624 

872.826 

14.4 

#  E  C  D  L  setti  ngs,  as  del  i vered 

*  Output  face  of  the  PPL  N  crystal  was  chipped 

&  For  this  wavelength,  the  ECDL  grating  was  severely  tilted,  affecting  the  cavity  performance  and  beam  shape 
TABLE  l  Experimental  parameters  of  the  CO -sensor  for  the  experiments  presented  in  this  study 


of  D*  - 1  x  1010  cm  (Hz)1/2/W  [27]  for  which  the  shot-noise 
limitiswell  under  the  system  performance. 

A  n  optical  chopper,  control  led  at 500  H  z,  was  placed  in  the 
path  of  one  of  the  fundamental  beams.  The  signals  from  the 
I nSb  detectors  were  processed  using  lock-in  amplifiers  (Stan¬ 
ford  Research  Systems  SR  830)  referenced  to  the  synchroniza¬ 
tion  signal  from  the  optical  chopper.  The  use  of  the  lock-in 
amplifiers  improved  the  signal-to-noise  ratio  (SNR)  by  re¬ 
jecting  the  noise  components  with  frequencies  different  than 
the  chopper  frequency.  For  a  mid-infrared  power  of  250  nW 
incident  on  the  signal  detector,  the  use  of  phase-sensitive  de¬ 
tection  reduced  the  noise  by  a  factor  of  three  as  compared  to 
directly  reading  the  detector  signal.  The  output  of  the  lock- 
in  amplifier  was  recorded  using  a  computer-controlled  digital 
oscilloscope  (Tektronix  TDS  3014). 

The  ECDL  was  delivered  with  an  optimized  wavelength 
of  852.831  nm  and  a  power  output  of  80  mW.  With  this  con¬ 
figuration  the  initial  system  produced  2.3  (WV  at  4.286  (xm. 
Later,  a  diode  laser  with  output  centered  at  862  nm  was  pur¬ 
chased  and  installed  in  the  ECDL  assembly.  With  these  two 
diodes,  the  ECDL  wavelength  was  coarse  tuned  within  the 
range  852.8-  872.8  nm.  Table  1  summarizes  the  sensor  con¬ 
figuration  and  operating  characteristics  for  the  measurements 
discussed  in  this  paper.  In  this  range  the  DFM  output  ra¬ 
diation  was  close  to  resonance  with  transition  lines  in  the 
R-  and  P -branch  of  the  fundamental  CO  band.  Lines  tested  in 
the  spectral  range  4.49-4.84  jun  included  the  R (25),  R (24), 


R (23),  R (20),  R  (11),  P  (18),  and  P  (19)  transitions,  as  listed  in 
Table  2. 


2.2  Data  processing 

In  general,  data  processing  refers  to  the  compari¬ 
son  of  the  measured  absorption  spectrum  with  the  theoretical 
prediction  of  Beer's  law: 


l(co,  0)  —  l(co,  I) 
I  (co,  0) 


=  1  -  exp(-kj) , 


(1) 


where  /  is  the  path  length,  /(&>,  0)  and  l(co,  /)  are  the  spec¬ 
tral  intensities  at  zero  and  /,  respectively,  and  k0J  is  the  spec¬ 
tral  absorption  coefficient  given  by  the  product  of  the  line 
strength  and  the  line  profile  which  accounts  for  broaden¬ 
ing  [28].  A  computer  code  for  the  analysis  of  the  absorption 
spectrum  was  developed.  For  calculation  of  the  absorption 
spectrum,  the  line  shape  was  assumed  to  be  a  Voigt  profile. 
The  Voigt  profile  was  computed  using  the  routine  developed 
by  Humlicek  [29].  The  absorption  code  incorporates  spectro¬ 
scopic  line  parameters  from  the  FI  ITRA  N  /H  ITEM  P  database 
for  CO  and  CO2,  which  is  an  update  to  the  FH  ITRA N 96 
database  [30],  The  FI  ITRA  N  database  was  updated  in  2001 
and  2004.  The  spectral  line  parameters  for  the  CO  molecule 
were  not  changed  from  the  1996  version  in  the  first  up¬ 
date  [31],  For  CO  inthefundamental  band,  the  2004  FI  ITRA  N 


fc>0  z 

[cm-1] 

[|xm] 

(296) 

[crrrVmolecule  cm-2] 

v° 

^CO-air 

[cm-1/atm] 

v° 

^co-co 

[cm-1/atm] 

E 

[cm-1] 

n 

fit  25) 

2230.5258 

4.483 

5.895  x  10“21 

0.0440 

0.0500 

1247.0592 

0.69 

R  (24) 

2227.6386 

4.489 

9.011  x  10“21 

0.0445 

0.0505 

1151.3150 

0.69 

ft  (23) 

2224.7127 

4.494 

1.350  x  10"20 

0.0450 

0.0510 

1059.3718 

0.69 

fit  20) 

2215.7044 

4.513 

4.018  x  10-20 

0.0480 

0.0537 

806.3828 

0.69 

R(U) 

2186.6390 

4.573 

3.314  x  10“19 

0.0579 

0.0634 

253.6672 

0.69 

P  (18) 

2068.8469 

4.833 

6.601  x  10"2° 

0.0522 

0.0578 

656.7892 

0.69 

P  (19) 

2064.3969 

4.844 

4.880  x  10-20 

0.0513 

0.0565 

729.6774 

0.69 

P  (13)* 

2064.5839 

4.843 

1.282  x  10"23 

0.0574 

0.0623 

2489.7831 

0.69 

*  This  is  a  hot-band  transition  from  v"  =  1  to  v'  =  2,  and  it  can  only  be  detected  at  high  temperatures 

TABLE  2  Spectroscopic  parameters  retrieved  from  HITRAN  database  [30]  for  some  selected  transitions  in  the  fundamental  band  of  12C160.  These 
transitions  (r)  correspond  to  v"  =  0  to  v'  =  1  with  A]  =  ±1 
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update  has  improved  the  accuracy  of  the  collisional  broaden¬ 
ing  coefficients  from  2-5%  in  the  1996  version  to  1.3- 2.5%  of 
experimental  values [32], 

The  code  was  designed  to  calculate  the  absorption  spec¬ 
trum  of  CO  andC02  in  a  given  spectral  region  using  tempera¬ 
ture,  pressure,  path  length,  and  gas-mixture  composition  as 
input  parameters.  It  is  necessary  to  consider  the  gas-mixture 
composition  because  of  the  effect  of  other  species  on  the  col- 
I  i  si  onal  broadeni  ngofCO.HITRAN  provi  des  the  coefficients 
for  self-  (CO-CO;  yc°0_c0,  'n  cm-1/atm)  and  air-  (CO-air; 
Tco-air'  'n  cm-1/atm)  collisional  broadening  at  296  K ,  as  well 
as  the  coefficient  n  of  temperature  dependence  of  the  air- 
broadened  hal  fw  i  dth.  T  he  col  I  i  si  onal  broadened  half-w  i  dth  at 
half-maximum  (HWH  M )  [y(T,  P)]  is  calculated  as  suggested 
by  Rothman  etal.  [30]  by 

r«,P)=(f)n  [KcVairfP  -Pco)  +  KcVcoM  >  <2> 

where!  [K]  is  the  gas  temperature,  P  [atm]  is  the  total  mix¬ 
ture  pressure,  and  P co  [atm]  isthe partial  pressureforCO. 

In  the  combustion  of  hydrocarbon  fuels,  it  is  reasonably 
assumed  that  the  molecular  composition  of  the  products  will 
be  dominated  by  water,  carbon  dioxide  and  nitrogen;  none  of 
which  is  properly  accounted  for  by  (2).  Proper  computation 
of  the  collisional  broadening  of  CO  requires  knowledgeof  the 
flame  composition  and  for  the  target  CO  transition,  the  col¬ 
lisional  broadening  coefficient  (Kc0-sPecies)  °f  CO  by  every 
species  present  in  the  mixture.  To  account  for  the  collisional 
broadening  by  other  species,  the  correction  factors  G  co  and 
G  co2  were  introduced  to  correct  the  collisional  width  calcu¬ 
lated  from  the  HITRAN  parameters.  y(T,  P)  is  multiplied  by 
the  correction  factor  Geo  and  the  collisional  linewidth  Avc 
[cm-1]  full-width  at  half-maximum  (FWHM )  is  calculated  by 
(a  similar  equation  applies  for  CO2  absorption) 

Avc  =  2-y(T,  P)-G  co  (3) 

G  co  =  1  corresponds  to  a  gas  mixture  composed  of  CO  and 
synthetic  air  (79%  N2  and  21%  O2).  The  G  co  factor  is  used 
as  a  fitting  parameter  in  the  absorption  code  and  to  verify 
the  code  performance  a  series  of  gas-cell  measurements  were 
carried  with  CO/N2  mixtures.  In  these  measurements,  Geo 
corrected  for  CO-N2  broadening  as  opposed  to  CO-air;  re¬ 
sults  are  shown  in  Sect.  3.1.  It  is  important  to  emphasize  that 
the  behavior  of  G  co  is  very  complex  since  it  is  dependent  on 
the  mixture  composition  and  the  particular  CO  transition  be¬ 
ing  interrogated. 

By  varying  the  input  parameters,  the  theoretical  absorp¬ 
tion  spectrum  that  is  the  best-  fi  t  to  th  e  ex  per  i  mental  absorption 
spectrum  is  found.  Depending  on  the  particular  experimen¬ 
tal  conditions,  some  parameters  were  known  and  fixed.  The 
remaining  parameters  were  adjusted  in  two  steps.  An  evolu¬ 
tionary  algorithm  [33,34]  was  performed  for  50  generations 
with  100  sets  per  generation.  Subsequently,  the  Levenberg- 
Marquardt  method  [35,36]  was  applied,  initialized  by  the 
best-parameters  setfound  by  the  evolutionary  routine. 

To  assess  the  sensor  detection  limit,  the  rms  value  of  the 
best  fit  was  calculated.  The  root-mean-square  (rms)  refers  to 
the  square  root  of  the  mean  squared  deviation  of  the  measured 
absorption  spectrum  from  the  best  fit  value.  The  detection 


limit  was  defined  for  the  signal-to-noise  (SNR)  ratio  of  one, 
and  the  noise  quantified  by  the  rms  value  is  an  indication  of 
the  minimum  detectable  absorption.  To  eval  uate  the  detection 
limit  for  the  sensor,  this  rms  value  is  considered  to  be  equal 
to  the  peak  absorption  for  a  given  transition  under  combus¬ 
tion  conditions  (i.e.,  CO/air  mixture  at  atmospheric  pressure 
and  temperature  of  1000  K )  for  a  standard  path  length  of  one 
meter.  This  standard  definition  of  the  detection  limit  provides 
a  means  for  comparison  of  the  performance  of  the  sensor 
under  different  experimental  conditions. 

3  Experimental  results 

The  CO -sensor  has  been  tested  in  a  well-control  led 
room-temperature  gas  cel  I  and  flames  in  the  laboratory.  Ithas 
also  been  successfully  tested  in  realistic  combustion  environ¬ 
ments  such  as  the  exhaust  stream  of  a  well-stirred  reactor 
(WSR). 

3.1  Measurements  in  the  room-temperature  gas  cell 

Theinitial  set  of  CO -absorption  measurements  was 
performed  in  a  30-cm-long  gas  cell  at  room-temperature.  The 
cell  was  filled  with  known  concentrations  of  CO  diluted  in  ni¬ 
trogen  at  various  pressures.  Room-temperature  gas-cel  I  meas¬ 
urements  were  initially  performed  to  demonstrate  the  sensor 
operation  and  to  check  the  performance  of  the  theoretical 
code.  Numerous  CO  transitions  were  investigated  in  order 
to  identify  those  that  avoid  interferences  from  CO2  and  H2O 
molecules  at  high  temperature.  For  each  of  these  transitions, 
experiments  were  performed  first  in  the  room-temperature 
gas  cell  to  confirm  the  wavelength  of  the  ECDL  and  the 
HITRAN/HITEM  P spectroscopi cline parameters. 

For  the  initial  gas-cell  measurements,  the  ECDL  grating 
was  tuned  using  a  1.3-Hz  sawtooth  function.  Asa  result  of 
this  scanning  of  the  grating,  the  generated  mid-l  R  frequency 
istuned  back  and  forth  across  the  absorption  feature.  Two  ab¬ 
sorption  traces  shown  in  the  figures  as  "Absorption  1"  and 
"Absorption  2"  are  thus  obtained.  Forthesedirect-absorption 
experiments,  eight  scans  were  acquired  in  3.0  s  and  averaged 
using  the  digital  oscilloscope.  The  Tektronix  digital  oscillo¬ 
scope  has  a  resolution  of  10000  data  points,  and  binning  10 
neighboring  data  points  in  software  reduced  the  read  noise.  It 
was  verified  that  this  binning  process  did  not  affect  the  spec¬ 
tral  line  shapes. 

H  anna  et  al .  [25, 37]  descri  be  the  basic  data-analysis  tech¬ 
nique  used  inourCO-absorptionwork.  For  gas-cell  measure¬ 
ments  Hanna  et  al.  acquired  the  signal  and  reference  traces 
for  absorbing  conditions  in  the  gas  cell.  The  cell  was  then 
evacuated  and  filled  with  clean  air,  then  signal  and  reference 
traces  were  acquired  again.  The  spectral  transmission  was 
then  obtained  by  dividing  the  ratio  of  the  signal  to  the  ref¬ 
erence  traces  under  absorbing  conditions  by  the  ratio  of  the 
signal  to  the  reference  traces  under  non-absorbing  conditions 
(cell  filled  with  air).  This  technique  requires  a  measurement 
with  non-absorbing  gas  in  the  test  region.  In  some  experimen¬ 
tal  situations,  such  as  in  the  exhaust  of  a  gas  turbine  engine, 
it  is  not  possible  or  feasible  to  turn  the  engine  on  and  off. 
U  nder  these  conditions  a  slightly  different  scheme  was  used. 
The  unattenuated  portions  of  the  signal  scan  [/(&>,/)]  were 
fit  using  a  third-degree  polynomial  [p(<w)].  To  compute  the 
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FIGURE  2  Normalization  scheme. 
Panel  (a)  signal  detector  traces  ac¬ 
quired  for  the  absorbing  conditions 
of  the  test  region  and  the  polynomial 
fit  to  the  unattenuated  portions  of  the 
signal  trace,  (b)  The  resulting  absorp¬ 
tion  with  its  best- fit  theoretical  shape 


b  Frequency  Detuning  [GHz] 


third-degree  polynomial,  the  unattenuated  regions  must  be 
distinguishable  from  the  regions  with  absorption  features  and 
the  scanning  range  of  the  system  must  be  large  enough  to  re¬ 
solve  the  wings  of  the  transition  line. 

Figure  2a  shows  the  raw  CO  transmission  data  recorded 
from  the  signal  detector.  The  unattenuated  regions  for  the 
trace  were  identified  between  2186.4  to  2186.54cm-1  and 
2186.74  to  2186.82  cm-1.  Figure  2a  includes  the  fitted  poly¬ 
nomial  to  the  unattenuated  regions.  The  absorption  in  Fig.  2b 
was  computed  using 

/(CO,  0)  —  /(ft>,  /)  I  (ft),  0  IcOscan  (4) 

l(co,  0)  p(a>) 

The  scanning  range  of  the  EC DL  in  the  CO -sensor  system 
allowed  the  determination  of  unattenuated  regions  of  the  ab¬ 
sorption  scans.  The  polynomial  fit  technique  was  employed 
for  the  gas-cel  I  measurements. 

Figure  3  shows  experimental  and  theoretical  spectra  for 
the  R (23)  transition  of  the  fundamental  band  of  CO  at 
2224.7127 cm-1  when  the  gas  cell  was  filled  with  a  mixture 
of  1010  ppm  C  O  i  n  a  buffer  gas  of  N  2  at  pressures  of  6.66  kPa 
and  13.33  kPa.  The  specific  operating  conditions  for  the  sen¬ 
sor  are  listed  in  Table  1.  This  gas  mixture  was  prepared  by 
M  atheson  as  a  "certified  standard"  with  an  accuracy  of  2%. 
The  gas  cell  was  at  room  temperature,  and  the  best  fit  of  the 
data  corresponds  to  an  average  theoretical  CO  concentration 


of  1004  ppm.  The  estimated  uncertainty  in  the  experimental 
measurements  for  the  CO  concentration  is  less  than  20  ppm 
or  2%  of  the  CO  mole  fraction  of  1010  ppm.  This  estimate 
is  indicative  of  the  best-fit  concentration  values  obtained 
from  a  series  of  experiments  performed  on  different  days  and 
for  different  transitions.  The  experimental  uncertainty  is  in 
part  due  to  the  uncertainties  of  the  pressure  gage,  uncertain¬ 
ties  in  the  theoretical  model,  and  baseline  level  fluctuations 
due  to  long-term  drifts  in  laser  power  or  optical  alignment. 
This  experimental  value  is  still  in  good  agreement  with  the 
certified  gas-mixture  concentration,  and,  as  can  be  seen  on 
Fig.  3,  the  theoretical  spectral  line  shape,  intensity,  and  line 
width  are  in  excellent  agreement  with  the  experimental  line 
shape. 

For  the  gas-cell  measurements,  the  rms  noise  in  the  base¬ 
line  was  measured  to  be  0.0017,  which  corresponds  to  a  noise 
detection  limit  of  1.1  ppm  per  meter  path  length  in  gas  at 
combustion  conditions  i.e.,  1000  K  and  1  atm.  This  assumes 
a  signal-to-noise  (SNR)  ratio  of  1  at  the  detection  limit. 

TheHITRAN  [30] database showsthattheCO-absorption 
lines  in  the  R  branch  of  the  fundamental  band  are  separated 
by  approximately  3  cm-1,  which  is  larger  than  themode-hop- 
f  ree  tuni  ng  range  of  the  E  C  D  L .  1 1  was  not  possi  bl  e  to  scan  over 
two  neighboring  CO  transitions,  and  itwas,  therefore,  difficult 
to  verify  the  wavelength  of  the  generated  mid-IR  beam.  By 
adding  C02  to  theCO/N2  mixture  in  the  gas  cel  I,  some  weak 


FIGURE  3  Comparison  of  the 
measured  and  calculated  F? (23)  tran¬ 
sition  in  the  fundamental  band  of 
CO  at  2224.7127  cm-1.  The  0.32-m- 
long,  room-temperature  gas  cell  was 
filled  with  a  mixture  of  1010  ppm 
CO  and  N2  at  pressures  of  (a) 
6.66  kPa  and  (b)  13.33  kPa 
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CO2  transitions  appeared  within  the  mid-IR  scanning  range. 
The  resulting  spectrum  included  both  CO  andC02  transitions, 
and  the  wavelength  of  the  DFM  -generated  mid-infrared  radi¬ 
ation  was  thus  verified. 

Several  CO/N2/CO2  mixtures  were  probed  in  a  series  of 
room-temperature  experiments  in  the  gas  cell.  Two  of  the  re¬ 
sulting  spectra  are  shown  in  Fig.  4.  The  R (23)  transition  of 
CO  is  shown  at  0  G  H  z  frequency  detuning,  while  the  absorp¬ 
tion  line  observed  at  approximately  -6 GHz  corresponds  to 
the  CO2  transition  P (51)  at  2224.519cm-1.  In  this  experi¬ 
ment  the  gas  cell  was  filled  with  a  mixture  of  CO/N2  until 
the  gas-cell  pressure  reached  13.33  kPa.  CO2  was  then  added 
until  the  gas-cell  pressure  reached  14.66  or  22.66  kPa.  For 
a  final  pressure  of  14.66 kPa,  the  mixture  composition  was 
918  ±  30  ppm,  90.8  ±  2.3%,  and  9.09  ±  2.3%  for  CO,  N  2,  and 
CO2,  respectively.  Forthefinal  pressureof  22.66  kPa,  the  con¬ 
centrations  of  CO,  N2  and  CO2  were  calculated  to  be  594± 
18  ppm,  58.7  ±  1.3%,  and  41.17  ±  1.3%  respectively.  The  un¬ 
certainties  in  these  calculations  were  based  on  the  estimated 
accuracy  of  the  pressure  transducer  and  the  published  un¬ 
certainty  in  the  composition  of  the  certified  mixture.  From 
the  spectra  shown  in  Fig.  4,  it  is  evident  that  the  agreement 
between  measured  and  theoretical  line  positions,  intensities, 
and  concentrations  falls  within  the  estimated  experimental 
uncertainties. 

For  the  gas-cell  measurements,  the  correction  factor  G  co 
accounts  for  the  fact  that  nitrogen  (N  2)  is  the  buffer  gas  and 
not  air  as  assumed  in  the  HITRAN-based  absorption  code. 
From  aseriesof  measurements  on  transition  R  (23)  inthegas 
cell,  the  average  of  the  best-fit  Geo  value  was  1.11.  With 
this  G co-  the  N2-broadened  halfwidth  coefficient  (kc0_n2) 
was  calculated  to  be  0.0502  cm-1/atm.  This  value  is  2.41% 
lower  than  the  value  reported  by  Varghese  and  Hanson  [11], 
but  3.43%,  7.18%,  and  6.25%  higher  than  the  values  from 
Hartmann  etal.  [38],  Predoi-Crossetal.  [39],  and  Sinclair  et 
al.  [40]  respectively. 

For  the  CO/N2/CO2  mixture  experiments  the  average 
best-fit  value  of  G  co  was  1.093,  thus  accounting  for  the  in¬ 
clusion  of  CO2  in  the  mixture.  By  using  the  measured  Kc°o-n2 
for  R (23)  theC02-broadened  halfwidth  coefficient  (kc0o-co2) 
was  calculated  to  be  0.0461  cm-1/atm.  This  number  agrees 
within  4.3%  of  the  value  computed  by  Hartmann  et  al.  [38] 
of  0.0465  cm-1/atm,  obtained  by  interpolation  for  J  =23. 


Experimental  data  for  the  Yco-co2  va'ue  have  been  Po¬ 
lished  [41-43]  for  CO  lines  in  the  fundamental  band  for 
]  <  19.  Our  measurements  for  Yco-co2  cannot  be  directly 
compared. 

3.2  Measurements  in  the  exhaust 

of  a  well-stirred  reactor  (WSR) 

In  order  to  demonstrate  the  sensor  in  a  more  real¬ 
istic  combustion  environment,  CO-measurements  were  per¬ 
formed  in  the  exhaust  stream  of  a  well -stirred  reactor  (WSR) 
at  Wright- Patterson  Air  Force  Base  (WPAFB).  The  CO- 
sensor  was  mounted  on  a  0.6-m  by  1.2-m  optical  breadboard, 
and  an  aluminum  enclosure  was  built  to  shield  the  optics 
from  the  environment  (i.e.,  particles,  heating,  radiation).  Dur¬ 
ing  testing,  a  flow  of  dry  air  was  directed  into  the  enclosure 
to  maintain  a  stable  operating  temperature.  Vibrations  were 
reduced  by  mounting  the  sensor  on  an  optical  bench  and  vi¬ 
bration  isolation  pads. 

The  exhaust  gases  from  the  W  SR  exited  through  a  5-cm- 
diameter,  30-cm-long  ceramic  tube.  The  mid-infrared  beam 
was  directed  along  the  diameter  of  the  tube  approximately 
3  mm  above  the  tube  exit.  A  B-type  thermocouple  with 
0.02-mm-diameter  wires  was  placed  in  the  exhaust  at  thesame 
height  as  the  beam  but  about  4  mm  to  the  side.  An  extrac¬ 
tive  probe  was  located  in  the  center  of  the  exhaust  stream 
approximately  2  cm  above  the  beam  height.  The  probe  was 
operated  in  conjunction  with  non-dispersive IR  (NDIR)  ana¬ 
lyzer  (V IA  510  from  H  oriba  I  nstruments).  The  uncertainty  of 
this  probe-analyzer  system  was  estimated  to  be  3%.  With  this 
instrumentation,  the  diode-laser-based  measurements  were 
compared  with  the  data  from  extractive  sampling. 

High-temperature  spectral  calculations  were  performed 
using  the  HITRAN  database,  and  it  was  observed  that  the 
presence  of  CO2  introduces  significant  spectral  interfer¬ 
ence  for  the  CO  fundamental  band  R -branch  transitions 
for  J  values  higher  than  14.  To  avoid  CO2  interferences, 
the  R (11)  CO  transition  at  2186.6390cm-1  was  selected 
for  the  absorption  measurements.  The  852-nm  ECDL  was 
coarse-tuned  to  863.612  nm  to  achieve  mid-IR  generation  at 
2186.6390  cm-1  (seeTable  1).  The  852-nm  diode  laser  in  the 
ECDL  was  replaced  with  an  862-nm  diode.  The  new  diode 
was  operated  at  863.612  nm  with  32.3  mW  and  exhibited 


FIGURE  4  Comparison  of  the 
measured  and  calculated  absorption 
for  the  CO  transition  /R (23)  can  be 
observed  at  0  GHz  frequency  detun¬ 
ing.  The  absorption  line  observed  at 
approximately  -6 GHz  corresponds 
to  the  P  (51)  transition  from  the  CO2 
molecule  at  2224.519  cm-1.  For 
these  experiments  the  0.32-m-long 
gas  cell  was  filled  with  a  mixture  of 
CO/N2/CO2  at  labeled  concentra¬ 
tions  for  pressures  (a)  14.66  kPa  and 
(b)  22.66  kPa 
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a  mode-hop-free  tuning  range  of  14  G  Hz.  With  this  power,  the 
expected  mid-IR  power  was  calculated  to  be  410  nW,  a  power 
drop  of  46%  based  on  the  mid-infrared  power  of  900  nW  ob¬ 
tained  using  58  mW  fromtheECDL  at  860.782  nm.  The  mid- 
infrared  power  obtained  using  the  863.612  nm  ECDL  was 
89  nW,  almost  a  factor  of  five  lower  than  expected.  A  small 
chip  in  the  PPL  N  crystal  face  was  discovered  at  the  W  SR  fa¬ 
cility  during  alignment  of  the  CO-sensor,  and  this  was  later 
determined  to  be  the  primary  cause  of  the  low  mid-infrared 
power. 

Given  the  operational  conditions  of  the  reactor,  the  CO- 
absorption  transitions  were  broadened  to  the  extent  that  the 
spectra  did  not  exhibit  any  regions  where  attenuation  was 
negligible,  and  it  was  not  possible  to  perform  a  good  poly¬ 
nomial  fit  for  l(a>,  0).  The  oscilloscope  trace  of  the  reference 
detector  was  used  in  the  data-reduction  process  to  determine 
l(co,  0).  To  account  for  the  background  flame  emission,  the 
half-wave  plate  in  the  1064-nm  beam  path  was  detuned  (A <p) 
45°  so  that  the  mid-IR  generated  in  the  PPL  N  was  completely 
cancelled.  The  oscilloscope  trace  recorded  for  this  condition 
served  as  the  baseline  for  the  signal  and  reference  detectors. 
The  difference  between  signal -detector  [/(<»,  /)]  trace  and  its 
basel  i  ne  [ /  («,  /)  |  Al)3=45°  ]  was  normal  i zed  by  the  d i fference  be- 
tween  the  reference-detector  [/'(co,0)]  trace  and  its  baseline 
[/'(ft),  0)|a^=45»].  In  general,  the  output  of  the  lock-in  ampli¬ 
fier  wasdifferentforthesignal  and  reference  traces,  and  itwas 
necessary  to  include  a  scaling  factor  in  the  expression  for  the 
absorption.  This  factor  is  the  ratio  in  the  denominator  of  the 
right-hand  side  of 

/(ft>,  0)  - /(ft>,  /)  i  /(ft),  /)-  /(ft),  /)|Ay=45°  ^ 

,(cu’0)  ~~  [/'(&>,  0)-  /  '(&),  0)|A^=45o] 

/(tui,/)-  /(a)i,/)lAp=45° 

/'(®l,0)-/'(®i,0)|Af)=45o 

where  is  the  frequency  atwhich  /'(&>,  0)  is  maximum.  By 
usi  ng  this  scaling  factor,  the  reference  detector  trace  was  pro¬ 
jected  as  the  trace  of  the  signal  detector  when  no  absorption 
occurs.  This  technique  assumes  that  the  shapes  of  the  signal 
and  reference  traces  were  the  same  if  no  absorption  occurred. 
It  was  found  that  the  unattenuated  signal  trace  and  the  refer¬ 
ence  trace  were  equal  to  better  than  1%  over  the  entire  spec¬ 


tral  scan.  Therefore  the  error  induced  by  this  data- processing 
scheme  was  minimal. 

Figure  5  shows  the  comparison  of  the  measured  and  cal¬ 
culated  CO-absorption  line  shape  for  the  /R  (11)  transition  in 
the  fundamental  band  at  2186.6390  cm-1 .  T  he  reactor  was  op¬ 
erated  using  ethylene  at  equivalence  ratios  of  0  —  1.40  and 
0  =  1.75.  Due  to  high  CO  concentration,  almost  100%  of  the 
signal  beam  was  absorbed  at  the  line  center.  M  easurements 
could  not  be  made  at  lower  levels  of  CO  because  of  opera¬ 
tional  limitations  of  theWSR.  Due  to  thermal  considerations, 
the  W  SR  can  only  be  operated  at  very  fuel-lean  [0  =  0.4  to 
0.75)  or  very  fuel-rich  (0  =  1.4  to  1.75)  conditions.  At  lean 
operating  conditions,  the  CO  concentration  was  expected  to 
fall  in  the  range  30  to  60  ppm,  with  CO2  levels  within  6  to  7%. 
Under  these  conditions,  spectral  interference  from  CO2  was 
strong  enough  to  obscure  the  CO  transitions.  The  low  signal- 
to-noi  se  rati  0  of  the  measurements  due  to  the  I  ow  mi  d-i  nf  rared 
power  and  the  short  path  length  through  the  flame  were  also 
factors  i  n  our  i  nabi  I  ity  to  observe  the  C  O  transi  ti  on  under  fuel  - 
lean  conditions. 

Forthe  fuel-rich  conditions,  the  only  visible  species  in  the 
recorded  spectra  wasCO.WhileC02is  present  i  n  the  exhaust 
stream,  its  concentration  was  comparable  to  the  CO  concen¬ 
tration,  and  the  intensity  of  theC02  transitions  in  this  spectral 
region  are  two  orders  of  magnitude  smaller  than  those  for 
CO.TheC02  concentration,  thus,  has  no  effect  on  the  fitting 
procedure.  The  CO  concentrations  determined  from  the  best- 
fit  theoretical  parameters  for  experimental  curves  obtained 
from  several  absorption  scans  under  different  fuel-rich  con¬ 
ditions  agreed  to  within  15%  with  the  results  obtained  from 
the  extractive  probe  in  conjunction  with  a  NDIR  analyzer. 
Similar  discrepancies  between  probe  and  diode-laser  meas¬ 
urements  have  been  reported  previously  by  Schoenung  and 
Hanson  [44],  although  Nguyen  etal.  [45]  have  reported  that 
extractive  sampling  probes  underestimate  CO  concentration 
by  a  factor  of  10. 

The  temperatures  reported  in  Fig.  5  are  the  readings  from 
the  thermocouple  and  were  not  corrected  for  radiation  be¬ 
cause  the  thermocouple  was  located  at  a  different  position 
than  the  beam  path.  They  were  only  used  as  an  initial  guess 
for  the  best-fit  procedure.  The  resulting  best-fit  temperatures 
were  consistent  to  within  100  K  for  the  WSR  experiments. 
Notice  that  for  the  best  fit  on  Fig.  5,  the  G  co  factor  is  larger 
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FIGURE  5  Comparison  of  the 
measured  and  calculated  CO -ab¬ 
sorption  line  shape  for  the  /R (11) 
transition  in  the  fundamental  band 
at  2186.6390  cm-1.  Measurements 
were  performed  3  mm  over  the  ex¬ 
haust  of  the  W  S  R  at  W  PA  F  B  over  an 
absorption  path  length  of  5  cm.  Re¬ 
actor  was  run  fuel-rich  (a)  0  =  1.401 
and  (b)  0  =  1.751 
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than  1  and  accounts  for  line  broadening  by  species  other  than 
CO  and  air.  Notice  also  that  the  G  co  is  reduced  as  expected 
when  the  C02-to-CO  concentration  ratio  decreases  towards 
higher  equivalence  ratios. 

F  or  the  W  S  R  measurements,  the  i  ntri  nsi  c  noi  se  to  the  best 
fit  (rms)  was  calculated  to  be  0.039.  This  corresponds  to  a  de¬ 
tection  limit  of  21  ppm-m  for  gas  at  1000  K,  assuming  a  SNR 
of  1.  Thedecrease  in  sensitivity  during  the  field  measurements 
is  due  in  part  to  noise  and  vibrations  from  the  combustion 
equipment.  However,  the  low  value  of  the  generated  mid-IR 
power  due  to  the  chipped  PPLN  crystal  was  the  most  signifi¬ 
cant  factor  i n  the  i ncrease  of  the  detecti on  limit. 

3.3  Measurements  in  H  2  /air/ C  0  2  flames 

CO  measurements  were  also  performed  in  near 
adiabatic  H2/air/C02  flames  to  investigate  high-temperature 
CO2  interferences  in  detail  and  identify  CO  lines  with  min¬ 
imal  interferences.  The  detection  of  CO  in  high-temperature 
hydrocarbon/air  flames  using  diode-laser  probes  has  been  re¬ 
ported  by  many  groups  [10, 12, 44, 46, 47],  CO  concentrations 
in  these  flames  are  adjusted  by  controlling  the  equivalence 
ratio.  CO  concentrations  in  the  range  of  1%  to  15%  are  meas¬ 
ured,  and  at  the  edge  of  the  flames  the  CO  concentrations  are 
thelowest.  Recently,  Weheetal.  [16]  used  a  rich  hydrogen/air 
diffusion  flame  to  si  mulate  the  exhaust  of  a  gas  turbine.  Their 
flame  was  cooled  with  added  nitrogen  to  achieve  a  tempera- 
tureof  approximately  1150  K,  measured  with  a  thermocouple. 


CO2  was  seeded  into  the  burner  and  CO  was  formed  by  dis¬ 
sociation.  InthisflameWeheetal.  reported  a  measurement  of 
27  ppm  of  CO  in  a  1.2-m  folded  path  length  using  a  quasi-cw 
quantum-cascade  laser  at  4.62  |im. 

In  the  current  study,  a  H 2/ai r/C02/N 2  flame  was  sta¬ 
bilized  on  a  Hencken  burner.  The  flame  produced  by  the 
Hencken  burner  is  flat,  uniform,  steady,  and  nearly  adia¬ 
batic  [48],  A  hydrogen/air  flame  with  added  CO2  and  N2 
al  I  ows  for  adj  ustment  of  the  C  O  concentrati  ons  by  vary i  ng  the 
CO2  flow  and  adj  ustment  of  the  flame  temperature  by  varying 
theN2  flow.Thisflamewasideal  fortesting  of  the  CO -sensor 
since  in  addition  to  controlling  the  CO  concentration  it  also 
offered  a  high  temperature  environment  with  a  high  concen¬ 
tration  of  CO2. 

To  perform  CO -concentrati  on  measurements  in  the  flames, 
the  ECDL  was  coarse  tuned  to  872.826  nm  so  that  the  gen¬ 
erated  mid-IR  radiation  was  in  resonance  with  the  P (19) 
transition  in  the  fundamental  vibrational  band  of  CO  at 
2064.3969cm-1  [30].  Tuning  the  mid-IR  radiation  to  the 
wavelength  of  this  particular  transition  was  advantageous 
because  of  the  absence  of  CO2  absorption  lines  in  this  re¬ 
gion.  Furthermore,  within  the  scanning  range  of  the  sensor 
the  P  (13)  transition  of  the  v: 2  <-  1  band  at  2064.583cm-1 
emerges  at  high  temperatures,  offering  independent  verifi¬ 
cation  of  the  mid-IR  wavelength  and  the  opportunity  for 
performi ng  two- 1 i ne  thermometry. 

To  address  the  P  branch,  some  modifications  to  the  sen¬ 
sor  layout  were  performed.  A  different  PPLN  crystal  with 


a  Frequency  Detuning  [GHz]  b  Frequency  Detuning  [GHz] 


c  Frequency  Detuning  [GHz] 


FIGURE  6  Comparison  of  meas¬ 
ured  and  calculated  CO -absorption 
line  shapes  for  the  P (19)  (at  0  GHz) 
transition  in  the  fundamental  band  at 
2064.3969  cm-1  and  the  P(13)  (at 
5.5 GHz)  transition  of  the  v: 2  1 
band  at  2064.583  cm-1  [30].  CO- 
absorption  measurements  were  per¬ 
formed  at  5  mm  from  the  surface  of 
the  Hencken  burner  through  a  path 
length  of  5  cm.  The  equivalence  ratio 
of  these  flames  is  (a)  0  =  0.81, 
(b)  0  =  1.34,  and  (c)  0  =  1.54. 
The  composition  of  the  hydrogen/air 
flames  is  given  in  Table  3.  For 
these  flames  the  inlet  CO2  flow  is 
1.01/min 
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0 

Burner  inlet  flows  [l/min] 

H2  Air  N2  C02 

Xco2 

[%]* 

Xco  [ppm] 

(meas.  at  5  mm) 

Fig. 

0.81 

25 

72 

0 

1 

1.02 

2540 

6a 

1.15 

23 

65 

28 

2 

1.69 

4500 

7a 

23 

65 

28 

3.5 

2.93 

5820 

7b 

23 

65 

28 

4.9 

4.06 

9400 

7c 

1.34 

40 

85 

20 

1 

0.68 

8340 

6b 

40 

85 

20 

2 

1.36 

7040 

- 

40 

85 

20 

3 

2.03 

11900 

- 

1.54 

32.3 

67.9 

28.8 

1 

0.77 

9850 

6c 

32.3 

67.9 

28.8 

1.9 

1.45 

7220 

- 

32.3 

67.9 

28.8 

2.5 

1.90 

9990 

- 

32.3 

67.9 

28.8 

3.4 

2.57 

15  790 

- 

*  Calculated  mole  fraction  of  carbon  dioxide  in  the  reactants 
TABLE  3  Composition  of  the  flames  stabilized  in  the  Hencken  burner 


a  quasi-phase-match  period  of  22.1  pun  was  used  to  achieve 
D  F  M  generati on  i  n  the  4.8-p.m  regi  on.  T  he  E  C  D  L  grati  ng  was 
severely  tilted  in  order  to  obtain  laser  radiation  at  872.862  nm 
from  the  diode  laser  with  a  nominal  wavelength  of  862  nm. 
The  severe  ti  I ti  ng  of  the  g rati  ng  caused  the  pow er  of  the  E  C  D  L 
to  decrease  to  14.4  mW  while  the  shape  of  the  beam  was  dis¬ 
torted.  The  ECDL  tuning  capabilities  were  degraded  so  that 
the  scanning  frequency  was  reduced  to  260 mHz  to  obtain 
about  9GHz  of  single-mode  hop-free  tuning  range  in  only 
the  region  of  the  scan  where  the  laser  frequency  was  decreas¬ 
ing.  U  nder  these  conditions  the  generated  beam  at  4.8  p,m  had 


a  power  of  134  nW  as  compared  to  2.38  p,W  at  4.2  |im  (see 
Table  1).  Forthe  flame  measurements,  data  were  acquired  for 
a  time  period  of  13.4  s.  Typically,  seven  traces  were  consecu¬ 
tively  acquired  and  averaged  by  the  software.  Binning  of  ten 
neighbori  ng  data  poi  nts  was  performed  to  reduce  osci  1 1  oscope 
read  noise. 

Due  to  the  limited  scanning  range  and  the  presence  of  two 
CO  transitions,  the  recorded  spectra  acquired  using  the  signal 
detector  did  not  exhibit  any  regions  with  negligible  attenua¬ 
tion  needed  to  perform  a  polynomial  fit  for  1(a),  0).  Instead  of 
a  polynomial  fit,  the  signal  detector  was  used  to  record  /(&>,  0) 
si  nee  the  burner  can  be  easily  extinguished  and  then  reignited. 
The  flame  was  ignited  and  data  were  recorded  with  the  signal 
detector  [/(<»,/)].  To  account  for  flame  emissions,  the  mid- 
IR  generation  was  cancelled  (see  Sect.  3.2)  and  the  baseline 
spectrum  was  acqui  red  [  /  (<*>,  /)  |  A^=45»  ].  T  he  basel  i  ne  was  sub¬ 
tracted  from  the  signal  trace.  Then  the  flame  was  extinguished 
and  an  oscilloscope  trace  of  the  signal  detector  was  acquired 
with  no  flame  and  no  CO  in  the  test  region  (similar  concept  as 
in  Hanna  etal.  [25]).  Absorption  was  then  calculated  using 

l(co,  0)  —  /  (co,  I)  _  [l(co,  I)  -  l(co,  / )  I  a«p=45° ]fi ame 
/("’  0)  [l(co,l)-  l(co,l)  lA^=45=]no.f,ame  ' 

(6) 

A  series  of  CO -concentration  measurements  were  performed 
in  different  flames  as  described  in  Table  3.  The  flames  were 
stabilized  at  equivalence  ratios  of  <P  =  0.81, 1.15, 1.34, 1.54 


a  Frequency  Detuning  [GHz]  b  Frequency  Detuning  [GHz] 


c  Frequency  Detuning  [GHz] 


FIGURE  7  Comparison  of  the 
measured  and  calculated  CO -ab¬ 
sorption  line  shapes  for  the  P  (19)  (at 
0GHz)  transition  in  the  fundamen¬ 
tal  band  at  2064.3969  cm-1  and  the 
P (13)  (at  5.5  GHz)  transition  of  the 
v: 2  <-  1  band  at  2064.583  cm-1  [30]. 
M  easurements  were  performed  5  mm 
above  the  surface  of  the  Hencken 
burner  in  a  fuel-rich  (0  =  1.15) 
hydrogen/air  C02-doped  flame.  The 
path  length  through  the  flame  was 
estimated  to  be  5  cm.  Flames  com¬ 
position  is  given  in  Table  3.  The 
flow  of  dopant  CO2  was  adjusted 
to  (a)  2.0 1 /min,  (b)  3.5  I /min,  and 
(c)  4.9  l/min  to  change  the  CO  con¬ 
tent  of  the  flame 
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Frequency  Detuning  [GHz] 


Frequency  Detuning  [GHz] 


FIGURE  8  Comparison  of  the 
measured  and  calculated  CO -ab¬ 
sorption  line  shapes  for  the  P  (19)  (at 
0GHz)  fundamental  band  transition 
at  2064.3969  cm-1  and  the  P  (13)  (at 
5.5 GHz)  transition  of  the  v: 2  <-  1 
band  at  2064.583  cm-1  [30].  Meas¬ 
urements  were  performed  25  mm 
above  the  surface  of  the  Hencken 
burner.  The  path  length  through  the 
flame  was  estimated  to  be  5  cm.  Pan¬ 
els  (a),  (b)  compare  directly  to  the 
corresponding  panels  of  Fig.  7 


for  CO2  flow  rates  of  1.0  to  4.9  standard  liters  per  minute 
(SLM ).  For  these  flames,  the  diode-laser  sensor  was  used  to 
measure  flame  CO  concentrations  in  the  range  of  2540  ppm  to 
16%  at  5  mm  from  the  burner  surface. 

Figures  6,  7,  and  8  show  the  measured  and  calculated  ab¬ 
sorption  spectra  for  the  P  (19)  fundamental  band  and  P  (13) 
v:2  <r- 1  band  CO  transitions  at  0  and  5.5  G  FI  z  frequency  de¬ 
tuning,  respectively.  M  easurements  were  performed  at  5  mm 
from  the  burner  surface.  The  absorption  path  length  through 
the  flame  was  5  cm,  corresponding  to  a  single  pass.  Figure  6 
shows  three  different  flames  with  equivalence  ratios  of  a) 
0.81,  b)  1.34,  and  c)  1.54.  For  these  flames  the  flow  rate  of 
carbon  dioxide  was  1.0  SLM  .  The  lower  measured  CO  con¬ 
centration  and  flame  temperature  were  observed  for  the  flame 
with  0  =  0.81.  The  flow  rates  used  to  produce  the  0  =  0.81 
flame  were  at  the  limit  of  the  burner  stability,  and  the  flame 
was  close  to  the  blow-off  limit.  Under  these  conditions  the 
flame  was  difficult  to  operate.  To  achieve  stable  flames  with 
lower  CO  concentrations,  several  fuel-oxidizer  ratios  were 
tried.  Figure  7  present  fuel-rich  flames  with  an  equivalence 
ratio  of  1.15.  The  fuel  stream  was  prepared  by  mixing  23.0 


FIGURE  9  Measured  CO  concentration  for  the  H 2/air/C02  flames  as 
a  function  of  the  CO2  mole  fraction  in  the  inlet  flow.  Measurements  were 
performed  with  the  mid-infrared  sensor  at  5  mm  from  the  top  of  the  burner 


SLM  of  hydrogen  (FI  2)  and  28.0  SLM  of  nitrogen  (N  2).  Theair 
fl  ow  and  the  C  O  2  fl  ow  w ere  mi  xed  to  f orm  the  oxi  d i  zer  stream . 
In  this  series  of  experiments,  the  air  flow  was  65.0  SLM  and 
theCC>2flow  rate  was  varied  from  2.0  to  4.9  SLM  . 

Figures  6  and  7  show  the  comparison  of  the  experimental 
CO  spectrum  with  the  best-fit  theoretical  spectrum  for  meas¬ 
urements  at  5  mm  from  the  burner  surface.  As  shown  in  Figs.  6 
and  7,  the  theoretical  spectral  line  shape,  intensity,  and  line 
width  of  both  absorption  features  are  in  excellent  agreement 
with  the  experimental  data.  The  rms  noise  standard  devia¬ 
tion  of  the  experi  mental  spectrum  from  the  best-fit  theoretical 
spectrum  shown  in  Figs.  6  and  7  was  measured  to  be  0.004. 
Assuming  SNR  =  1  the  detection  limit  was  computed  to  be 
2.5ppm-m  for  gas  at  1000  K.  Based  on  the  repeatability  of 
the  data  from  several  tests  under  identical  flow  conditions, 
the  uncertainty  of  the  peak  absorption  was  estimated  to  be  on 
the  order  of  10%.  For  the  0  —  1.15  flame  measurements  at 
an  axial  distance  of  5  mm,  the  G co  parameter  had  an  aver¬ 
age  value  of  1.42.  As  discussed,  the  Geo  parameter  depends 
on  the  flame  products  which  in  turn  are  a  function  of  the 
reactants  composition  and  flame  temperature.  In  Fig.  6,  the 
line-broadeningfactorvari  es  between  1.15  and  1.65  for  differ¬ 
ent  flame  compositions. 

Measurements  were  also  performed  at  25mm  from  the 
surface  of  the  burner.  Figure  8  a  and  b  show  the  recorded 
spectra  at  25  mm  for  comparison  with  panels  a  and  b  of 
Fig.  7,  respectively.  It  can  be  seen  that  the  CO  concentration 
at  the  25-mm  location  dropped  approximately  40%  from  the 
5-  m  m  I  ocati  on  while  the  rmsnoisemai  ntai  ned  the  same  0. 004 
value. 

Figure  9  summarizes  the  measured  CO  concentration  in 
the  seri  es  of  the  tested  fl ames.  1 1  shows  the  measured  C  O  con- 
centrationat5  mmasafunctionofthereactantC02  molefrac- 
tion.  It  is  observed  that  for  each  flame  (0  —  1.15, 1.34, 1.54) 
the  measured  CO  concentration  reaches  a  minimum  and  then 
increases  as  the  inlet  CO2  flow  to  the  burner  is  increased.  Re¬ 
call  that  the  CO  concentration  in  the  combustion  products  de¬ 
pends  on  the  flame  temperature  and  the  availability  of  carbon 
dioxide.  As  the  input  amount  of  CO2  to  the  flame  increases, 
the  flame  temperature  is  reduced  and  less  CO  is  produced. 
As  more  CO2  is  added  to  the  burner,  more  CO  is  produced 
and,  as  indicated  by  the  sharp  gradient  in  CO  concentration  for 
XCo2  >  1.4%,  the  production  of  CO  isdominated  by  the  avail¬ 
ability  of  CO2.  Numerical  simulations  of  the  Fl  encken  burner 
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fl ames  are  requi  red  to  corroborate  the  measured  val  ues  of  C  0 
concentration  and  flame  temperature. 

4  Summary  and  future  work 

A  diode-laser-based  sensor  system  for  mid-infrared 
single-pass  direct-absorption  measurements  of  CO  has  been 
demonstrated.  The  system  produces  mid-IR  radiation  in  the 
4.4-4. 8 |cm  spectral  region  by  difference-frequency  mix¬ 
ing  of  radiation  from  a  near-infrared  ECDL  and  a  compact 
Nd:YAG  laserinaPPLN  crystal.  The  system  was  tested  indif¬ 
ferent  experiments  that  demonstrate  its  operation  and  ability 
to  detect  CO  in  CO/N2/CO2  mixtures,  under  combustor  ex¬ 
haust  conditions,  and  in  high-temperature  post-flame  regions 
with  high  CO2  concentrations.  This  paper  presents  direct 
absorption  measurements  of  the  fundamental  band  CO  transi¬ 
tions  R (23),  R (11),  and  P  (19)  at  2224.7127,  2186.6390,  and 
2064.3969  cm-1  respectively. 

For  the  CO -absorption  measurements  in  the  room-tempe¬ 
rature  gas  cell,  the  uncertainty  of  the  sensor  was  estimated  to 
be  on  the  order  of  2%.  The  current  detection  limit  of  the  sys¬ 
tem  in  a  laboratory  environment  was  computed  to  be  1.1  ppm 
for  a  1-m  path  length  through  1000  K  combustion  gas  in  a  lab¬ 
oratory  controlled  environment.  In  similar  conditions  (i.e. 
1  m,  1000  K,  101.3  kPa,)  the  minimum  detectable  absorbance 
for  the  system  described  by  M  ihalcea  et  al.  [2]  would  cor¬ 
respond  to  a  detection  limit  of  8470  ppm.  This  is  due  to  the 
fact  that  the  interrogated  transition  R  (13)  in  the  second  over¬ 
tone  is  1000  times  weaker  that  transitions  in  the  fundamental 
band.  By  addressing  the  R(  15)  CO  transition  of  the  first  over¬ 
tone  band,  the  D  F  B  based  system  descri  bed  by  Wang  et  al .  [6] 
yielded  a  minimum  detectable  absorbance  that  corresponds 
to  a  detection  limit  of  1.75  ppm  at  similar  conditions.  Line 
fi(15)  in  the  first  overtone  is  10  times  weaker  than  line  R (23) 
in  the  fundamental  band.  Wang  etal.  [6]  system  used  a  DFB 
I  aser  that  al  I  ow  s  faster  scanningandmore  pow  er  ( i  ,e.  20  m  W ) , 
thus  compensating  for  the  weakness  of  the  addressed  transi¬ 
tion.  These  comparisons  are  only  for  direct  absorption  meas¬ 
urements  whereas,  more  sophisticated  detection  schemes  im¬ 
prove  the  detecti on  I  i  mi t  of  the  i  nstruments. 

The  CO-sensor  system  was  also  successfully  tested  in 
a  real  combustion  environment  in  the  exhaust  of  the  well- 
stirred  reactor  (WSR)  at  Wright- Patterson  Air  Force  Base 
(WPAFB).  CO -concentration  measurements  in  the  WSR  ex¬ 
haust  agreed  to  within  15%  with  extractive  probe  and  N  DIR 
measurements.  The  estimated  CO  detection  limitwas  21  ppm- 
m  for  gas  at  1000  K.  The  observed  drastic  increase  in  the 
detection  limit  was  directly  related  to  the  reduction  of  gen¬ 
erated  mid-infrared  power.  The  reduced  power  was  caused 
primarily  by  a  chip  on  the  PPLN  crystal  face.  The  WSR 
absorption  measurements  are  an  excellent  demonstration  of 
the  operation  of  the  sensor  for  measurements  with  short 
path  length  through  a  very  high  temperature  combustion 
exhaust. 

Finally,  CO-absorption  measurements  were  performed  on 
near-adiabatic  H2/air/C02/N 2  flames.  In  the  4.8-(xm  spec¬ 
tral  region,  spectral  interferences  of  CO2  and  H 2O  were  in¬ 
vestigated  in  detail  and  CO  transitions  with  minimal  CO2 
spectral  interference  were  identified.  The  transition  P  (19)  in 
the  fundamental  band  at  2064.3969  cm-1  and  the  transition 


P  (13)  of  the  v:2  •<-  1  band  at  2064.5839  cm-1  were  probed 
offering  the  possibility  of  two-line  thermometry,  which  also 
reduces  the  uncertainty  in  the  spectral -fitting  process.  The 
experimental  and  theoretical  line  shapes  and  intensities  are 
in  excellent  agreement.  The  line  broadening  parameter  was 
about  40%  greater  than  the  val  ue  for  ai  r  at  the  same  tempera¬ 
ture.  The  noise  equivalent  detection  limit  for  the  sensor  for 
the  hydrogen/air  C02-doped  flame  experiments  was  deter¬ 
mined  to  be 2.5  ppm-m  at  1000  K  gas.  N  umerical  simulations 
of  the  FI  encken- burner  fl  ames  w  i  1 1  be  performed  for  compari  - 
son  with  the  absorption  measurements. 

T 0  enhance  the  sensi  tivity  of  the  C  O  -sensor,  an  i  ncrease  i  n 
the  generated  mid-IR  power  and  better  noise  discrimination 
are  required.  Future  plans  include  substitution  of  the  diode 
laser  to  improve  the  mid-IR  generation,  as  well  as  imple¬ 
mentation  of  wavelength-modulation  spectroscopy  (W  M  S)  or 
frequency-modulation  spectroscopy  (FM  S)  [49],  To  increase 
the  scanning  rate  and  the  mode-hop-free  tuning  range,  the  use 
of  a  D  FB  laser  is  required.  To  access  the  P -branch  of  the  CO 
fundamental  band  by  DFM ,  an  860-nm  DFB  diode-laser  has 
to  be  mixed  with  a  1047-nm  N  d:Y  L  F  laser  source.  These  two 
laser  sources  had  been  recently  substituted  into  the  CO -sensor 
system  described,  and  CO -concentration  measurements  have 
been  performed  on  the  exhaust  stream  of  liquid-fueled  CFM  - 
56  gas-turbine  model  combustor  at  WPAFB.  These  experi¬ 
ments  will  be  discussed  in  a  forthcoming  publication.  The 
simplicity,  generality,  and  relativelow  cost  of  the  DFM  -based 
CO-absorption  sensor  strategy  described  and  tested  in  this 
study  is  potentially  applicable  to  numerous  other  interesting 
species  in  the  mid-IR  spectral  region. 
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We  have  measured  nitric  oxide  (NO)  concentrations  in  flames  by  using  electronic-resonance-enhanced  co¬ 
herent  anti-Stokes  Raman  spectroscopy  (ERE-CARS).  Visible  pump  and  Stokes  beams  were  tuned  to  a 
Q-branch  vibrational  Raman  resonance  of  NO.  A  UV  probe  beam  was  tuned  into  resonance  with  specific 
rotational  transitions  in  the  (v"=  1  ,vr  =  0)  vibrational  band  in  the  A2X+-X2II  electronic  transition,  thus  pro¬ 
viding  a  substantial  electronic-resonance  enhancement  of  the  resulting  CARS  signal.  NO  concentrations 
were  measured  at  levels  down  to  50  parts  in  106  in  H2/air  flames  at  atmospheric  pressure.  NO  was  also 
detected  in  heavily  sooting  C2H2/air  flames  at  atmospheric  pressure  with  minimal  background  interference. 
©  2006  Optical  Society  of  America 
OCIS  codes:  300.6230,  120.1740. 


Performing  accurate  nitric  oxide  (NO)  concentration 
measurements  in  high-pressure,  high-temperature 
combustion  media  is  a  challenging  task.  Laser- 
induced  fluorescence  (LIF)  has  been  applied  quanti¬ 
tatively  to  high-pressure  combustion  devices  up  to 
60  bars.1-3  Application  of  LIF  is  complicated  because 
of  fluorescent  interferences3  from  other  species  such 
as  02  and  hydrocarbon  fragments,  absorption  of  the 
UV  laser  beam,  and  electronic  quenching  of  the  LIF 
signal.4,5  In  addition  to  LIF,  degenerate  four-wave 
mixing  (DFWM),6,7  polarization  spectroscopy  (PS),8 
and  coherent  anti- Stoke  s-Raman  spectroscopy9 
(CARS)  have  also  been  investigated  for  detecting  NO 
in  flames  and  plasmas.  We  have  previously  demon¬ 
strated  three-laser,  electronic-resonance-enhanced 
coherent  anti-Stokes-Raman  spectroscopy  (ERE- 
CARS)  as  a  promising  technique  for  measuring  NO 
concentrations.10  In  this  Letter,  we  present  what  we 
believe  is  the  first  ERE-CARS  measurements  of  NO 
in  flames.  A  detection  limit  of  50  parts  in  106  (ppm) 
has  been  demonstrated  in  atmospheric  pressure 
H2/air  flames.  We  have  also  applied  ERE-CARS  to 
NO  measurements  in  atmospheric  pressure  heavily 
sooting  C2H2/air  flames. 

For  the  ERE-CARS  experiments,  we  use  visible 
pump  (\1  =  532nm)  and  Stokes  (\2  =  591nm)  beams. 
The  frequency  difference  between  these  two  beams  is 
tuned  to  a  Q-branch  Raman  resonance  in  the  v"  =  0 
— n/'=  1  vibrational  transition  of  the  X2!!  electronic 
level  of  NO.  The  Raman  polarization  created  in  the 
medium  is  then  probed  by  using  a  UV  probe  beam 


(X3  =  236  nm),  which  is  tuned  to  be  in  electronic  reso¬ 
nance  with  a  rotational  transition  in  the  u"=l,  v'  =  0 
vibrational  band  of  the  A22+-Z2I1  electronic  transi¬ 
tion  of  NO.  The  ERE-CARS  signal  generated  at 
226  nm  is  thus  in  resonance  with  rotational  transi¬ 
tions  in  the  u'  =  0— >u"  =  0  band  of  the  same  electronic 
transition.  The  energy  level  diagram  for  the  ERE- 
CARS  process  is  shown  in  Fig.  1. 

The  NO  ERE-CARS  experimental  apparatus  is 
shown  in  Fig.  2.  The  pump  beam  at  ^  =  532  nm  is  the 
second-harmonic  output  of  an  injection-seeded, 
Q-switched  Nd:YAG  laser  with  a  repetition  rate  of 
10  Hz  and  a  pulse  width  of  8  ns  (FWHM).  The  532  nm 
output  is  also  used  to  pump  a  tunable,  narrowband, 
dye  laser  operating  at  —704  nm  using  LDS  698  laser 
dye.  The  output  from  this  dye  laser  is  then  sum- 
frequency  mixed  with  the  355  nm,  third-harmonic 
output  from  the  same  injection-seeded  Nd:  YAG  laser 
using  a  /5-barium  borate  (/5-BBO)  crystal,  thus  gener¬ 
ating  236  nm  laser  radiation.  The  236  nm  beam  acts 
as  the  probe  for  the  NO  ERE-CARS  process.  The  sec¬ 
ond  harmonic  of  an  unseeded  Nd:YAG  laser  is  used 
to  pump  a  second  tunable,  narrowband,  dye  laser 
containing  Rhodamine  610  laser  dye.  The  591  nm 
beam  from  this  second  dye  laser  is  the  Stokes  beam. 
The  three  laser  beams  are  focused  to  approximately  a 
diameter  of  200  /zm  and  overlap  over  an  axial  dis¬ 
tance  of  approximately  6  mm.  The  laser  pulse  ener¬ 
gies  used  are  12,  15,  and  0.5  mJ  for  the  pump,  Stokes, 
and  probe  beams,  respectively.  The  Stokes  beam  and 
probe  beam  linewidths  are  approximately  0.1cm-1. 
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Fig.  1.  (Color  online)  Energy  level  diagram  for  NO 
ERE-CARS. 
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Fig.  2.  (Color  online)  NO  ERE-CARS  experimental 
apparatus. 


The  nonresonant  background  is  suppressed  by  using 
a  polarization  technique.10 

We  demonstrated  the  applicability  of  ERE-CARS 
at  high  temperature  by  performing  NO  concentration 
measurements  in  an  atmospheric  pressure  H2/air 
flame  at  an  equivalence  ratio  (O)  of  1.0.  The  H2/air 
flame  was  stabilized  on  a  25  mm  X  25  mm  Hencken 
calibration  burner.11  Known  quantities  of  NO  were 
seeded  into  the  air  flow  to  establish  accurate  NO  con¬ 
centrations  in  the  flame.  The  probe  volume  was  lo¬ 
cated  6  mm  above  the  burner  surface.  At  this  loca¬ 
tion,  the  flame  temperature  is  approximately  2300  K, 
and  the  predicted  flame-generated  NO  concentration 
is  very  low,  of  the  order  of  10  ppm.12  Hence  the  NO 
concentration  at  this  location  is  determined  prima¬ 
rily  by  the  seeding  level.  The  seed  NO  concentration 
was  varied  from  0  to  approximately  1000  ppm.  The 
resulting  ERE-CARS  spectra  for  different  seeding 
levels  are  shown  in  Fig.  3.  The  spectra  shown  in  Fig. 
3  were  recorded  by  scanning  the  Stokes  laser  while 
fixing  the  wavelength  of  the  UV  probe  laser  in  reso¬ 
nance  with  the  Qn(13.5)  transition  in  the  (0,1)  band 
of  the  A22+-A2I1  transition.  From  these  scans,  we 
conclude  that  our  NO  detection  limit  is  50  ppm. 

ERE-CARS  spectra  can  be  obtained  either  by  scan¬ 
ning  the  probe  frequency  with  the  Stokes  frequency 


fixed  or  by  scanning  the  Stokes  frequency  with  a 
fixed  probe  frequency.  For  the  flame  measurements, 
we  chose  to  scan  the  Stokes  frequency  by  using  a 
fixed  UV  probe  frequency.  This  frequency- scanning 
method  was  selected  because  fluorescence  interfer¬ 
ences,  from  NO  itself  and  from  other  flame  species 
such  as  O,  02, 13,14  and  soot,  result  largely  from  UV 
resonances.  When  the  frequency  of  the  UV  radiation 
is  unchanged  during  a  spectral  scan,  as  for  the 
Stokes  scans,  these  fluorescence  interferences  con¬ 
tribute  a  constant  background.  The  resulting  base¬ 
line  on  the  ERE-CARS  signal  is  subtracted  to  obtain 
a  background-corrected  ERE-CARS  signal.  During 
Stokes  scans,  we  first  block  the  UV  probe  beam  at  the 
beginning  for  a  short  period  of  time  and  then  block 
the  Raman  pump  beam  toward  the  end  of  the  scan. 
By  so  doing,  we  can  determine  the  background  levels 
resulting  from  fluorescence  interferences  and/or  scat¬ 
tered  UV  probe  radiation. 

The  ERE-CARS  signal  is  plotted  as  a  positive 
quantity  above  zero  by  subtracting  background  inter¬ 
ferences  as  shown  in  Figs.  3(a)-3(f).  The  background- 
corrected  ERE-CARS  signal  was  integrated  between 


CARS  Signal  Frequency  (cm'1) 
44232  44234  44236 


Fig.  3.  ERE-CARS  spectra  recorded  at  a  height  of  6  mm 
above  the  burner  surface  by  seeding  0-1000  ppm  NO  into 
an  H2/air  flame  at  0=1.0  stabilized  over  the  Hencken 
burner.  The  spectra  (c)-(f)  are  multiplied  by  the  factors 
shown  and  plotted  on  the  same  scale.  The  spectral  curve  at 
the  Raman  shift  of  1872.74  cm-1  corresponds  to  the 
Qn(13.5)  Raman  transition  and  the  Qn(13.5)  UV  resonant 
transition  at  44,234.2  cm-1.  The  spectral  line  at  the  Raman 
shift  of  1875.00  cm-1  corresponds  to  the  Qn(7.5)  Raman 
transition  and  the  i?n(7.5)  UV  resonant  transition  at 
44,236.45  cm"1. 
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Fig.  4.  Square  root  of  integrated  NO  ERE-CARS  signal  as 
a  function  of  NO  concentration  in  NO-seeded  H2/air  flame. 
The  spectra  shown  in  Fig.  3  were  integrated  as  discussed  in 
the  text  to  obtain  the  data  points. 
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Fig.  5.  NO  ERE-CARS  spectrum  recorded  at  a  height  of 
55  mm  above  the  burner  surface  in  a  C2H2/air  flame  at 
=  1.6  stabilized  on  the  Hencken  burner.  The  flame  was 
heavily  sooting  at  the  measurement  location. 

the  Raman  shifts  of  1872-1874  cm-1.  The  square  root 
of  the  integrated  ERE-CARS  signal  is  plotted  as  a 
function  of  the  NO  concentration  in  Fig.  4.  The  data 
points  lie  along  a  straight  line  nearly  passing 
through  the  origin,  indicating  that,  as  expected,  the 
ERE-CARS  signal  is  proportional  to  the  square  of  the 
NO  number  density. 

ERE-CARS  was  also  successfully  applied  to  the  de¬ 
tection  of  flame-generated  NO  (no  seeding)  in  H2/air 
flames  and  C2H2/air  sooting  flames  stabilized  on  the 
Hencken  burner.  The  ERE-CARS  technique  has  the 
advantage  of  excellent  species  selectivity,  since  both 
Raman  and  electronic  resonance  conditions  must  be 
satisfied  to  generate  an  ERE-CARS  signal. 
Background-free  detection  is  possible  in  heavily  soot¬ 
ing  flames  by  scanning  the  Stokes  frequency  while 
fixing  the  UV  probe  frequency.  A  spectrum  recorded 
in  a  heavily  sooting  C2H2/air  flame  at  <L  =  1.6  is 
shown  in  Fig.  5.  The  theoretical  spectral  line  shape 
was  calculated  using  the  modified  Sandia  CARSFT 
code15  at  a  flame  temperature  of  2300  K.  Measure¬ 
ment  of  NO  in  such  heavily  sooting  flames  by  other 
techniques  such  as  LIF  would  be  very  difficult  owing 
to  substantial  broadband  UV  fluorescence  interfer¬ 
ences  from  hydrocarbon  fragments. 

In  summary,  we  have  demonstrated  detection  of 
NO  concentrations  down  to  50  ppm  in  flames  by  us¬ 
ing  ERE-CARS.  Very  strong,  background-corrected 
ERE-CARS  signals  were  also  detected  from  heavily 
sooting  C2H2/air  flames.  We  have  also  found  that  the 
ERE-CARS  signal  is  nearly  unaffected  by  collisional 
quenching  from  other  flame  species  such  as  02  and 


C02  (Ref.  16)  and  remains  nearly  constant  with  in¬ 
creasing  pressure.17  In  future  work,  we  will  explore 
the  potential  for  single-laser-shot  ERE-CARS  mea¬ 
surements  and  develop  a  two-channel  system  for  si¬ 
multaneous  detection  of  the  ERE-CARS  and  nonreso¬ 
nant  background  signals,  which  will  allow  us  to 
correct  for  factors  such  as  laser  beam  absorption. 
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Gas-phase  temperatures  and  concentrations  are  measured  from  the  magnitude  and  decay  of  the 
initial  Raman  coherence  in  femtosecond  coherent  anti-Stokes  Raman  scattering  (CARS).  A 
time-delayed  probe  beam  is  scattered  from  the  Raman  polarization  induced  by  pump  and  Stokes 
beams  to  generate  CARS  signal;  the  dephasing  rate  of  this  initial  coherence  is  determined  by  the 
temperature- sensitive  frequency  spread  of  the  Raman  transitions.  Temperature  is  measured  from  the 
CARS  signal  decrease  with  increasing  probe  delay.  Concentration  is  found  from  the  ratio  of  the 
CARS  and  nonresonant  background  signals.  Collision  rates  do  not  affect  the  determination  of  these 
quantities.  ©  2006  American  Institute  of  Physics.  [DOI:  10.1063/1.2410237] 


We  demonstrate  the  measurement  of  gas-phase  tempera¬ 
ture  from  the  frequency- spread  dephasing  of  the  induced  Ra¬ 
man  coherence  in  femtosecond  coherent  anti-Stokes  Raman 
scattering  (CARS)  spectroscopy.  The  initial  decay  rate  of  the 
coherence  is  very  sensitive  to  temperature  and  is  not  affected 
by  collision  rates  or  Stark  shifts,  two  factors  which  signifi¬ 
cantly  complicate  frequency-domain  nanosecond  CARS 
measurements.  By  performing  these  measurements  in  the 
first  few  picoseconds  after  the  impulsive  pump-Stokes  exci¬ 
tation  of  the  Raman  transitions,  the  CARS  signal  strength  is 
maximized  and  collisions  have  no  effect  on  the  determina¬ 
tion  of  species  concentration  and  temperature.  In  addition, 
concentration  is  determined  from  the  initial  magnitude  of  the 
Raman  coherence  induced  by  the  pump  and  Stokes  beams. 

Although  the  potential  of  femtosecond  CARS  for  spec¬ 
troscopic  gas-phase  measurements  has  been  demonstrated  in 
several  recent  experiments,1-6  it  is  still  far  less  developed 
than  nanosecond  CARS  as  a  gas-phase  diagnostic  technique, 
and  significant  questions  remain  concerning  the  advantages 
and  disadvantages  of  the  two  techniques.  Initial  experiments 
were  directed  primarily  at  extracting  parameters  of  spectro¬ 
scopic  interest  from  time-averaged  spectra  obtained  from 
pure  gas  mixtures  of  H2  and  N2  in  cells,2’4,6  although  tem¬ 
perature  measurements  were  also  demonstrated.2,3,5  Tem¬ 
perature  was  determined  from  the  dependence  of  the  CARS 
signal  as  a  function  of  probe-delay  time,  and  in  the  case  of 
N2  the  CARS  signal  was  acquired  and  analyzed  for  several 
hundred  picoseconds  after  pump-Stokes  excitation  of  the  Ra¬ 
man  coherence.2,3  One  study  was  reported  in  which  tempera¬ 
ture  was  determined  from  a  CARS  spectrum  obtained  in  an 
atmospheric-pressure  flame.3 
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The  current  experiments  were  performed  using  a  1  kHz 
repetition  rate,  high-pulse-energy  femtosecond  laser  system. 
The  seed  pulse  from  a  mode-locked  Ti:  sapphire  laser  is  re- 
generatively  amplified  in  a  Ti: sapphire  amplifier  pumped  by 
a  20  W  Nd:YLF  laser  at  527  nm  to  yield  a  45  fs,  800  nm 
output  pulse.  The  pulse  energy  of  the  amplified  fundamental 
beam  at  800  nm  is  approximately  2.5  mJ.  The  nearly 
Fourier-transform-limited  frequency  bandwidth  of  the  45  fs 
fundamental  output  of  the  regenerative  amplifier  is  approxi¬ 
mately  220  cm-1  full  width  at  half  maximum  (FWHM).  Part 
of  the  800  nm  beam  is  used  to  pump  the  optical  parametric 
amplifier  to  produce  a  1350  nm  beam,  which  is  then  fre¬ 
quency  doubled  to  produce  a  675  nm  beam  with  approxi¬ 
mately  20  /zJ/pulse.  The  675  nm  beam  is  divided  to  provide 
the  pump  and  probe  beams  for  the  CARS  system.  The  ener¬ 
gies  for  the  pump,  Stokes,  and  probe  beams  measured  just 
before  the  CARS  probe  volume  were  6,  25,  and  6  /zJ/pulse, 
respectively.  The  pump,  Stokes,  and  probe  beam  polariza¬ 
tions  were  linear  and  parallel. 

The  CARS  process  is  initiated  by  the  generation  of  a 
Raman  coherence  in  the  medium  by  the  Fourier-transform- 
limited  pump  and  Stokes  pulses,  which  arrive  at  the  probe 
volume  at  the  same  time.  The  CARS  signal  is  then  generated 
by  directing  a  time-delayed  probe  beam  into  the  CARS  probe 
volume  using  a  three-dimensional  phase-matching  geometry. 
The  frequency  difference  between  the  675  nm  pump  beam 
and  800  nm  Stokes  beam  is  2330  cm-1,  corresponding  to  the 
fundamental  vibrational  Raman  band  of  nitrogen.  Because  of 
the  broad  bandwidth  of  the  pump  and  Stokes  pulses,  different 
rovibrational  transitions  in  the  Raman  band  are  impulsively 
excited  with  approximately  the  same  efficiency.  These  rovi¬ 
brational  Raman  coherences  are  initially  in  phase,  but  begin 
to  oscillate  out  of  phase  with  each  other  after  impulsive  ex¬ 
citation  due  to  slight  differences  in  their  frequencies. 
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FIG.  1 .  FWM  signal  intensity  vs  probe  time  delay  for  air  at  temperatures  of 
300,  600,  and  940  K.  The  pressure  was  1  bar  for  all  three  temperatures. 


The  dependence  of  the  femtosecond  CARS  signal  on 
probe-delay  time  for  three  different  temperatures  is  shown  in 
Fig.  1.  The  measurements  were  performed  in  a  heated  gas 
cell  at  atmospheric  pressure  and  temperatures  of  300,  600, 
and  940  K  (the  maximum  temperature  for  the  cell).  The  the¬ 
oretical  curves  are  in  excellent  agreement  with  the  experi¬ 
mental  data  for  all  three  temperatures.  The  theoretical  curves 
were  calculated  by  convolving  the  time-delayed  probe  beam 
with  the  Raman  and  nonresonant  components  of  the  macro¬ 
scopic  polarization, 


S(t) 


■f 


V(f  -  T)[PIt 


It)  +  Pmes(t)]2dt, 


(1) 


where  S(r)  is  the  four- wave  mixing  (FWM)  signal  strength, 
the  probe  pulse  is  centered  at  delay  time  r,  and  the  probe 
irradiance  IpY(t-r)  is  assumed  to  have  a  Gaussian  pulse 
shape  and  peaks  at  t=r.  The  nonresonant  polarization  is  as¬ 
sumed  to  be  directly  proportional  to  the  instantaneous  ampli¬ 
tudes  of  the  pump  and  Stokes  beams,  which  are  assumed  to 
have  Gaussian  pulse  shapes  with  maxima  at  t=0, 


AiresW  =  OcE(t)Es(t), 


(2) 


where  a  is  an  arbitrary  scaling  parameter  for  the  nonresonant 
FWM  signal.  In  calculating  the  Raman  polarization  Presg), 
we  assume  that  the  polarization  amplitude  for  each  Raman 
transition  i  increases  linearly  with  the  integrated  product  of 
the  pump  and  Stokes  amplitudes  and  that  the  polarization 
amplitude  is  proportional  to  the  population  difference  A Nt 
between  the  lower  and  upper  levels  and  to  the  Raman  cross 
section  (da/di 1);.  Furthermore,  we  assume  that  the  pump 
and  Stokes  pulses  are  Fourier  transform  limited  such  that  the 
various  Raman  transitions  are  oscillating  in  phase  at  time  t 
=  0.  The  Raman  polarization  is  thus  given  by 
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where  f3  is  an  arbitrary  scaling  parameter.  After  impulsive 
excitation  by  the  pump  and  Stokes  beams,  the  polarization 
for  the  various  Raman  transitions  oscillates  with  angular  fre¬ 
quency  (x)i  and  decays  due  to  dephasing  collisions  with  a  rate 
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FIG.  2.  FWM  signal  intensity  vs  probe  time  delay  for  N2/Ar  mixtures  with 
N2  concentrations  of  50%,  33%,  25%,  and  3%.  The  mixtures  were  at  a 
temperature  of  300  K  and  a  pressure  of  1  bar. 

constant  of  Th  the  Raman  linewidth.  The  parameters  for  each 
Raman  transition  for  given  temperatures  and  pressures  are 
obtained  from  the  Sandia  CARS  spectral- fitting  code.7  The 
contributions  of  g- ,  0-,  and  ^-branch  transitions  are  consid¬ 
ered,  although  the  contribution  of  the  g-branch  transitions  is 
dominant. 

In  Fig.  1  the  data  are  scaled  so  the  FWM  signals  are  set 
to  a  value  of  1.0  at  t- 0  fs.  At  t- 200  fs,  the  nonresonant 
FWM  signal  has  decayed  significantly  and  the  FWM  signal 
is  dominated  by  the  CARS  signal.  The  ratio  of  the  peak 
FWM  signal  at  t-  0  fs  to  the  CARS  signal  at  /=200  fs  is 
approximately  the  same  for  all  three  signal  traces  because  the 
coherences  for  the  various  Raman  transitions  are  excited  im¬ 
pulsively  and  oscillate  nearly  in  phase  at  /=200  fs.  The  fact 
that  this  ratio  is  approximately  equal  for  all  three  tempera¬ 
tures  indicates  that  all  the  Raman  transitions  are  excited  with 
the  same  phase,  as  would  be  expected  for  near-transform- 
limited  pulses.8  The  excitation  of  the  Raman  coherence  is 
discussed  in  detail  by  Scully  et  al? 

For  longer  delay  times,  the  CARS  signal  decays  because 
the  Raman  coherences  for  the  various  transitions  oscillate  at 
slightly  different  frequencies,  resulting  in  a  decay  of  the  ini¬ 
tial  macroscopic  Raman  polarization.  At  higher  temperatures 
the  N2  population  is  spread  over  a  greater  range  of  ro vibra¬ 
tional  levels.  Consequently,  the  rate  at  which  the  initial  po¬ 
larization  decays  is  faster  because  the  frequency  spread  of 
the  transitions  that  contribute  to  the  initial  macroscopic  Ra¬ 
man  polarization  is  greater  (similarly,  Hayden  and 
Chandler10  observed  very  different  initial  decay  times  for 
benzene  and  1,3,5-hexatriene  because  of  the  different  fre¬ 
quency  widths  of  the  room-temperature  g -branch  vibrational 
bands  for  these  species).  For  N2  CARS  g-branch  transitions 
at  atmospheric  pressure  and  temperature,  the  collisional  line- 
width  F,/  ttc  (FWHM)  is  approximately  0.1  cm-1,  corre¬ 
sponding  to  a  characteristic  dephasing  collision  time  of 
106  ps.  Consequently,  dephasing  collisions  are  completely 
negligible  for  the  time  scale  shown  in  Fig.  1. 

The  FWM  signal  is  plotted  versus  probe  delay  in  Fig.  2 
for  room- temperature  N2/Ar  mixtures  with  different  concen¬ 
trations  of  N2.  The  ratios  pi  a  of  the  resonant  to  nonresonant 
scaling  factors  for  the  curves  shown  in  Fig.  2  are  0.61,  0.40, 
0.28,  and  0.06  for  the  mixtures  of  50%,  33%,  25%,  and  3% 
N2  in  Ar,  respectively.  Given  the  value  of  0.61  for  ratio 

pi  a  for  50%  N2  in  Ar,  the  theoretical  values  of  the  ratio  ft  I  a 
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FIG.  3.  FWM  signal  intensity  vs  probe  time  delay  for  air  at  a  temperature  of 
300  K  and  pressures  of  1,  5,  and  10  bars. 

for  33%,  25%,  and  3%  N2  are  0.39,  0.29,  and  0.033,  respec¬ 
tively,  taking  into  account  the  slightly  different  nonresonant 
susceptibilities  of  N2  and  Ar.11  Only  the  scaling  factor  for  the 
3%  N2  in  Ar  mixture  varies  by  more  than  10%  from  its 
expected  value,  which  could  be  due  to  the  fact  that  the  N2 
mass-flow  meter  was  near  the  lower  end  of  its  operating 
range.  Even  for  the  3%  N2  in  Ar  mixture,  the  nonresonant 
FWM  signal  is  negligible  compared  to  the  N2  CARS  signal 
for  probe  delays  greater  than  300  fs.  The  detection  limit  for 
femtosecond  CARS  may  be  much  lower  than  for  nanosecond 
CARS  because  the  detection  limit  for  femtosecond  CARS 
will  be  determined  by  photon  shot-noise  statistics.  For  N2  at 
atmospheric  temperature  and  pressure,  the  total  number  of 
resonant  CARS  photons  generated  at  200  fs  after  the  initial 
excitation  is  approximately  50  000  photons/pulse  (calculated 
using  typical  values  for  the  quantum  efficiency  and  gain  of 
the  photomultiplier  tube).  The  current  femtosecond  CARS 
system  should  thus  be  capable  of  detecting  species  at  con¬ 
centrations  of  less  than  2000  ppm. 

The  pressure  dependence  of  the  femtosecond  CARS  sig¬ 
nal  is  shown  in  Fig.  3.  The  resonant  femtosecond  CARS 
signal  is  proportional  to  the  square  of  the  pressure.  In  con¬ 
trast,  for  nanosecond  CARS,  the  peak  signal  intensity  for  an 
isolated  Raman  transition  is  independent  of  pressure  because 
of  the  opposite  effects  of  increasing  species  number  density 
and  increasing  collisional  line  width.  For  the  N2  band  head  in 
nanosecond  CARS,  the  signal  increases  approximately  lin¬ 
early  with  pressure  above  atmospheric  pressure  because  of 


the  effects  of  overlapping  transitions  and  collisional 
narrowing.12 

In  summary,  gas-phase  temperature  and  concentration 
were  determined  from  the  temporal  dependence  of  the  fem¬ 
tosecond  CARS  signal  in  the  first  few  picosecond  after  im¬ 
pulsive  pump- Stokes  excitation.  A  time-delayed  probe  beam 
was  used  to  generate  the  CARS  signal.  In  the  first  few  pico¬ 
second  after  pump- Stokes  excitation  of  the  Raman  coher¬ 
ence,  the  CARS  signal  is  close  to  its  peak  level,  and  colli¬ 
sions  have  virtually  no  effect  on  the  signal.  Consequently, 
temperature  and  concentration  can  be  determined  with  low 
detection  limits  using  a  simple  theoretical  treatment  provided 
that  the  Raman  transition  frequencies  and  cross  sections  are 
known.  No  knowledge  of  the  Raman  linewidths  and  no  spec¬ 
tral  convolutions  of  the  laser  and  Raman  linewidths  are  re¬ 
quired  in  the  analysis  of  the  femtosecond  CARS  signal  to 
determine  these  parameters.  The  high  signal  levels  that  we 
observed  indicate  that  single- shot  femtosecond  CARS  mea¬ 
surements  in  flames  using  the  chirped-pulse  technique  dem¬ 
onstrated  by  Fang  and  Motzkus5  should  be  quite  feasible. 
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Diode-laser-based  sensors  were  implemented  to  measure  the  concentrations  of  nitric 
oxide  (NO)  and  hydroxyl  (OH)  radicals  in  the  vitiated  inlet  airflow  of  a  model  scramjet 
combustor.  The  sensors  utilized  sum-frequency-mixed  sources  consisting  of  a  fixed- 
frequency  532-nm  laser  and  a  tunable  diode  laser  to  generate  ultraviolet  radiation  for 
absorption  spectroscopy  with  electronic  transitions  of  OH  and  NO.  Sensitive,  interference- 
free,  absolute  measurements  were  possible,  enabling  the  first  measurements  of  both  species 
in  a  model  scramjet  combustor  using  diode-laser-based  sensors.  With  wavelength- 
modulation  spectroscopy,  no  absorption  by  OH  was  evident  in  the  vitiated  airflow,  verifying 
that  the  OH  concentration  was  below  the  0.2-ppm  detection  limit  of  the  sensor. 
Concentrations  of  NO  were  measured  to  be  200-1100  ppm  for  the  vitiator  conditions  tested. 


A 

=  nozzle  area 

A* 

=  nozzle  area  at  throat 

M 

—  Mach  number 

P 

=  static  pressure 

Po 

=  stagnation  pressure 

T 

=  static  temperature 

To 

=  stagnation  temperature 

X 

=  position  along  flow  direction 

k 

=  specific  heat  ratio 

Nomenclature 


I.  Introduction 

VITIATION  has  long  been  used  to  simulate  high-Mach  number  flight  conditions  for  ground  tests  of  supersonic 
propulsion  systems.  In  the  vitiation  process,  air  is  heated  to  flight  conditions  by  combusting  fuel  with  air  and 
adding  oxygen  to  maintain  the  oxygen  content  of  normal  air.  Many  parameters  of  flight  air  can  be  closely  simulated 
with  the  vitiated  air  such  as  Mach  number,  total  enthalpy,  oxygen  content,  and  stagnation  temperature.  In  addition, 
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vitiation  is  easier,  less  expensive,  and  more  efficient  than  other  heating  techniques  such  as  arc  heating  and  thermal 
storage.  However,  the  combustion  process  in  the  vitiator  alters  the  composition  of  the  air,  adding  H20,  C02,  OH, 
NO,  and  CO. 

Many  studies  have  demonstrated  that  these  “contaminants”  in  vitiated  air  can  significantly  affect  combustion 
behavior.  For  example,  several  groups  have  demonstrated  accelerated  ignition  in  supersonic  combustion  in  the 
presence  of  small  levels  of  OH,1,2  NO,2"5,  and  other  species.7'9  It  is  likely  that  these  contaminants  also  affect  other 
combustion  parameters  such  as  flame  holding  or  stability,  although  no  studies  are  available  to  verify  these  effects.  If 
the  composition  of  vitiated  air  is  significantly  different  than  that  of  normal  air  experienced  in  flight,  then  the  results 
of  supersonic  ground  tests  might  not  be  valid  for  actual  flight  conditions. 

In  order  to  assess  the  impact  of  contaminants  from  vitiation,  the  actual  composition  of  vitiated  air  must  first  be 
measured.  Optical  sensors  provide  a  convenient,  non- intrusive  means  for  measuring  the  concentration  of  the  various 
contaminants.  In  particular,  diode-laser-based  sensors  are  rugged  enough  to  survive  the  harsh  environments  of  many 
supersonic  combustion  test  cells,  and  these  sensors  provide  absolute  measurements  of  species  concentration. 

Water  vapor  is  the  most  readily  accessible  molecule  to  study  with  diode-laser-based  sensors  because  of  the  many 
water  vapor  transitions  that  coincide  with  telecommunications  lasers.  Three  separate  groups  have  previously  used 
diode-laser-based  sensors  to  measure  water  vapor  concentration  and  temperature  in  model  scramjet  combustors.9"11 
All  three  previous  measurements  demonstrated  that  diode-laser-based  sensors  can  be  employed  in  model  scramjet 
combustors  if  sufficient  care  is  taken  to  mitigate  beam-steering  effects  from  the  high-speed  flow.  Nitric  oxide  (NO) 
has  also  been  measured  in  a  hypersonic  wind  tunnel  using  a  cryogenically-cooled  lead-salt  diode  laser.12  However, 
these  previous  NO  measurements  were  severely  affected  by  boundary  layers  around  the  supersonic  flow,  and  the  NO 
mole  fraction  measurements  were  only  accurate  to  within  an  order  of  magnitude  due  to  noise.  No  measurements  of 
hydroxyl  (OH)  radical  concentration  have  been  demonstrated  in  vitiated  air  with  a  diode-laser-based  sensor. 

In  the  experiments  described  in  this  paper,  we  have  used  diode-laser-based  sensors  to  measure  NO  and  OH 
concentrations  in  the  vitiated  inlet  air  of  a  model  scramjet  combustor  at  Wright-Patterson  Air  Force  Base  in  Dayton, 
Ohio.  By  employing  newly  developed  diode-laser-based  sensors  that  allow  us  to  probe  strong  electronic  transitions 
of  NO  and  OH  in  the  ultraviolet  (UV)  spectral  region,13"16  we  were  able  to  quantify  the  concentrations  of  both 
molecules  in  the  vitiated  air.  To  the  authors’  knowledge,  these  experiments  represent  the  first  reported 
measurements  of  NO  and  OH  in  vitiated  air  using  diode-laser-based  sensors.  Quantitative  measurements  of  both 
these  species  provide  much-needed  information  on  the  composition  of  the  vitiated  airflow  to  determine  the  actual 
effects  on  combustion  in  the  model  scramjet  combustor. 

II.  Scramj  et  F acility 

The  model  scramjet  combustor  facility  at  Wright-Patterson  AFB  is  used  to  study  supersonic  fuel  injection, 
flameholding,  ignition,  and  inlet-combustor  isolation  in  scramjet  propulsion  systems.17  A  diagram  of  the  scramjet 
facility  is  shown  in  Figure  1 .  Details  of  the  facility  can  be  found  in  Gruber  et  al.11  and  Mathur  et  al.n  and  references 
therein.  A  continuous  flow  of  preheated  air  at  13.6  kg/s,  5.2  MPa,  and  920  K  is  supplied  by  the  Research  Air 
Facility  at  Wright-Patterson  AFB.  The  supply  air  is  heated  further  in  a  sudden  expansion  vitiator  that  was  fueled 
with  natural  gas.  Make-up  oxygen  is  added  to  the  vitiated  air  to  replenish  the  oxygen  burned  during  combustion  in 
the  vitiator.  The  stagnation  temperature  and  pressure  of  the  vitiated  air  is  measured  with  probes  in  the  water-cooled 
instrumentation  section  just  downstream  of  the  vitiator.  The  high-temperature,  high-pressure  air  is  then  compressed 
from  axisymmetric  (254-mm  diameter)  to  two-dimensional  (57.2  x  177.8  mm)  before  being  expanded  through  the 
facility  nozzle  to  Mach  2.5. 

After  the  expansion,  the  vitiated  airflow  passes  through  two  isolator  sections  to  contain  the  pre-combustion 
pressure  rise  before  entering  the  model  scramjet  combustor.  The  combustor  section  has  fused-silica  windows  to 
allow  optical  access  for  the  diode-laser-based  sensor  measurements,  as  shown  in  the  photograph  in  Figure  1.  Optics 
for  the  sensor  measurements  were  mounted  on  optical  breadboards  mounted  beside  the  windows.  The  layout  of  the 
optics  at  the  combustor  section  is  described  in  the  next  section. 

After  the  combustor  section,  the  airflow  is  routed  through  a  calorimeter  and  then  out  of  the  test  cell  through  an 
exhauster.  The  composition  of  the  vitiated  airflow  was  monitored  throughout  the  tests  with  a  commercial  gas 
analyzer  (ECOM  America,  Ltd.),  and  air  was  sampled  from  a  probe  located  at  the  exit  of  the  combustor  section. 
The  static  pressure  along  the  flow  path  in  the  combustor  section  was  measured  with  pressure  taps.  Flow  section 
areas  were  also  known  at  every  point  along  the  flow  path  in  the  combustor  section.  Using  either  the  static  pressures 
or  the  flow  section  areas  along  with  the  stagnation  conditions  at  the  combustor  inlet,  the  Mach  numbers  at  the 
measurement  locations  were  calculated  for  analysis  of  the  diode-laser-based  sensor  data.  The  calculations  are 
discussed  in  Section  IV. 
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Figure  1.  Schematic  diagram  of  the  scramjet  facility  at  Wright-Patterson  Air  Force  Base  in  Dayton,  Ohio, 
and  a  photograph  of  the  combustor  section  where  OH  and  NO  measurements  were  performed. 


III.  Diode-Laser-Based  Sensor  Systems 

The  two  diode-laser-based  sensors  used  to  measure  NO  and  OH  in  the  scramjet  have  been  previously  developed 
and  demonstrated.13"16  Detailed  descriptions  of  the  sensors  are  available  in  Refs.  13-16,  but  the  general  layout  of 
each  sensor  is  briefly  discussed  here  along  with  the  modifications  required  for  measurements  in  the  scramjet  facility. 
Both  sensors  utilize  sum-frequency  mixing  to  generate  tunable  UV  radiation  that  is  used  to  perform  absorption 
spectroscopy  of  OH  and  NO.  They  utilize  a  common  architecture  in  which  a  high-power,  fixed-frequency,  532-nm 
laser  is  mixed  with  a  tunable  diode  laser  in  a  beta-barium  borate  (P-BBO)  crystal.  For  performing  absorption 
spectroscopy,  part  of  the  generated  UV  radiation  is  measured  immediately  as  a  reference  and  the  remainder  is 
coupled  into  an  optical  fiber  to  simplify  the  transmission  of  the  beam  through  the  scramjet  combustor. 

A.  OH  Sensor 

In  the  OH  sensor,  around  35  mW  of  763-nm  radiation  from  a  rapidly- tunable  distributed  feedback  (DFB)  diode 
laser  (Sacher  Lasertechnik)  is  mixed  with  5  W  of  532-nm  radiation  from  a  frequency-doubled,  Nd:YV04  laser 
(Coherent  Verdi).  A  schematic  diagram  of  the  system  is  shown  in  Figure  2.  Typically,  around  25  pW  of  UV  is 
generated  at  a  wavelength  of  313.5  nm,  which  is  in  resonance  with  the  (0,0)  band  of  the  A2£+-X2n  electronic 
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transition  of  OH.  The  UV  is  separated  from  the  fundamental  beams  using  two  mirrors  HR-coated  for  310  nm,  and 
then  split  with  a  70/30  beamsplitter.  The  30%  reflected  is  sent  directly  through  a  colored-glass  filter  (UG-1 1;  3-mm 
thick)  and  onto  a  UV-enhanced  Si  photodiode  (Advanced  Photonix)  to  provide  the  reference  intensity  as  the  laser  is 
current  tuned.  The  remaining  70%  of  the  UV  radiation  transmitted  through  the  beamsplitter  is  reflected  once  more 
with  a  310-nm  mirror  and  then  coupled  into  a  2-m-long,  600-pm-core-diameter,  fused  silica  optical  fiber  (Ocean 
Optics;  P600-2-UV/VIS).  The  entire  optical  system  was  built  on  a  61 -cm  x  61 -cm  breadboard. 
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Figure  2.  Schematic  diagram  of  the  diode-laser-based  sensor  used  to  measure  OH  concentration. 


At  the  combustor  section,  the 
UV  beams  for  both  OH  and  NO 
measurements  were  directed  as 
shown  in  Figure  3.  For  the  OH 
sensor,  the  313.5-nm  radiation  in 
the  fiber  was  sent  to  an  optical 
breadboard  mounted  beside  the 
scramjet  combustor  section.  The 
laser  system  was  placed  on  a  cart 
away  from  the  combustor  to 
reduce  vibrations  and  to  maintain 
a  stable  operating  temperature.  At 
the  test  section,  the  UV  beam 
exited  the  fiber  through  a  fused- 
silica  fiber  coupler  mounted  in  a 
6-axis  mount.  An  /=75-mm  lens 
was  placed  approximately  75  mm 
from  the  end  of  the  fiber  coupler 
to  collimate  the  UV  beam  as  it 
passed  through  the  combustor. 
The  beam  diameter  on  the 
windows  was  roughly  2.2  cm. 
The  UV  beam  was  located 
approximately  32  cm  downstream 
from  the  nozzle  exit.  After 
passing  through  the  fused-silica 
windows,  the  beam  was  reflected 
back  through  the  22.86-cm-wide 


Figure  3.  Schematic  diagram  of  the  optical  layout  in  the  scramjet 
combustor  for  measurements  of  OH  and  NO  with  diode-laser-based 
sensors. 
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combustor  using  a  2.54-cm  x  2.54-cm  fused-silica  prism  that  was  AR-coated  for  248-355  nm.  A  second  prism  was 
used  to  direct  the  beam  to  any=25-mm  lens  to  focus  the  beam  onto  the  photodetector.  A  3-mm-thick  UG-1 1  filter 
was  placed  before  the  photodetector  to  block  the  fundamental  laser  radiation  and  room  light.  The  remainder  of  the 
optics  in  the  OH  sensor  were  the  same  as  for  the  previous  configuration  described  in  Meyer  et  al.  and  Anderson  et 
al. 15,16  It  should  be  noted  that  the  beamsplitter  and  reference  detector  were  still  in  place  to  attempt  direct  absorption 
measurements  in  addition  to  WMS  measurements. 

Control  and  modulation  of  the  OH  sensor  were  performed  remotely  from  inside  the  control  room.  The  data 
acquisition  computer  was  located  in  the  research  cell  next  to  the  sensors,  and  the  computer  was  controlled  remotely 
with  a  PC  extender.  Second-harmonic  detection  with  wavelength-modulation  spectroscopy  (2f  WMS)  was  used, 
and  the  2f-WMS  lineshapes  were  acquired  and  processed  as  described  in  Anderson.20  The  DFB  laser  was 
modulated  with  a  signal  composed  of  a  50-kHz  sine  wave  (0.42-V  amplitude)  added  to  a  10-Hz  triangle-wave 
function  (0.7-V  amplitude).  The  photodiode  signal  was  demodulated  through  the  lock-in  amplifier  (Stanford 
Research  Systems,  SR850)  and  recorded  with  the  computer.  All  spectra  were  averaged  over  100  complete  cycles  of 
the  triangle-wave  function  to  decrease  the  noise.  The  lock-in  amplifier  settings  were  the  following:  300  jus  time 
constant,  500  pV  sensitivity,  24  dB/oct  filter  slope,  143.8°  phase  angle,  and  maximum  dynamic  reserve.  The  300-ps 
time  constant  represents  a  filter  bandwidth  of  260  Hz,  and  when  averaged  over  100  sweeps,  the  final  detection 
bandwidth  is  2.6  Hz. 

B.  NO  Sensor 

For  the  NO  sensor,  the  tunable  laser  is  an  external  cavity  diode  laser  (ECDL)  at  395-nm  (Toptica  Photonics),  as 
shown  in  Figure  4.  Around  1 1  mW  of  radiation  from  this  laser  is  mixed  with  100  mW  of  532-nm  radiation  from  a 
diode-pumped,  intracavity- frequency-doubled  Nd:YAG  laser  (CrystaLaser).  Approximately  325  nW  of  UV  is 
generated  at  226.8  nm  to  probe  transitions  in  the  (0,0)  band  of  the  A2Z-X2n  electronic  transition  of  NO.  The  UV  is 
recollimated  after  the  crystal  and  then  split  with  a  50/50  beamsplitter.  The  reflected  beam  is  used  as  a  reference  and 
is  sent  through  two  interference  filters  centered  at  228  nm  (Andover)  and  onto  a  solar-blind  photomultiplier  tube 
(PMT;  Hamamatsu,  R7154).  Two  filters  were  required  to  adequately  block  the  395-nm  radiation  since  the  PMT  is 
relatively  sensitive  to  radiation  at  this  wavelength.  The  transmitted  beam  is  fiber  coupled  into  a  2-m-long,  600- pm- 
core-diameter,  fused  silica  optical  fiber  (Ocean  Optics;  P600-2-UV/VIS)  to  send  to  the  test  section.  This  entire 
optical  system  was  built  on  a  45.7-cm  x  45.7-cm  breadboard,  which  is  substantially  smaller  than  the  61-cm  x  122- 
cm  breadboard  used  previously  for  this  sensor.14  The  smaller  packaging  facilitated  transport  of  the  sensor  and 
simplified  the  setup  near  the  scramjet  facility  since  the  breadboard  could  be  placed  on  the  same  table  with  the  OH 
sensor. 

NO  sensor  measurements  were  performed  using  direct  absorption  spectroscopy  where  the  wavelength  of  the  UV 
radiation  was  slowly  tuned  over  the  transition  by  changing  the  angle  of  the  diffraction  grating  in  the  ECDL.  A 


Figure  4.  Schematic  diagram  of  NO  sensor  system  for  scramjet  experiments. 
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simultaneous  correction  of  the  injection  current  was  also  required  to  prevent  mode  hops  during  tuning.  A  20-Hz 
triangle-wave  function  was  output  from  the  AI/AO  card,  and  the  voltage  was  doubled  with  a  2x  amplifier  to  an 
amplitude  of  15  V;  this  voltage  was  applied  directly  to  the  laser  head  to  modulate  the  piezoelectric  crystal  that 
moves  the  diffraction  grating.  A  second  triangle-wave  function  with  an  amplitude  of  0.165  V  was  generated  with 
the  AI/AO  card  and  applied  to  the  ECDL  controller  to  modulate  the  injection  current  of  the  laser.  With  this 
configuration,  a  1 5  GHz  mode-hop-free  tuning  range  was  achieved.  A  larger  tuning  range  could  be  achieved  if  a 
larger  amplifier  were  available  to  overcome  the  ±10  V  limitation  of  the  AI/AO  card.  Further  details  of  the 
wavelength  scanning  technique  are  discussed  in  Anderson  et  al .19 

The  optical  layout  for  the  NO  sensor  at  the  combustor  section  is  shown  in  Figure  3.  UV  radiation  at  226.8  nm 
from  the  optical  fiber  was  pitched  across  the  combustor  test  section  with  a  fused-silica  fiber  coupler  mounted  on  a  6- 
axis  mount.  All  optics  were  attached  to  a  breadboard  mounted  next  to  the  scramjet  combustor.  The  NO  sensor  was 
placed  on  a  table  several  feet  away  from  the  flow  facility  to  shield  the  sensor  from  vibrations  and  high  temperatures. 
Fike  the  OH  sensor,  any=75-mm  fused-silica  lens  was  used  to  collimate  the  light  from  the  coupler  to  maintain  a 
constant  beam  diameter  of  roughly  3  cm  throughout  the  two  passes  through  the  combustor.  A  0°  mirror  for  226  nm 
was  used  on  the  opposite  side  of  the  combustor  to  reflect  the  UV  beam  back  through  the  combustor  and  onto  the 
PMT.  Two  narrowband  interference  filters  (Andover  228FS 10-25)  were  placed  before  the  PMT  to  block  the 
fundamental  radiation  and  room  lights.  The  UV  beam  for  the  NO  sensor  measurements  was  located  approximately 
21.9  cm  downstream  of  the  facility  isolator  exit. 

As  with  the  OH  sensor,  the  NO  sensor  was  controlled  remotely  from  a  computer  inside  the  control  room.  The 
computer  with  the  DAQ  system  was  placed  next  to  the  sensor  and  controlled  from  inside  the  control  room  using  a 
PC  extender.  This  allowed  us  to  use  short  BNC  cables  for  control  and  acquisition  with  the  sensor.  The  ECDF  was 
controlled  using  the  two-signal  scheme  described  above  to  achieve  a  mode-hop-free  tuning  range  of  15  GHz.  An 
etalon  was  also  simultaneously  recorded  to  monitor  the  frequency  change  of  the  ECDF  during  the  scans.  The  laser 
was  scanned  at  20  Hz  and  100  scans  were  averaged  to  reduce  noise.  Photocurrents  from  the  PMTs  were  detected 
across  50-kQ  resistors  and  filtered  with  the  filter/preamplifiers  using  a  cutoff  frequency  of  1  kHz  and  amplified  with 
a  gain  of  5x  on  the  signal  PMT  voltage  and  50x  on  the  reference  PMT  voltage.  Detector  and  etalon  signals  were 
recorded  using  the  DAQ  system  and  processed  according  to  the  procedure  described  in  Anderson  et  al.14  Fuel  flow 
for  the  vitiator  was  cut  off  between  every  other  condition  to  record  air  scans  to  be  used  in  the  normalization.  The 
ECDF  wavelength  was  adjusted  to  395.2819  nm  to  probe  the  P2(9)  transition  (for  NO)  at  44084.69  cm"1. 

IV.  Results 


A.  OH  Measurements 

The  2f-WMS  data  were  recorded  in  the  vitiated  air  for  vitiator  temperatures  from  1000  to  1389  K.  The  averaged 
raw  2f-WMS  signal  recorded  at  the  scramjet  combustor  for  a  vitiator  temperature  of  1389  K  is  shown  in  Figure  5. 
The  averaged  raw  2f-WMS  signal  acquired  in  hot  air  immediately  after  shutting  off  the  vitiator  is  also  shown  in 
Figure  5.  Taking  the  difference  of  the  two  scans,  it  is  evident  that  there  is  no  absorption  by  OH  in  the  vitiated  air. 
The  2f-WMS  feature  resulting  from  absorption  of  the  763 -nm  beam  by  oxygen  provides  a  convenient  frequency 
reference  to  ensure  that  the  UV  wavelength  is  correct.  Using  this  frequency  reference,  a  theoretical  OH  2f-WMS 
lineshape  was  generated  and  compared  with  the  corrected  experimental  2f-WMS  signal  in  Figure  6. 

The  theoretical  2f-WMS  lineshape  in  Figure  6  was  calculated  for  1  ppm  of  OH  at  the  measured  pressure  and 
calculated  temperature  (see  Section  IV.B  for  temperature  calculations)  at  the  beam  location  inside  the  scramjet 
combustor  test  section.  The  collision  width  was  estimated  for  air  at  the  measured  temperature.  All  parameters  used 
in  the  theoretical  calculation  are  included  in  Figure  6.  The  three  parameters  for  the  WMS  lineshape  were  calculated 
from  calibration  of  the  sensor  based  on  a  modulation  voltage  amplitude  of  0.42  V.  Details  of  the  calibration  are 
available  in  Anderson.20 

From  Figure  6,  it  is  clear  that  there  is  no  detectable  absorption  by  OH  in  the  vitiated  air,  even  at  the  highest 
vitiator  temperature.  Therefore,  the  OH  mole  fraction  is  below  the  detection  limit  of  the  OH  sensor  in  the  current 
configuration.  To  estimate  the  detection  limit,  the  peak  2f-WMS  signal  for  1  ppm  is  noted  to  be  0.43  V  from  Figure 
6  for  the  0.457-m  path  length  through  the  test  section.  The  noise  in  the  corrected  2f-WMS  spectrum  in  Figure  6  has 
a  standard  deviation  of  approximately  0.1  V.  Thus,  the  detection  limit  (for  SNR=1)  of  the  OH  sensor  is  -0.2  ppm 
for  the  path  length  and  conditions  in  the  scramjet  combustor  test  section.  For  comparison  with  the  detection  limit  in 
previous  configurations,  this  corresponds  to  a  detection  limit  of  0.1  ppm-m  OH  in  700-K  gas  at  a  0.1 -Hz  rate.  In  a 
10-second  averaging  time,  the  detection  limit  for  the  WMS  configuration  during  laboratory  experiments  was  0.04 
ppm-m.20 
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Figure  5.  Raw  2f-WMS  signals  acquired  with  the  OH  sensor  with  the 
vitiator  on  and  off  and  the  difference  of  the  two  signals  for  a  vitiator 
stagnation  temperature  of  1389  K.  The  static  temperature,  static  pressure, 
and  Mach  number  at  the  measurement  location  are  shown.  The  2f-WMS 
signal  resulting  from  absorption  of  the  763-nm  beam  by  oxygen  before  the 
crystal  is  indicated. 


For  vitiator  stagnation 
temperatures  of  1000  K  to  1389 
K,  no  OH  was  observed  in  the 
vitiated  air  with  the  OH  sensor. 
Thus,  we  have  demonstrated 
that  the  OH  levels  in  the  vitiated 
airflow  at  the  combustor  test 
section  in  the  scramjet  facility 
are  below  0.2  ppm.  Most 
numerical  studies  have  shown 
that  much  greater  levels  of  OH 
than  these  are  required  to 
significantly  affect  ignition 
chemistry  in  supersonic 
combustors.1,2  Therefore,  our 
measurements  indicate  that 
vitiator-generated  OH  should 
not  affect  the  results  of  ground 
tests  using  the  scramjet  facility. 
This  proof  that  OH  is  negligible 
in  the  vitiated  airflow  increases 
the  confidence  in  past  and 
future  results  with  the  model 
scramjet  combustor  at  Wright- 
Patterson  Air  Force  Base. 


Figure  6.  Corrected  2f-WMS  signal  (difference  from  Figure  5)  and 
theoretical  2f-WMS  signal  for  1  ppm  of  OH  at  the  conditions  for  the  scan  in 
Figure  5. 
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B.  NO  Measurements 

Five  different  vitiator  conditions  were  tested  during  the  scramjet  experiments  so  that  the  stagnation  temperatures 
at  the  vitiator  exit  ranged  from  1000  K  to  1389  K.  The  static  temperature,  pressure,  and  Mach  number  of  the  air  at 
the  location  of  the  226-nm  beam  in  the  combustor  section  are  shown  in  Table  1  for  each  vitiator  condition.  Pressure 
taps  were  located  along  the  length  of  the  combustor  section  to  directly  measure  the  static  pressure  at  the  beam 
location,  and  the  pressures  reported  in  Table  1  are  single-shot  measurements  at  each  condition.  No  thermocouples 
were  placed  in  the  combustor  test  section,  however,  and  two  different  methods  were  used  to  estimate  the  static 
temperature  at  the  226-nm  beam  location.  In  Method  A,  we  used  the  static  pressure  to  estimate  the  static 
temperature,  T,  at  the  beam  location  with  the  equation21 

r  \(*-9A 


where  T0  is  the  stagnation  temperature  at  the  facility-nozzle  exit,  p  is  the  static  pressure  at  the  NO  beam  location,  p0 
is  the  stagnation  pressure  at  the  vitiator  exit,  and  k  is  the  specific  heat  ratio.  In  Method  B,  we  used  the  area  ratio 
between  the  nozzle  area  at  the  beam  location  [v4(x)]  and  the  nozzle  area  at  the  throat  ( A  *)  to  calculate  the  Mach 
number  by  iterating  the  equation21 


Ax) 

A* 
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1  + 
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where  M  is  the  Mach  number  at  the  beam  location.  Using  the  calculated  Mach  number  at  the  beam  location,  the 
local  static  temperature  is  calculated  using 


T  = 


1  + 


The  temperatures  calculated  using  each  method  are  within  5%  of  each  other,  as  listed  in  Table  1.  NO  mole  fractions 
were  calculated  using  both  temperatures  to  investigate  the  influence  of  temperature.  However,  the  temperatures 
calculated  using  Method  B  were  assumed  to  be  more  accurate  since  the  flow  section  areas  were  known  precisely 
whereas  the  measured  static  pressures  used  in  Method  A  were  only  single-shot  measurements  and  therefore  were 
susceptible  to  larger  fluctuations. 

Absorption  spectra  of  NO  in  the  vitiated  air  for  two  vitiator  stagnation  temperatures  are  shown  in  Figure  7.  The 
theoretical  lineshapes  for  these  and  all  spectra  in  the  scramjet  experiments  were  calculated  by  fixing  the  temperature 
and  pressure  to  the  values  from  Table  1.  The  transmission  scale  factor  was  also  fixed  to  unity  since  no  broadband 
attenuation  was  observed  in  the  signals.  Only  the  NO  mole  fraction  and  collision  width  were  allowed  to  vary  to 
optimize  the  fit.  At  the  lowest  two  vitiator  temperatures,  the  theoretical  lineshapes  agree  closely  with  the 

Table  1.  Conditions  of  the  vitiated  airflow  in  the  model  scramjet  combustor  at  the  location  of  the  226-nm 
beam  for  NO  measurements  for  the  vitiator  stagnation  temperatures  tested. _ _ 


Vitiator  Stagnation 
Temp.  (K) 

Static  Temp,  at  Test 
Location  (K)a 

Static  Temp,  at  Test 
Location  (K)b 

Static  Pressure  at 
Location  (kPa) 

Mach  Number  at 
Test  Location 

1000 

410 

390 

62.0 

2.61 

1111 

466 

436 

64.8 

2.58 

1222 

526 

496 

65.0 

2.58 

1333 

593 

559 

66.2 

2.57 

1389 

619 

587 

65.9 

2.57 

Calculated  using  the  static  pressure  measured  at  the  beam  location 
Calculated  using  the  flow-section  area  at  the  beam  location. 
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experimental  lineshapes,  as  demonstrated  in  Figure  7(a).  Unfortunately,  the  agreement  between  theoretical  and 
experimental  absorption  lineshapes  worsens  as  the  vitiator  temperature  increases.  The  spectra  from  the  highest  three 
vitiator  temperatures  become  asymmetric  on  the  low-frequency  side,  as  illustrated  in  the  spectrum  in  Figure  7(b)  for 
the  highest  vitiator  temperature.  On  the  high-frequency  side  of  the  spectra,  the  experimental  and  theoretical 

absorption  lineshapes  agree 
closely,  and  reasonable  values 
of  NO  mole  fraction  and 
collision  width  can  be  extracted 
from  the  fit  to  only  the  high- 
frequency  portion  of  the 
lineshapes. 

The  NO  mole  fractions 
determined  from  the  spectral  fits 
at  each  condition  are  shown  in 
Figure  8.  Gas  temperatures 
calculated  using  the  area  ratios 
(Method  B)  were  used  for  the 
results  in  Figure  8.  The 
temperatures  calculated  using 
Method  A  resulted  in  NO  mole 
fractions  that  were  6-9%  higher 
than  those  in  Figure  8.  As 
mentioned  earlier,  the 
temperatures  (and  therefore  NO 
mole  fractions)  determined 
using  Method  B  are  believed  to 
be  most  accurate,  so  the  NO 
mole  fractions  in  Figure  8 
represent  the  most  accurate 
measurement  of  NO  at  each 
vitiator  temperature.  As  seen  in 
Figure  8,  the  diode-laser-based 
sensor  measurements  of  NO 
agree  closely  with 

measurements  from  the  ECOM 
analyzer  for  lower  vitiator 
temperatures.  At  higher 
temperatures,  we  believe  that 
the  diode-laser-sensor 

measurements  are  not  as 
sensitive  because  the  UV  beam 
is  almost  completely  attenuated 
after  two  passes  through  the 
vitiated  air  stream.  Future  tests 
are  planned  with  only  a  single 
pass  through  the  combustor  to 
re-examine  the  high- 
temperature  conditions. 

In  addition  to  NO  mole 
fractions,  we  also  compare  the 
observed  collision  widths  to 
calculations  for  air  at  the 
pressure  and  temperature  for 

each  condition.  Collision-broadening  coefficients  for  NO  broadened  by  N2  and  02  were  calculated  using 
expressions  from  Chang  et  al.22  and  DiRosa  et  al.23  and  the  total  collision  width  was  summed  according  to 
expressions  in  the  references.  The  calculated  collision  widths  for  NO  in  air  (79%  N2  and  21%  02  by  volume)  were 


Figure  7.  Averaged  absorption  spectra  acquired  with  the  NO  sensor  in  the 
vitiated  airflow  for  the  scramjet  combustor  for  vitiator  stagnation 
temperatures  of  a)  1000  K  and  b)  1389  K.  Both  spectra  were  acquired  in  2.5 
seconds  (40  Hz,  100  sweeps  averaged). 
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consistently  around  20%  smaller  than  the  actual  collision  widths.  The  reason  for  the  discrepancy  in  collision  widths 
is  unknown  at  this  time. 

Another  phenomenon 
was  also  observed  in  the 
NO  spectra  acquired  in  the 
vitiated  airflow.  As  seen  in 
the  experimental  absorption 
spectra  in  Figure  9,  there  is 
a  shift  in  the  line  center  to 
higher  frequencies  as  the 
vitiator  temperature 

increases.  In  this  figure, 
the  absorption  lineshape  for 
the  1000-K  case  was 
shifted  to  the  actual  line 
center  frequency  (44084.69 
cm"1),  and  all  the  remaining 
spectra  were  shifted  by  the 
same  amount  to  illustrate 
the  magnitude  of  the 
frequency  shift.  By 
comparing  the  etalon 
fringes  for  each  case,  a 
shift  of  only  0.013  cm'1 
was  observed  in  the  laser 
frequency  between  the 
lowest  and  highest  vitiator 
temperatures.  The 

observed  frequency 

difference  between  line 
center  of  the  1000-K  and 
1389-K  spectra  is  -0.08 
cm"1.  Thus,  the  actual  shift 
in  line  center  frequency  is 
approximately  0.07  cm"1 
between  the  lowest  and 
highest  vitiator  temperature 
spectra. 

At  present,  neither  the 
asymmetry  nor  the 
excessive  collision  widths 
can  be  readily  explained. 

The  effects  of  potential 
boundary  layers  in  the  flow 
were  investigated,  but  even 
severe  gradients  in 
pressure,  velocity,  and 
temperature  did  not  cause 
significant  broadening  or 
shift  in  simulated  path- 
averaged  spectra.  Previous 
studies  of  temperature  and 
pressure  gradients  in  the 
scramjet  combustor  have 
shown  relatively  uniform 
profiles.17  Another 


Figure  8.  Variation  of  measured  NO  mole  fractions  with  vitiator  stagnation 
temperature  as  measured  with  the  diode-laser  sensor  and  commercial  gas 
analyzer  (ECOM). 


Frequency  (cm  ) 

Figure  9.  Averaged  experimental  absorption  spectra  for  all  conditions  tested 
in  the  scramjet  experiments.  The  spectrum  for  the  1000  K  case  was  shifted  to 
the  correct  absolute  frequency,  and  the  remaining  spectra  were  shifted  by  the 
same  amount  to  show  the  line  shift  with  increasing  vitiator  temperature. 
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possibility  is  absorption  by  an  interfering  species.  However,  most  species  that  are  present  in  appreciable  amounts  in 
the  vitiated  air  display  only  broadband  absorption  in  this  spectral  region.  No  transmission  scale  was  necessary  in  the 
spectral  fits  to  the  NO  absorption  data,  so  this  possibility  is  not  likely  either.  Further  experiments  are  planned  to 
investigate  the  causes  of  these  phenomena. 

Nonetheless,  the  NO  mole  fractions  measured  with  the  diode-laser  sensor  provide  reasonable  estimates  for  the 
NO  contamination  in  the  vitiated  airflow  for  each  vitiator  condition.  Using  these  data,  researchers  using  the 
scramjet  combustor  at  Wright-Patterson  AFB  can  begin  to  calculate  the  effect  on  future  hypersonic  combustion 
experiments  in  the  facility. 


V.  Conclusion 

Measurements  of  both  OH  and  NO  concentrations  have  been  performed  using  newly  developed  diode-laser- 
based  sensors.  The  sensors  are  based  on  sum- frequency-mixing  of  a  high-power,  fixed- frequency,  532-nm  laser 
with  a  tunable  diode  laser  in  a  BBO  crystal.  The  resulting  UV  radiation  is  in  resonance  with  electronic  transitions  of 
NO  or  OH  to  perform  absorption  spectroscopy  with  little  interference  from  other  molecules  and  significantly 
enhanced  sensitivity  due  to  the  strong  absorption  cross  sections.  The  sensors  are  rugged  enough  to  be  used  under 
harsh  conditions  (e.g.,  supersonic  combustion  rigs),  and  they  can  be  operated  remotely  via  a  computer  interface. 

Concentrations  of  NO  and  OH  were  measured  in  the  vitiated  airflow  of  a  model  scramjet  combustor  at  Wright- 
Patterson  Air  Force  Base  in  Dayton,  Ohio.  No  absorption  by  OH  was  evident  in  the  vitiated  airflow,  quantifying  for 
the  first  time  that  the  OH  mole  fraction  is  less  than  0.2  ppm  in  the  vitiated  air  used  to  simulate  flight  conditions  in 
the  scramjet  facility.  The  results  from  these  experiments  validate  previous  studies  in  the  scramjet  facility,  which 
have  all  assumed  that  OH  is  negligible  in  the  vitiated  airflow.  For  NO,  diode-laser-based  sensor  measurements 
indicated  that  NO  mole  fractions  of  180-1100  ppm  were  present  in  the  vitiated  airflow  for  vitiator  stagnation 
temperatures  of  1000-1389  K,  respectively.  NO  absorption  spectra  were  broader  than  predicted  by  20%  at  all 
conditions,  and  a  systematic  shift  of  the  line-center  frequency  to  higher  frequencies  was  observed  with  increasing 
vitiator  stagnation  temperature.  No  explanation  has  been  identified  for  these  two  phenomena.  Excellent  signal-to- 
noise  ratios  were  achieved  with  the  sensor  during  the  experiments,  with  a  detection  noise  of  0.8%  for  a  2.5-second 
averaging  time.  In  the  vitiator  exhaust  conditions,  this  corresponds  to  a  detection  limit  of  approximately  2  ppm-m 
(at  500  K,  60  kPa). 

Both  sets  of  experiments  represent  the  first  application  of  diode-laser-based  sensors  for  measurements  of  NO  or 
OH  in  a  model  scramjet  combustor.  With  knowledge  of  the  concentrations  of  these  two  species  in  the  vitiated 
airflow,  researchers  can  examine  the  impact  of  vitiator  contamination  on  the  results  of  ground  tests  using  the 
scramjet  facility. 
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ABSTRACT 

Laser  Doppler  Velocimetry  (LDV)  is  an  important  tool  for  validation  of  computational  fluid-dynamics 
models  in  high-enthalpy  bluff-body  flows.  Unlike  hotwire  anemometry,  however,  high-speed  LDV  data 
must  be  unevenly  sampled  in  time  and  cannot  be  analyzed  using  a  standard  Discrete  Fast  Fourier 
Transform  (DFFT).  Instead,  data  from  LDV  has  traditionally  been  processed  with  the  Lomb  Algorithm, 
which  is  a  normalized  periodogram  representing  a  linear  least  squares  approximation  of  the  linear 
regression  of  periodic  functions.  The  Lomb  Algorithm  can  be  computationally  inefficient  because  a 
sufficiently  large  number  of  frequencies  must  be  chosen  to  produce  accurate  results.  In  this  paper, 
spectral  analysis  with  the  Lomb  Algorithm  is  compared  to  data  processed  using  a  piecewise  interpolation 
scheme  developed  using  MATLAB®.  A  series  of  known  input  signals  are  generated  to  provide  a  baseline 
for  this  comparison.  Successful  implementation  in  the  wake  of  a  bluff-body  is  discussed.  Such  alternative 
schemes  are  straightforward  to  implement,  can  be  easily  tailored  for  each  flow  application  to  extract  the 
relevant  low-  and  high-frequency  modes,  and  may  be  more  attractive  for  applications  such  as  real  time 
spectral  analysis  or  combustion  control. 

NOMENCLATURE 


CFD 

Computational  Fluid  Dynamics 

St 

Strouhal  Number 

DFFT 

Discrete  Fast  Fourier  Transform 

t 

Time 

FFT 

Fast  Fourier  Transform 

TKE 

Turbulent  Kinetic  Energy 

L 

Reference  Length 

U,  u 

Velocity 

LES 

Large  Eddy  Simulation 

Usim 

Simulated  Velocity 

LDV 

Laser  Doppler  Velocimetry 

U 

Mean  Velocity 

LPT 

Low  Pressure  Turbine 

a2 

Variance  or  Root  Mean  Square 

N 

Number  of  Data  Points 

CD 

Frequency 

Pn 

RMS 

Normalized  Peridiogram 

Root  Mean  Square 

1  INTRODUCTION 

Computational  Fluid  Dynamics  (CFD)  is  increasingly  utilized  as  an  engineering  tool  for  combustion 
research.  Accurate  CFD  data  can  only  be  realized  through  extensive  code  validation  with  experimental 
data.  Hussain’s  (1983)  discussion  of  “triple  decomposition”  gives  us  insight  as  to  how  to  validate  these 
codes.  Hussain  decomposes  turbulent  flow  into  three  components;  the  mean  or  time  independent  portion 
of  the  flow,  the  coherent  structures,  and  the  non-coherent  structures.  In  turbulent  flows,  it  is  necessary  to 
resolve  all  three  aspects  for  accurate  comparisons  between  model  predictions  and  experimental  data. 
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When  comparing  coherent  structures,  frequency  domain  data  of  the  fluctuating  velocity  is  an  excellent 
comparison.  The  coherent  vortex  shedding  then  can  be  easily  discerned  from  the  plot  of  the  transformed 
data.  The  frequencies  are  represented  non-dimensionally  using  the  bluff-body  width  and  the  inlet  velocity 
by  the  Strouhal  Number,  St,  as  shown  in  equation  (1). 


(D 


The  relationship  between  the  coherent  and  non-coherent  can  best  be  seen  through  the  energy 
cascade  seen  in  the  TKE  spectrum,  determined  by  calculating  the  turbulent  kinetic  energy  as  a  function  of 
time  and  transforming  that  data  into  frequency  space.  The  TKE  spectrum  is  normalized  by  the 
Kolmogorov  scales,  the  smallest  turbulent  scales  which  have  a  dissipative  effect  on  the  flow  (Tennekes  & 
Lumley,  1990).  Normalizing  in  this  fashion  demonstrates  the  effect  of  flow  Reynolds  number  on  the 
coherent  large-scale  structures  and  turbulent  kinetic  energy.  As  Reynolds  number  increases,  energy  is 
stored  increasingly  within  the  large  scales  of  the  flow. 

This  data  can  be  gathered  by  non-intrusive  laser  diagnostic  systems  such  as  Laser-Doppler 
Velocimetry  (LDV).  LDV  gathers  velocity  data  through  airflow  by  using  lasers  to  track  seed  particles 
through  a  test  rig.  This  data  is  time-series,  but  not  often  for  a  uniform  time  step.  The  focus  of  this  paper  is 
to  validate  data  reduction  procedures  that  result  in  the  most  robust  way  to  characterize  the  coherent 
structures  in  the  turbulent  wake  of  a  bluff  body.  This  analysis  will  focus  on  the  frequency  and  Strouhal 
data.  Future  endeavors  will  examine  the  non-coherent  structures  such  as  TKE  Spectrum.  A  cubic 
interpolation  procedure  is  developed  and  compared  to  the  Lomb  Algorithm,  which  has  often  been  used  to 
analyze  such  data.  The  major  problem  with  the  Lomb  Algorithm  is  the  dependence  of  the  method  on  high 
data  rates,  which  often  become  difficult  to  attain  in  a  combusting  flow.  A  piecewise  cubic  interpolation,  as 
described  in  this  paper  can  provide  more  versatility  when  dealing  with  low  data  rates.  This  paper  will  use 
a  series  of  known  signals  to  validate  the  piecewise  cubic  interpolation  and  then  the  code  will  be  applied  to 
experimental  data  from  LDV  measurements  of  a  bluff-body  in  cold  flow  situations.  The  results  will  be 
compared  to  the  same  data  processed  by  the  Lomb  Algorithm.  This  comparison  will  use  LDV  data  with 
both  high  and  low  data  rates  to  illustrate  the  robustness  of  each  code. 

2  EXPERIMENTAL  PROCEDURES 
2.1  LDV  PROCEDURES 

A  two-component  laser-Doppler  velocimetry  (LDV)  system  (TSI,  Inc.)  was  employed  for  measuring 
instantaneous  velocity  at  various  conditions  in  the  wake  region  of  the  bluff  body.  The  primary  advantages 
of  the  LDV  technique  include  excellent  accuracy  (typically  ~1%  for  velocity)  and  high  data  rate  (up  to  30 
kHz),  making  it  an  ideal  non-intrusive  diagnostic  approach  for  recording  unsteady  fluid  velocity  and  for 
quantitative  comparison  with  numerical  simulations.  A  number  of  previous  publications  have  discussed 
the  theory  and  operating  principles  of  LDV  (Goldstein,  1983).  Only  the  details  relevant  for  data  analysis 
and  model  validation  are  included  here. 


2 

American  Institute  of  Aeronautics  and  Astronautics 
Copyright  US  Government.  Published  by  AIAA,  Inc.,  with  permission. 


297 


2007  AIAA  Aerospace  Sciences  Meeting  and  Exhibit 
8-1 1  January,  2007.  Reno,  Nevada 


AIAA  2007-1301 


The  LDV  optical  layout  is  shown  in  Figure  1.  The  LDV  system  is  driven  by  an  argon-ion  laser  with 
514.5  nm  and  488  nm  output  beams.  The  two  wavelengths  are  used  to  generate  orthogonal  interference 
fringes  for  measuring  two  components  of  velocity  from  the  same  probe  volume.  Signals  from  particle 
scattering  off  the  514.5-nm  and  488-nm  beams  are  collected  in  back-scatter  mode,  separated  in  the 
multicolor  receiver,  and  processed  by  the  burst  correlator  to  provide  velocity  information.  Air  is  seeded 
with  1-pm  aluminum  oxide  (Al203)  particles  just  upstream  of  the  test  section. 


Exhaust 

Hood 


Approximately  8000  data  points  per  location  were  recorded  for  each  component  of  velocity  for  a 
number  of  flow  conditions  and  locations  downstream  of  the  flame  holder.  The  test  section  had  to  be 
cleaned  periodically  due  to  collection  of  seed  particles  on  the  windows  inside  the  test  section.  Cleaning 
the  windows  prevents  erroneous  readings  due  to  the  thin  layer  of  seed  that  collects  on  these  surfaces.  In 
order  to  acquire  sufficient  data  to  characterize  the  non-coherent  portion  of  the  turbulent  flow,  care  was 
taken  to  ensure  that  data  rates  were  >  1000  Hz.  Achieving  these  data  rates  required  random  time 
sampling  in  which  data  were  collected  at  the  arrival  time  of  each  particle-scattering  signal  rather  than  at 
regular  time  intervals. 

2.2  KNOWN  SIGNAL  GENERATION 

In  order  to  validate  the  techniques  used  to  interpolate  the  random  time-series  data  obtained  in  an  LDV 
system,  a  baseline  must  first  be  established.  Using  MATLAB®,  a  series  of  “known”  signals  was  generated 
at  a  data  rate  of  20  KHz.  This  general  equation  was  used  for  signal  generation, 

usim  =  sin(2  com)  (2) 

Equation  (2)  generates  a  simple  sine  wave  based  on  a  known  frequency,  co,  and  a  given  time,  t.  usim  is  the 
simulated  velocity  measurement  given  by  the  right  hand  side  of  equation  (2).  The  data  rate  of  20  KHz  was 
chosen  to  provide  enough  points  to  create  a  comprehensive  data  set  that  can  be  very  versatile  in  testing 
the  ability  of  the  data  reduction  technique  presented  in  this  report.  Each  signal  is  over  a  time  interval  of  3 
seconds.  The  signal  generation  is  characterized  by  a  constant  time  step  of  5  x  10'5  at  first.  After  the  basic 
signal  is  created,  these  signals  will  be  randomized  and  will  no  longer  have  equivalent  time  steps.  Further 
explanation  of  the  data  reduction  process  using  these  known  signals  will  be  explained  below. 
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2.3  TEST  FACILITY 


A  12  MW  experimental  combustion  facility  located  in  the  Atmospheric  Pressure  Combustion  Research 
Complex  was  used  for  the  experiments.  This  facility  is  owned  and  operated  by  the  Propulsion  Directorate 
of  the  Air  Force  Research  Laboratory  (AFRL),  Wright  Patterson  Air  Force  Base,  OH.  The  facility  is 
capable  of  simulating  the  exit  conditions  of  the  Low-Pressure  Turbine  (LPT)  of  legacy,  pipeline,  and  future 
high  performance  fighters.  The  facility  provides  a  uniform  velocity  and  temperature  profile  (+  3%),  and 
6%  turbulence  intensity  at  the  inlet  of  the  test  section.  This  facility  is  an  atmospheric  pressure  facility. 


Figure  2-2.  Atmospheric  Combustion  Research  Facility 

Experiments  were  conducted  on  two  baseline  bluff-bodies  in  this  rig  over  a  range  of  Reynolds 
numbers  from  10,000  to  55,000.  The  bluff  bodies  used  were  a  closed  and  open  v-gutter,  as  shown  in 
figure  2-3.  In  these  experiments,  LDV  data  were  collected  at  numerous  points  in  the  wake  of  the  bluff 
bodies. 


Open  V-Gutter 


Closed  V-Gutter 


Wall  thickness  =  0.0625 

Figure  2-3.  Open  and  Closed  V-Gutter  Bluff  Bodies 
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3  DATA  ANALYSIS 

3.1  MATLAB®  INTERPOLATION  PROCEDURE 

In  an  effort  to  reduce  the  computational  overhead  required  in  reducing  hundreds  of  sets  of  LDV  data 
for  LES  validation,  alternative  processing  techniques  were  formulated  using  the  windowing,  interpolation, 
and  DFFT  tools  available  in  MATLAB®.  These  DFFT  tools  require  the  velocity  data  have  a  constant  time 
step  and  require  that  the  random  LDV  data  be  re-sampled.  This  is  done  by  creating  a  histogram  of  all  the 
time  steps  between  data  and  choosing  a  representative  time  step  based  on  the  results.  There  are  many 
options  available  in  choosing  this  representative  time  step.  For  this  analysis,  the  median  time  step  found 
in  the  data  is  used  to  complete  the  interpolation. 

There  are  many  perils  to  such  data  interpolation.  Gaps  in  the  raw  time  series  can  be  interpreted  by 
the  DFFT  as  false  frequencies  if  the  interpolation  is  not  robust.  Small  gaps  in  the  data  will  result  in  false 
frequencies  in  the  high  frequency  portion  of  the  transformed  data,  leading  to  errors  in  the  non-coherent 
portion  of  the  TKE  spectrum.  Large  gaps  in  the  data  will  result  in  false  frequencies  in  the  low  frequency 
portion  of  the  transformed  data.  These  errors  make  it  difficult  to  extract  the  true  shedding  frequency  of 
coherent  structures.  Windowing  techniques  can  be  used  in  an  attempt  to  eliminate  the  false  frequencies 
resulting  from  large  gaps  in  the  data.  The  accuracy  of  the  interpolation  scheme  and  the  interpolated  time 
step  were  varied  in  an  attempt  to  eliminate  the  issues  associated  with  errors  in  the  TKE  spectrum. 

Discrete  data  may  be  considered  to  be  a  truncated  portion  of  a  continuous  stream  of  data  (Jong, 
1982).  The  truncation  results  in  “leakage,”  and  is  analogous  to  a  rectangular  window  being  applied  to  the 
continuous  data.  This  is  equivalent  to  convolving  the  frequency  domain  data  with  the  transform  of  a 
square  function.  In  the  frequency  domain,  a  square  window  is  represented  by  a  Gaussian  type  central 
curve  with  several  side  lobes.  One  solution  to  this  problem  is  to  average  several  DFFTs  of  shorter 
subsets  of  the  original  data  record.  This  procedure,  though,  sacrifices  accuracy  because  less  data  is 
used  to  compute  each  DFFT.  Another  solution  to  this  problem  is  to  apply  another  window  to  the  discrete 
data  that  tends  to  counteract  the  effect  of  the  square  window  already  convolved  onto  the  discrete  data. 
Several  windows  available  in  MATLAB®  were  applied  to  the  data  and  comparisons  were  made  to  the 
Lomb  Algorithm  and  to  the  known  data  sets.  The  one  used  in  the  interpolation  code  is  the  Blackman- 
Harris  window. 

Several  interpolation  schemes  are  available  in  MATLAB®.  The  function  “interpl  ”,  has  interpolation 
flags  for  nearest  neighbor,  linear,  cubic  spline,  and  piecewise.  Each  of  these  techniques  was  used  to 
interpolate  the  LDV  data  and  comparisons  to  the  Lomb  Algorithm  and  the  known  signals.  The  cubic 
Flermite  interpolation  had  by  far  the  best  comparison  with  the  other  two  methods. 

3.2  KNOWN  SIGNAL  AND  INTERPOLATION  CODE  VALIDATION 

Once  the  known  signal  is  created  and  the  FFT  of  the  constant  time  step  data  is  verified  for  the 
specified  shedding  frequency  a  random  vector  is  employed  to  pull  various  values  of  the  raw  data  to  create 
a  known  set  time  series  data  with  an  uneven  time  step.  This  new  set  of  data  is  then  applied  to  the 
interpolation  scheme.  This  is  important  in  proving  that  the  interpolation  code  can  provide  a  useful  tool  for 
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reducing  time-series  data  when  the  time  step  is  random.  By  using  the  known  signals,  the  resultant 
shedding  frequency  will  be  known,  and  the  shedding  frequency  given  by  the  code  should  be  close  to  the 
known  frequency  established  when  creating  the  signals. 

3.3  LOMB  ALGORITHM 


Data  generated  by  LDV  is  collected  from  the  scattered  light  of  solid  seed  particles  in  the  flow.  The 
scattered  light  collected  in  the  process  is  typically  randomly  spaced  in  time.  To  obtain  frequency  domain 
information  from  the  unevenly  spaced  data,  several  techniques  have  been  applied  by  Clark  et  al.  (1985), 
Ardian  and  You  (1987),  Veynante  and  Candel  (1988),  and  Chao  and  Leu  (1992).  The  Shannon  or  Lomb 
Algorithm  has  been  one  method  traditionally  employed  (Clark  et  al.,  1985;  Veynante  and  Candel,  1988). 

When  employing  the  Lomb  Algorithm,  the  first  step  is  to  determine  the  mean  (equation  (3))  and 
variance  (equation  (4)),  or  root  mean  square  (rms),  of  the  data  set. 
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Next,  a  normalized  periodogram  is  obtained. 
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Where  x  is  defined  as: 
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The  normalized  periodogram,  Pn,  is  mathematically  equivalent  to  the  equation  for  the  harmonic  linear 
least  square  approximation  of  the  linear  regression  of  sines  and  cosines  of  the  data.  In  linear  regression 
the  data  is  weighted  point  wise  and  the  error  is  minimized  with  least  squares.  This  differs  from  the  DFFT 
of  evenly  distributed  data  weighted  equally  on  each  time  interval.  Point-wise  weighting  thus  offers  an 
advantage  when  the  data  has  a  non-constant  interval. 

To  adequately  resolve  the  coherent  and  non-coherent  portions  of  the  turbulent  data,  sufficient 
resolution  and  accuracy  are  required.  When  using  a  liner  regression-type  algorithm  such  as  the  Lomb 
algorithm,  “false  frequencies”  are  a  consequence  of  poor  resolution.  False  frequencies  will  result  in  an 
inaccurate  reproduction  of  the  TKE  spectrum  (Mueller  et  al.,  1998).  The  accuracy  of  the  Lomb  Algorithm, 
and  inherently  the  probability  of  a  false  frequency,  is  solely  a  function  of  the  number  of  frequencies,  u>i, 
that  are  used  in  the  regression.  The  greater  the  number  of  frequencies  used  in  the  regression  the  lower 
the  probability  of  a  false  frequency  and  the  higher  the  accuracy  of  the  TKE  spectrum.  Because  of  this, 
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the  Lomb  Algorithm  can  be  a  very  robust  analysis  tool  if  the  turbulent  data  contains  coherent  and  non¬ 
coherent  spectra  over  a  large  frequency  range.  The  Lomb  algorithm  typically  is  not  very  accurate  for  a 
low  sampling  rate.  The  Lomb  algorithm  calculations  used  in  this  experiment  is  contained  in  an  executable 
C-Code  developed  by  at  Propulsion  Directorate,  AFRL,  WPAFB,  OH.  After  the  initial  interpolation  using 
the  Lomb  algorithm,  shedding  frequency  and  Strouhal  data  can  be  analyzed  using  MATLAB®. 

3.4  COMPARISON  PROCEDURE 

In  this  analysis,  only  the  u-component  of  the  velocity  will  be  considered,  since  the  concern  is  only  with 
the  comparison  between  the  two  methods  of  interpolation.  As  described  earlier,  the  sets  of  known  signals 
will  be  randomized  for  an  uneven  time  step  and  then  fed  into  the  interpolation  code.  This  will  show  that 
the  interpolation  code  can  provide  viable  results  in  non-evenly  spaced  time-series  data.  Next,  the  LDV 
data  will  be  fed  to  the  interpolation  code  as  well  as  to  the  LOMB  algorithm.  Comparisons  will  be  made 
based  on  the  results  for  Strouhal  Number  and  shedding  frequency  between  the  codes. 

4  RESULTS  AND  CONCLUSIONS 

4.1  INTERPOLATION  CODE  VALIDATION 

To  validate  the  interpolation  code,  three  known  signals  were  created.  The  signals  were  created  with  a 
known  frequency  of  73Hz,  535Hz  and  1310Hz,  respectfully.  These  signals  originally  were  created  with  a 
constant  time  step  of  5  x  10"5  seconds.  Theses  signals  were  created  and  then  a  DFFT  was  performed  on 
each  signal  to  show  that  the  frequency  was  indeed  correct.  Then  the  signal  was  randomized,  creating  an 
uneven  time  step  in  the  known  data.  This  non-evenly  spaced  signal  was  run  through  the  interpolation 
code  to  see  if  the  interpolation  could  pick  out  the  frequency  in  the  signal.  For  each  of  the  three  signals,  a 
typical  data  rate  of  4.5  to  5  kHz  was  used  to  randomize  the  data.  This  data  rate  is  typical  of  useful  LDV 
data.  This  method  was  run  on  all  three  signals  and  the  results  are  shown  in  table  4-1 . 

Table  4-1.  Interpolation  Code  Validation  for  Known  Signals 


Known 

Interpolated 

Frequency 

Frequency 

Percent  Error 

73  Hz 

73.54 

-0.747 

535  Hz 

534.07 

0.1723 

1310  Hz 

1309.4 

0.046 

It  can  be  seen  that  the  interpolation  code  does  a  good  job  picking  out  the  correct  frequencies  when 
applied  to  the  randomized  known  signals,  all  result  in  less  than  a  percent  of  error.  Figure  4-1  and  4-2 
below  show  the  DFFT  of  the  know  signal  and  the  DFFT  of  the  randomized  known  signal,  respectively,  of 
the  535  Hz  generated  signal. 
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DFFT  of  Known  535  Hz  Signal 
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Figure  4-1.  DFFT  of  Known  535  Hz  Signal 


DFFT  of  Piecewize  Cubic  Interpolated  Data  With  a  Known  Shedding  Frequency  (535Hz  ) 


Figure  4-2.  DFFT  of  Randomized  535  Hz  Signal 
4.2  COMPARISON  OF  INTERPOLATION  CODE  TO  LOMB  ALGORITHM 

Next,  the  interpolation  code  is  run  for  actual  LDV  data  collected  in  the  research  rig  described  above. 
This  data  is  also  reduced  using  the  LOMB  algorithm.  The  results  were  then  compared.  Many  sets  of  LDV 
data  were  tested  in  this  method.  Six  will  be  highlighted  in  this  paper.  The  table  below  shows  the  LDV  data 
sets  and  the  subsequent  comparison  between  the  two  methods.  The  comparison  is  based  on  the 
Strouhal  number  obtained  from  the  LDV  data. 
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Table  4-2.  Interpolation  Code  Results  Compared  with  LOMB  Algorithm. 


Data  Rate 

Reynolds 

Number 

Closed/Open 

Gutter? 

Interpolation 

Strouhal 

Number 

LOMB 

Algorithm 

Strouhal 

Number 

Percent 

Error 

910Hz 

40,000 

Closed 

0.0301 

0.1015 

70.345 

953HZ 

40,000 

Closed 

0.0145 

0.0026 

-457.692 

1939Hz 

40,000 

Closed 

0.2846 

0.2842 

-0.1407 

4456Hz 

40,000 

Closed 

0.2898 

0.2888 

-0.3463 

7660Hz 

40,000 

Closed 

0.2902 

0.2886 

-0.5544 

9989Hz 

40,000 

Closed 

0.2966 

0.2951 

-0.5083 

The  data  is  separated  according  to  data  rate  as  shown  above.  For  LDV  data  of  a  low  data  rate  (less 
than  1000Hz),  neither  code  produces  very  promising  results.  In  the  figures  below,  the  LDV  data  is  shown 
in  frequency  space.  Neither  figure  shows  any  discernable  characteristic  frequency. 


DFFT  of  U  Piece  Wize  Cubuic  Hermite  Interpolated  LDV  Data 


Figure  4-3  DFFT  of  LDV  Data  with  Low  Sampling  Rate  (Interpolation) 
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LOMB  Algorithm 


Figure  4-4.  DFFT  of  LDV  Data  with  Low  Sampling  Rate  (LOMB) 

In  the  LOMB  plot,  a  peak  occurs  at  about  30Hz,  but  that  can  be  assumed  to  be  a  false  frequency  due  to 
the  low  data  rate.  The  interpolation  plot  doesn’t  produce  any  information  of  real  use,  as  the  maximum 
value  occurs  around  0Hz  and  continues  to  decline  with  increasing  frequency.  Therefore,  it  can  be 
concluded  that  LDV  data  that  has  less  than  a  1kHz  sampling  rate  is  useless  in  gaining  useful  velocity  data 
in  the  flow. 

LDV  data  that  has  a  ‘normal’  data  sampling  rate  (1000Hz-6000Hz)  was  tested  using  both  methods  and 
the  results  were  much  more  promising.  In  both  cases,  the  percent  error  between  the  two  methods  was 
less  than  1%.  The  figures  below  show  the  interpolation  and  LOMB  FFTs,  respectively,  of  the  data  taken 
at  1939Hz  sampling  rate. 


DFFT  of  U  Piece  Wize  Cubuic  Hermite  Interpolated  LDV  Data 


Figure  4-5.  DFFT  of  LDV  Data  with  a  Nominal  Sampling  Rate  (Interpolation) 
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LOMB  Algorithm 


Figure  4-6.  DFFT  of  LDV  Data  with  a  Nominal  Sampling  Rate  (LOMB) 

The  last  two  sets  of  data  highlighted  here  are  LDV  data  sets  at  a  relatively  high  data  sampling  rate 
(greater  than  6000Hz).  These  data  sets  produced  similar  results  to  the  nominal  data  rates,  as  can  be 
expected.  The  errors  were  once  again  less  than  1%  in  each  case.  As  the  sampling  rate  gets  higher,  both 
methods  should  improve  in  accuracy.  Since  there  are  more  samplings  per  second,  the  relative  time  step 
becomes  closer  and  closer  to  being  uniform,  thus  making  the  decision  for  the  interpolation  time  step 
much  easier.  The  figures  below  show  the  FFTs  of  the  interpolation  and  LOMB  algorithm,  respectively,  for 
the  high  data  sampling  rate  of  7660Hz. 


DFFT  of  U  Piece  Wize  Cubic  Hermite  Interpolated  LDV  Data 


Figure  4-7.  DFFT  of  LDV  Data  with  a  High  Sampling  Rate  (Interpolation) 
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LOMB  Algorithm 


Figure  4-8.  DFFT  of  LDV  Data  with  a  High  Sampling  Rate  (LOMB) 

5.  RECOMMENDATIONS 

From  the  results  above,  it  can  be  seen  that  the  interpolation  reduction  code  presented  in  this  paper 
can  serve  as  a  robust  method  to  reduce  non-evenly  spaced,  time-series  LDV  data  into  frequency  space 
data  and  provide  useful  results.  The  LOMB  algorithm  is  still  a  suitable  method  to  produce  the  same 
results,  but  the  simplicity  in  the  interpolation  can  prove  to  be  more  versatile  when  dealing  with  false 
frequencies  or  gaps  in  the  data.  Now  that,  the  interpolation  code  has  shown  the  ability  to  produce 
frequency  information  from  LDV  data,  the  next  step  is  to  look  at  the  interpolation  time  step  used.  For  the 
interpolation  to  improve,  especially  at  low  data  rates,  the  correct  interpolation  time  step  must  be  chosen. 
Also,  the  potential  of  false  frequencies  in  the  data  is  still  a  problem.  Future  endeavors  will  look  at  ways  to 
identify  where  these  false  frequencies  occur  and  how  to  filter  them  out  of  the  signal. 
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abstract  We  report  the  detection  of  acetylene  (C2H2)  at 
low  concentrations  by  electronic  resonance-enhanced  coherent 
anti-Stokes  Raman  scattering  (ERE-CARS).  Visible  pump  and 
Stokes  beams  are  tuned  into  resonance  with  Q-branch  transi¬ 
tions  in  the  v2  Raman  band  of  acetylene.  An  ultraviolet  probe 
beam  is  tuned  into  resonance  with  the  A-X  electronic  tran¬ 
sition  of  C2H2,  resulting  in  significant  electronic  resonance 
enhancement  of  the  CARS  signal.  The  signal  is  found  to  in¬ 
crease  significantly  with  rising  pressure  for  the  pressure  range 
0.1- 8  bar  at  300  K.  Collisional  narrowing  of  the  spectra  ap¬ 
pears  to  be  important  at  2  bar  and  above.  A  detection  limit  of 
approximately  25  ppm  at  300  K  and  1  bar  is  achieved  for  our 
experimental  conditions.  The  signal  magnitudes  and  the  shape 
of  the  C2H2  spectrum  are  essentially  constant  for  UV  probe 
wavelengths  from  233.0  to  238.5  nm,  thus  indicating  that  sig¬ 
nificant  resonant  enhancement  is  achieved  even  without  tuning 
the  probe  beam  into  resonance  with  a  specific  electronic  reson¬ 
ance  transition. 

PACS42.65.Dr;  42.62. Fi;  42.65.-k 


1  I  ntroduction 

Coherent  anti-Stokes  Raman  scattering  (CARS)  is 
a  useful  and  accurate  technique  for  performing  spatially  re¬ 
solved  measurements  of  temperature  and  major-species  con¬ 
centrations  [1,2],  CARS  can  be  used  for  simultaneous  meas¬ 
urement  of  multiple  species  concentrations  and  temperature 
in  a  single  laser  shot  when  using  appropriate  broadband 
laser  sources  [3].  The  detection  limit  for  CARS  is  typically 
1000  ppm  or  greater  at  atmospheric  pressure  [1],  even  for 
well-optimized  CARS  systems  with  polarization  background 
subtraction. 

Electronic  resonance-enhanced  (ERE)  CARS  was  first 
demonstrated  for  dilute  solutions  of  diphenyloctatetraene  in 
benzene  [4],  Several  molecules  and  radicals  have  been  in¬ 
vestigated  via  ERE-CARS  including  I2  [5,6],  NO2  [7,8], 
C2  [9-11],  S-tetrazine  vapor  [12],  OH  [13],  and  CH  [14], 
Hanna  etal.  [15]  demonstrated  ERE-CARS  for  nitric  oxide 
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(NO)  by  implementing  a  dual-pump  CARS  approach  and 
observed  significant  resonance  enhancement.  Kulatilaka  et 
al.  [16]  employed  ERE-CARS  to  monitor  NO  concentrations 
in  a  combustion  environment.  A  detection  limit  of  approxi¬ 
mately  50 ppm  was  demonstrated  in  a  hydrogen-air  flame, 
thus  confirming  the  utility  of  ERE-CARS  for  measurements 
of  minor  species  in  reacting  flows.  Kulatilaka  etal.  [17]  sub¬ 
sequently  investigated  pressure-scaling  and  saturation  effects 
for  NO  ERE-CARS.  The  ERE-CARS  signal  for  NO  was 
found  to  increase  with  rising  pressure  up  to  2  bar  and  to  remain 
nearly  constant  thereafter  up  to  8  bar. 

Measurements  of  acetylene  (C2H2)  concentration  are 
important  for  understanding  many  combustion  processes. 
A  cetyl ene  plays  an  important  role  in  the  chemical  kinetics  of 
both  soot  initiation  and  growth  [18, 19],  and  also  in  the  forma¬ 
tion  of  polycyclic  aromatic  hydrocarbons  [19].  M  easurements 
of  acetylene,  moreover,  are  useful  for  understanding  surface 
chemistry  related  to  chemical  vapor  deposition  as  well  as  to 
carbon-nanotube  synthesis  via  combustion  [20], 

2  Experimental  description 

The  energy-level  diagram  for  the  C2H2  ERE- 
CARS  process  is  shown  in  Fig.  1.  The  frequency  differ¬ 
ence  between  the  pump  beam  at  a  vacuum  wavelength 
A.i  =  532.215 nm  (18789.4cm-1)  and  the  Stokes  beam  at 
x2  =  594  nm  (16  815  cm-1)  corresponds  to  a  Raman  shift  of 
1974  cm-1  -  the  frequency  of  the  bandhead  for  the  v2  band  of 
acetylene.  The  Raman  polarization  induced  in  the  medium  is 
detected  using  an  ultraviolet  (UV)  probe  beam  atA.3  =  236  nm 
(42  370  cm-1).  The  ERE-CA  RS  signal  is  near  resonance  with 
various  ro-vi brational  bands  in  the  A-X  electronic  transition 
of  C2H2  [21-23],  and  has  a  wavelength  Agars  =  225.5  nm 
(44350cm-1).  Acetylene  is  a  linear  molecule  in  its  ground 
electronic  state  with  five  fundamental  vibrations  [24],  and 
has  a  planar  trans-bent  geometry  in  its  lowest  excited  singlet 
state  [21],  Among  five  fundamental  vibrations  in  the  ground 
electronic  state,  three  are  Raman-active;  the  other  two  are 
infrared-active.  The  v2  band  at  1974cm-1  corresponds  to 
symmetric  stretching  of  the  molecule  and  is  the  strongest  of 
the  three  Raman-active  modes  [24],  The  complete  v2  Raman 
band  of  acetylene  can  be  acquired  by  scanning  A2  for  fixed  Ai 
and  A3. 
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FIGURE  1  Energy-level  diagram  fortheC2H2  ERE-CARS  process 


2.1  Optical  system 

The  experimental  apparatus  for  our  C2H2  ERE- 
CARS  measurements  is  shown  in  Fig.  2.  The  second-har¬ 
monic  output  of  an  injection-seeded,  Q-switched  Nd:YAG 
laser  (Spectra- Physics  Model  Quanta  Ray  PRO  290-10)  is 
split  via  a  90/10  beam  splitter.  N  inety  percent  of  the  second- 
harmonic  beam  is  employed  to  pump  a  tunable,  narrowband 
dye  laser  (Continuum  M  odel  N  D  6000),  which  produces  an 
output  beam  at  a  wavelength  of  approximately  704  nm.  LDS 
698  laser  dye  is  used  within  the  N  D  6000  dye  laser.  The  re¬ 
maining  10%  of  the  second-harmonic  beam  is  used  as  the 
pump  beam  (&>i).  The  repetition  rate  of  the  laser  is  10  Hz,  and 
the  temporal  pulse  length  is  approximately  8  ns  at  full-width 
at  half-maximum  (FWH  M  ). 

Thethird-harmonic  output  at  355  nm  of  the  same  injection- 
seeded  Spectra- Physics  Nd:YAG  laser  is  sum-frequency 
mixed  with  the  Continuum  dye-laser  output  at  704  nm,  gen¬ 
erating  a  tunable  UV  probe  beam  (&>3)  at  236  nm.  A  beta- 
barium-borate  (^-BBO)  crystal  mounted  in  an  Inrad  Auto¬ 
tracker  III  is  used  forthe  sum-frequency  mixing  process.  This 
tunable  UV  source,  whose  maxi  mum  energy  is  ~  4  mj  /pulse, 
constitutes  the  probe  beam  (x3).  Finally,  the  second-harmonic 
output  of  an  unseeded  Nd:YAG  laser  (Continuum  Model 
Precision  PRO  9010)  is  used  to  pump  another  tunable,  nar¬ 
rowband  dye  laser  (L  umonics  M  odel  SpectrumM  aster).  Rho- 
damine  610  laser  dye  is  employed  to  generate  the  Stokes  beam 
(ct>2>  near  594  nm. 

The  two  Nd:YAG  lasers  are  synchronized  using  a  digital 
delay  generator  (SRS  M  odel  DG  535)  so  that  all  three  beams 
overlap  temporally  with  a  peak  deviation  of  less  than  1  ns. 
A  combination  of  a  half-wave  plate  and  a  polarizer  is  placed 
within  each  beam  path  to  control  the  pulse  energy.  The  polar¬ 
izer  is  also  used  to  set  the  desired  polarization  for  each  beam. 
The  pump  beam  and  the  Stokes  beam  are  linearly  polarized, 
with  the  polarization  axis  set  at  60°  with  respect  to  the  vertical 
axis.  The  UV  probe  beam  is  vertically  polarized.  A  three- 
dimensional  folded  BOXCARS  geometry  is  employed  to  sat¬ 
isfy  the  phase-matching  requirement  [25]. 


A  50-mm  diameter,  500-mm  focal-length,  UV-grade 
fused-silica  lens  is  used  to  focus  the  three  beams.  However, 
to  obtain  better  signal-to-noise  ratios  while  maintaining  rea¬ 
sonable  spatial  resolution,  the  beams  are  overlapped  about 
25  mm  away  from  their  focal  plane.  This  spatial  overlap  also 
reduces  saturation  effects  for  both  the  Raman  and  electronic 
transitions  [12]  because  of  reduced  laser  irradiances  at  the 
probe  volume.  The  length  of  the  resulting  probe  volume  is 
about  6  mm.  T  he  di  ameters  of  al  I  three  beams  at  the  probe  vol¬ 
ume  are  approximately  200  (xm,  as  measured  by  translating 
a  razor  blade  across  the  overlap  region  while  monitoring  the 
transmitted  power  of  each  laser. 

The  three  input  beams  and  the  signal  beam  are  recolli¬ 
mated  using  another  50-mm  diameter,  500-mm  focal-length 
lens.  The  Stokes  beam  (X2)  is  directed  into  a  wavemeter  (H  igh 
Finesse  Model  WS-6)  to  record  its  wavelength  when  scan¬ 
ning  the  Stokes  dye  laser.  The  pump  beam  (Xi)  is  trapped 
using  a  beam  dump.  The  UV  probe  beam  (X3)  is  directed  onto 
a  pyroelectric  joulemeter  (M  olectron  M  odel  J  3-05).  The  U  V 
probe  pulse  energy  is  recorded  continuously  so  that  shot-to- 
shot  fluctuations  in  the  UV-beam  energy  can  be  accounted  for 
i  n  subsequent  data  analysi  s. 

The  ERE-CARS  signal  and  the  non-resonant  four-wave- 
mixing  signal  are  directed  through  an  analyzing  polarizer  of 
high  rejection  ratio.  The  transmission  axis  of  the  analyzer 
is  set  perpendicular  to  the  polarization  direction  of  the  non¬ 
resonant  signal,  thus  minimizing  non-resonant  interferences. 
The  analyzing  polarizer  is  mounted  on  a  high-resolution  ro¬ 
tation  stage  to  achieve  the  best  possible  suppression  of  non¬ 
resonant  background.  Light  scattered  from  the  UV  beam  at 
236  nm  is  blocked  using  four  band-pass  filters  [15],  as  shown 
in  Fig.  2.  The  signal  beam  at  ~  225.5  nm  is  isolated  using 
a  1-m  spectrometer  (SPEX  M  odel  1000M )  and  collected  via 
a  solar-blind  photomultiplier  tube  (PM  T- Hamamatsu  Model 
R7154). 


2.2  Flow  and  pressure  systems 

For  measurements  of  the  detection  limit,  we  em¬ 
ploy  ajetflow  of  acetyleneinabuffergasof  nitrogen.  M  olecu- 
iar  mixing  is  ensured  by  combining  a  gas  flow  of  1000  ppm 
C2H2  in  N2  with  an  additional  flow  of  pure  N2  sufficiently  far 
upstream  of  the  nozzle.  The  diameter  of  the  nozzle  producing 
the  jet  flow  is  approximately  10  mm.  Careful  adjustments  are 
made  to  ensure  that  the  probe  volume  is  completely  encom¬ 
passed  by  the  jet. 

T  he  pressure- seal  i  ng  experi  ments  are  performed  i  n  a  pres¬ 
sure  vessel  which  can  accommodate  pressures  up  to  8  bar. 
The  inlet  of  the  vessel  is  connected  to  a  gas  bottle  containing 
1000  ppm  C2H2  in  N 2 ■  In  addition,  the  outlet  of  the  vessel  is 
connected  to  a  vacuum  pump.  It  is  ensured  that  no  residual 
mixture  remained  in  the  vessel  prior  to  refilling  of  the  vessel 
at  each  pressure. 

3  R  esults  and  discussion 

TheERE-CARS  signal  is  acquired  whilescanning 
the  frequency  of  the  Stokes  dye  laser  and  fixing  that  of  the 
UV  probe  beam.  In  past  ERE-CARS  measurements  of  nitric 
oxide  [15, 16],  we  have  performed  both  UV  scans  (X2  fixed, 
X3  varying)  and  Stokes  scans  (X2  varying,  x3  fixed).  However, 
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for  this  work,  we  present  only  Stokes  scans.  UV  scans  are 
performed  but  yield  essentially  constant  signals  owing  to  the 
broad  character  of  the  electronic  resonance  interaction.  The 
ERE-CARS  signal  is  averaged  over  10  laser  shots  and  sub¬ 
sequently  corrected  for  shot-to-shot  UV  (a.3)  fluctuations  via 
division  by  theUV  energy.  It  is  observed  that  the  fluctuations 
in  the  Stokes  laser  beam  (a.2)  are  negligible. 

Spectral  v2  band  structures  for  1%  C2H2  at  0.05  atm  and 
300  K  for  various  pulse  energies  of  both  the  pump  beam  (a>  1) 
and  Stokes  beam  (a>2)  are  shown  in  Figs.  3  and  4.  The  San- 
diaCARSFT  code  [26]  is  used  to  calculate  theoretical  CARS 
spectra  for  given  laser  linewidths  at  the  specified  temperature 


FIGURE  3  Comparison  between  experimental  and  theoretical  C2H2  ERE- 
CARS  spectra  for  1%  C2H2  in  buffer  N2  gas  at  0.05  bar  and  300  K. 
The  experimental  spectrum  is  obtained  for  pulse  energies  of  2  mj /pulse, 
2  mj /pulse,  and  0.5  mj  /pulse  for  the  pump,  Stokes,  and  probe  beams,  re¬ 
spectively.  The  theoretical  linewidths  are  0.01  cm-1  and  0.15  cm-1  for  the 
pump  and  Stokes  beams,  respectively.  TheQ-branch  lines  with  odd  rotational 
quantum  number  ]  >  7  are  labeled 


and  pressure.  The  CARSFT  calculations  do  not  include  any 
effects  of  saturation.  Figure  3  shows  a  comparison  between 
theoretical  and  measured  spectra  for  the  same  experimental 
conditions  at  fixed  energy  levels  for  coi  and  co2.  Good  agree¬ 
ment  i s  achi eved  between  theory  and  experi  ment.  T  he  remai  n- 
ing  differences  between  theory  and  experiment  are  probably 
due  to  slight  saturation  of  the  experimental  spectrum.  The 
odd  rotational  lines  are  well  resolved  in  Fig.  3,  but  the  even 
rotational  lines  are  not  evident.  The  linewidth  (FWHM  )  of 
the  pump  beam  (A.i)  is  ~  0.003  cm-1;  in  comparison,  that  of 
both  the  Stokes  beam  (a.2)  and  the  U  V  probe  beam  (a3)  is  ap¬ 
proximately  0.1cm-1.  From  Fig.  3,  we  observe  that  the  odd 
rotational  lines  have  FW  H  M  sof  approximately  0.1cm-1.  By 
comparing  the  two  cases  in  Fig.  4,  we  find  clear  evidence 


FIGURE  4  Saturation  broadening  ofC2H2  ERE-CARS  spectra  at  0.05  bar 
and  300  K  for  1%  C2H2  in  N2.  The  pulse  energy  of  the  UV  probe  beam  (<03) 
is  0.5  mj  /pulse  for  both  measurements 
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for  saturation  broadening  of  the  Raman  resonances  at  higher 
pump  and  Stokes  laser  irradiances. 

Figure  5  shows  a  comparison  of  theoretical  and  experi¬ 
mental  ERE-CARS  spectra  of  C2H2  for  the  v2  Raman  band 
at  various  UV  probe  wavelengths  from  233.0  nmto  238.5  nm. 
From  Fig.  5,  we  observe  no  significant  change  in  the  ERE- 
CARS  spectrum  as  a  function  of  UV  wavelengths.  The  ro- 
vibrational  structure  of  the  acetylene  A-X  electronic  transi¬ 
tion  is  discussed  in  detail  by  Innes  [21]  and  Watson  etal.  [22], 
Theinitial  and  final  levelsofthefundamental  Q-branch  transi¬ 
tion  at  1974  cm-1  are  characterized  by  (v'{  =  0,  v'[  =  0 ,l\  =  0) 
and  (i>2  =  1,  V4  =  0,  l\  =  0),  respectively.  Watson  et  al.  [22] 
and  Innes  [21]  list  the  frequencies  and  the  approximate  tran¬ 
sition  strengths  between  the  =  0,  v'{  —  0,  !\  =  0)  band 
in  the  X  level  and  various  vibrational  bands  in  the  A  level. 
The  bands  in  the  A  level  that  are  connected  with  the  ground 
(i>2  =  0,  U4  =  OJ4  =  0)  band  are  listed  in  Table  1.  The  band 
frequency,  strength  (S  =  strong,  M  =  medium,  W  =  weak, 


FIGURE  5  C2H2  ERE-CARS  spectra  at  l.Oatm  and  300  K  in  a  jet  flow  of 
1%  C2H2  in  buffer  N2.  The  UV  probe  wavelength  varies  from  233.0  nm  to 
238.5  nm 


FIGURE  6  C2H2  ERE-CARS  spectra  at  four  different  sub-atmospheric 
pressures.  The  spectra  are  recorded  for  a  mixture  of  1000  ppm  C2H 2  in  N 2 
buffer  gas  inside  the  pressure  vessel.  For  all  spectra,  the  UV  probe  wave¬ 
length  A.3  =  236  nm.  The  pulse  energies  for  the  pump,  Stokes,  and  probe 
beams  are  8.0,  8.0,  and  0.5  mj  /pulse,  respectively 

VW  =  very  weak),  and  corresponding  UV  probe  wavelength 
are  listed  for  exact  resonance  with  a  given  band.  Neither  Wat¬ 
son  etal.  [22]  nor  Innes  [21]  provide  any  i  nformati  on  on  tran¬ 
sitions  from  the  (v'{  =  1,  v'j  =  0,1  \  =  0)  band  i n  the  X  level. 

Although  it  appears  from  Table  1  that  we  should  have  ob¬ 
served  a  significant  increase  in  signal  for  X3  -  236.5  nm  as 
compared  to  the  other  probe  wavelengths  i  nvesti gated,  no  sig¬ 
nificant  change  is  observed  in  the  ERE-CARS  spectrum.  In 
fact,  the  maximum  signal  strength  is  found  near  236  nm,  so 
that  most  of  the  measurements  reported  in  this  paper  are  ob¬ 
tained  with  a  probe  wavelength  of  236  nm. 

ERE-CARS  measurements  for  the  vi  Raman  band  of 
C2H 2  are  also  performed  for  pressures  ranging  from  sub- 
atmospheric  (0.1  bar)  to  above  atmospheric  (8  bar)  at  300  K . 
Figure  6  shows  comparisons  between  theoretical  and  experi¬ 
mental  spectra  at  different  sub-atmospheric  pressures  from 
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0.1  to  1  bar,  while  Fig.  7  shows  similar  comparisons  at  pres¬ 
sures  from  2  to  8  bar.  We  find,  as  expected,  that  individual  ro¬ 
tational  lines  blend  into  a  band  structure  as  the  pressure  rises. 
In  general,  the  theoretical  and  experimental  spectra  agree  well 
for  pressures  less  than  2  bar.  The  experimental  spectrum  at 
0.1  bar  is  not  as  clearly  resolved  as  the  theoretical  spectrum. 
This  result  is  almost  certainly  due  to  the  higher  level  of  satura¬ 
tion  for  the  R  aman  transiti  ons  at  lower  pressure.  For  pressures 
higher  than  1  bar,  the  experimental  spectra  are  narrower  than 
the  theoretical  spectra.  This  trend  becomes  more  pronounced 
at  higher  pressures.  The  implication  is  that  significant  col- 
lisional  narrowing  occurs  at  pressures  above  2  bar;  unfortu¬ 
nately,  theCARSFT  code  does  not  include  a  collisional  nar¬ 
rowing  model  for  C2H2.  The  experimental  spectra  tend  to  be 
more  symmetric  at  higher  pressures  as  compared  with  thethe- 


figure  7  C2H2  ERE-CARS  spectra  at  pressures  from  2  to  8  bar.  All  spec- 
tra  are  recorded  for  a  mixture  of  1000  ppm  C2H 2  in  N 2  buffer  gas  inside  the 
pressure  vessel.  The  U  V  probe  wavelength  A.3  and  the  pulse  energies  are  the 
same  as  for  Fig.  6 


A  band 

W2,  1/3 ,  K'a) 

(cm-1) 

Strength 

A.3 

(nm) 

(0,  1,  0) 

43245.12 

S 

242.30 

(0, 1, 1) 

43258.05 

S 

242.22 

(0, 1,  2) 

43296.75 

W 

242.00 

(0,  1,  3) 

43360.94 

vw 

241.62 

(1,  0,  0) 

43  584.45 

w 

240.32 

(1,  0, 1) 

43596.31 

M 

240.26 

(0,  2,  0) 

44275.27 

M 

236.40 

(0,  2, 1) 

44289.35 

S 

236.32 

(0,2,2) 

44331.40 

W 

236.09 

(1, 1,  0) 

44631.78 

M 

234.42 

(1, 1, 1) 

44644.45 

M 

234.35 

(0,  3,  0) 

45  285.72 

S 

230.88 

(0,  3, 1) 

45  301.13 

S 

230.80 

(0,  3,  2) 

45  347.15 

M 

230.56 

(1,2,0) 

45  662.68 

M 

228.89 

(1,  2, 1) 

45  676.42 

S 

228.82 

TABLE  1  Bands  in  the  A  level  connected  with  the  W'i  =  0,  =  0,  l'4'  = 

0)  band  in  theX  level 


oretical  spectra,  again  presumably  due  to  strong  collisional 
narrowing. 

For  the  spectra  shown  in  Figs.  6  and  7,  the  square  root  of 
the  ERE-CARS  signal  is  integrated  in  the  Raman  shift  range 
from  1970  cm-1  to  1978  cm-1  and  plotted  as  a  function  of 
pressure  in  Fig.  8.  Figure  8  shows  that  the  square  root  of  the 
integrated  ERE-CARS  signal  increases  sharply  with  increas¬ 
ing  pressure  from  0.1  to  4  bar  and  then  increases  gradually 
beyond  5  bar.  The  spectral  scans  are  repeated  at  pressures  of 
1,  4,  5,  and  7 bar.  From  these  repeated  measurements,  we 
conclude  that  the  square  root  of  the  integrated  ERE-CARS 
signal  is  repeatable  to  within  5%.  Baum  etal.  [27]  performed 
acetylene  absorption  measurements  in  the  wavelength  range 
189-229  nm  for  a  path  length  of  127  mm.  They  found  that 
the  absorbance  near  226  nm  is  negligibly  small  at  1  atm  for  a 
C2H2  concentration  of  630  ppm.  Therefore,  despite  changes 
in  number  density  and  the  effects  of  line  broadening,  we  con¬ 
clude  that  the  effects  of  U  V  absorption  can  be  neglected  for 
our  experi  ments  up  to  8  bar. 


Pressure  (bars) 

FIGURE  8  Variation  of  the  square  root  of  the  integrated  C2H 2  ERE-CARS 
signal  with  increasing  pressure  in  the  pressure  range  0.05-8  bar 
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Raman  Shift  (cm'1)  Raman  Shift  (cm'1) 


FIGURE  9  C2H2  E  RE-CARS  detection-limit  measurements  at  1  atm  and  300  K  in  a  jet  flow  of  1000  ppm  C2  H  2  in  N  2  buffer  gas,  diluted  with  additional  N2. 
For  all  spectra,  the  pulse  energies  for  the  pump,  Stokes,  and  probe  beams  are  8,  8,  and  2  mj  /pulse,  respectively.  The  probe  wavelength  is  236.0  nm 


As  mentioned  previously,  acetylene  displays  an  essen¬ 
tially  constant  electronic  coupling  with  the  (v'l  =  1,  v'{  =  0, 
/ 4  =  0)  level  in  the  ground  electronic  state,  thus  yielding 
nearly  the  same  resonance  enhancement  in  the  pressure  range 
0.1-8  bar.  This  factor,  combined  with  strong  collisional  nar¬ 
rowing  at  high  pressures,  results  i  n  a  substantial  i  ncrease  i  n  the 
ERE-CARS  signal  with  rising  pressures  for  a  constant  mole 
f racti on  of  C 2 H  2 .  T he  g radual  i ncrease  i n  sq uare  rootof  the  in¬ 
tegrated  ERE-CARSsignal  beyond  5  bar  is  presumably  dueto 
broadening  of  the  Raman  transitions  at  higher  pressures. 

Asindicated  previously,  the  detection  limitforCARS  can 
be  improved  by  several  orders  of  magnitude  by  tuning  the 
UV  laser  beam  to  a  suitable  electronic  resonance.  Figure  9 
shows  ERE-CARS  spectra  over  the  u2  R aman  band  for  differ¬ 
ent  C 2H  2  concentrations.  A  mixture  of  1000  ppm  C2H2  in  N2 
buffer  gas  is  diluted  with  additional  N2  to  establish  the  given 
concentration  levels.  The  measurements  are  performed  in  a  jet 
flow  produced  from  a  nozzle.  We  established  a  C2H2  detec¬ 
tion  limit  of  25  ppm  upon  suppressing  the  non- resonant  signal 
from  the  N2  buffer  gas.  This  result  suggests  that  ERE-CARS 
has  excellent  potential  for  minor-species  measurements,  even 
in  reacting  flows. 

Figure  10  shows  that  the  square  root  of  the  integrated 
ERE-CARS  signal  (1970 cm-1- 1978 cm-1)  varies  linearly 
with  acetylene  concentration  at  atmospheric  pressure.  This 


FIGURE  10  Square  root  of  integrated  C2H  2  ERE-CARS  signal  as  a  function 
of  C2H2  concentration  in  a  jet  flow  at  1  atm.  A  typical  error  bar  of  10%  is 
shown  at  a  concentration  of  500  ppm 


result  verifies  the  expected  theoretical  behavior,  as  indicated 
by/cARS  oc  |x(3)|2,  where/cARS  i  s  the  i  rrad  i  ance  of  the  CARS 
signal  and  x(3>  is  the  third-order  nonlinear  susceptibility  [4], 

4  C  ondusionsand  future  work 

Electronic  resonance-enhanced  coherent  anti- 
Stokes  Raman  scattering  (ERE-CARS)  has  been  applied  to 
obtai  n  acetyl  ene  spectra  at  pressures  rangi  ng  from  0. 1  to  8  bar. 
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The  acetylene  ERE-CARS  signal  is  found  to  rise  sharply 
with  increasing  pressure  from  0.1  to  4  bar,  but  more  grad¬ 
ually  from  5  to  8  bar.  As  expected,  the  square  root  of  the 
integrated  ERE-CARS  signal  at  latm  and  300 K  varies  lin¬ 
early  with  C2H2  concentration.  The  detection  limit  under 
these  conditions  is  found  to  be  approximately  25  ppm.  No 
significant  changes  in  spectral  signature  or  signal  levels  are 
observed  as  the  U  V  probe  wavelength  is  varied  from  233.0  to 
238.5  nm. 

We  plan  to  apply  ERE-CARS  for  measurement  of  C2H2 
profiles  in  high-pressure  counter-flow  diffusion  flames  in  the 
Purdue  high-pressure  flame  facility  [28].  Quantitative  analy- 
si  s  of  these  profi  I  es  w  i  1 1  requi  re  either  cal  i  brati  on  or  the  i  ncor- 
poration  of  a  collisional  narrowing  model  [29- 31]  for  C2H  2  in 
theCARSFT  code. 
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Abstract 

The  effects  of  pressure  variations  on  the  electronic-resonance-enhanced  coherent  anti-Stokes  Raman  scattering  (ERE-CARS)  signal  of 
nitric  oxide  (NO)  were  studied  at  pressures  ranging  from  0.1  to  8  bar.  ERE-CARS  signals  were  recorded  in  a  gas  cell  filled  with  a  mixture 
of  300  ppm  NO  in  N2  buffer  gas  at  room  temperature.  The  ERE-CARS  signal  was  found  to  increase  with  rising  pressure  up  to  2  bar  and 
to  remain  nearly  constant  thereafter.  The  spectra  recorded  at  different  cell  pressures  were  modeled  using  a  modified  version  of  the  Sandia 
CARSFT  code.  Laser-saturation  effects  were  accounted  for  by  systematically  varying  the  theoretical  ultraviolet  probe-laser  linewidth. 
Excellent  agreement  was  obtained  between  theory  and  experiment  for  the  pressure-scaling  behavior  of  the  ERE-CARS  signal  of  NO. 
This  finding,  along  with  a  negligible  influence  of  electronic  quenching  on  the  ERE-CARS  signal,  provides  strong  incentive  for  the  appli¬ 
cation  of  ERE-CARS  to  measurements  of  NO  concentrations  in  high-pressure  combustion  environments. 

©  2007  Elsevier  B.V.  All  rights  reserved. 

PACS:  42.62.Fi;  42.65.Dr;  82.33.Vx 


1.  Introduction 

Coherent  anti-Stokes  Raman  scattering  (CARS)  is  a 
well  established  diagnostic  technique  for  measuring  tem¬ 
perature  and  major  species  concentrations  in  reacting  flows 
[1].  Recently,  CARS  techniques  have  been  demonstrated 
for  the  simultaneous  measurement  of  multiple  species  con¬ 
centrations  [2-4].  CARS  has  also  been  investigated  both 
experimentally  [4,5]  and  theoretically  [6]  for  concentration 
and  temperature  measurements  in  high-pressure  environ¬ 
ments.  At  high  pressures,  collisional  narrowing  effects  have 
a  direct  impact  on  the  shape  and  intensity  of  CARS  spectra 
[7-9].  Additional  influences  include  laser-saturation  [9-12], 
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Stark  broadening  [12,13]  and  stimulated  Raman  pumping 
[13].  Interference  effects  between  different  rotational  lines 
have  been  studied  theoretically  for  high-resolution  CARS 
spectra  of  oxygen  (02),  nitrogen  (N2)  and  nitric  oxide 
(NO)  over  a  range  of  spectral  bandwidths  [14].  Theoretical 
and  experimental  investigations  of  line  interference  effects 
in  vibrational  Q-branch  spectra  of  N2  and  CO  have  also 
been  conducted  using  stimulated  Raman  spectroscopy 
[15].  Rotational  collisional  narrowing  in  the  NO  funda¬ 
mental  Q-branch  was  the  subject  of  a  prior  investigation 
in  the  pressure  range  20-100  kPa  [16]. 

CARS  has  been  applied  to  high-resolution  spectroscopy 
of  NO  by  Doerk  and  co-workers  [17,18].  However,  tradi¬ 
tional  vibrational  or  rotational  CARS  techniques  have  lim¬ 
ited  sensitivity  and  thus  are  not  suitable  for  detection  of 
minor  species  in  flames  and  plasmas.  This  difficulty  can 
be  overcome  by  tuning  one  or  more  of  the  pump,  Stokes, 
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and  probe  beams  into  resonance  with  an  electronic  transi¬ 
tion  of  the  molecule.  The  resulting  CARS  signal  exhibits  a 
significant  resonance  enhancement.  Electronic-resonance- 
enhanced  coherent  anti- Stokes  Raman  scattering  (ERE- 
CARS)  has  previously  been  applied  to  both  OH  [19]  and 
CH  [20].  In  our  own  work,  we  have  demonstrated  ERE- 
CARS  of  NO  [21]  and  have  demonstrated  NO  detection 
limits  of  50  ppm  or  better  in  atmospheric-pressure  flames 
[22].  Further  details  of  our  ERE-CARS  experiments  can 
be  found  in  two  recent  publications  [22,23]. 

In  this  paper,  we  describe  the  pressure-scaling  behavior 
of  the  NO  ERE-CARS  signal.  ERE-CARS  spectra  of  NO 
were  recorded  using  a  gas  cell  at  pressures  ranging  from  0.1 
to  8  bar  at  room  temperature.  Near-background-free  detec¬ 
tion  has  been  demonstrated  using  a  frequency-scanning 
method  incorporated  into  these  experiments  [22].  The 
ERE-CARS  technique  can  be  used  to  perform  quantitative 
measurements  of  NO  concentration  in  high-pressure  com¬ 
bustion  environments  for  which  traditional  laser-induced 
fluorescence  (LIF)  techniques  become  less  accurate  and 
more  complicated,  primarily  owing  to  electronic  quenching 
and  background  interferences  [24-27]. 

2.  ERE-CARS  experimental  procedure 

Our  ERE-CARS  technique  is  an  extension  of  the  dual¬ 
pump  CARS  method  previously  developed  for  simulta¬ 


neous  detection  of  two  major  species  [2].  The  energy  level 
diagram  for  the  ERE-CARS  process  is  shown  in  Fig.  1. 
We  use  visible  pump  (2i  =  532  nm)  and  Stokes 
(A2  =  591  nm)  beams  which  are  far  from  the  A2X+-X2n 
electronic  resonance  of  NO.  The  frequency  difference 
between  these  two  beams  is  tuned  to  a  Q-branch  Raman 
resonance  in  the  v"  =  0  — >  v"  =  1  vibrational  transition  of 
the  X2n  electronic  level  of  NO.  The  Raman  polarization 
created  in  the  medium  is  then  probed  using  an  ultraviolet 
(UV)  probe  beam  (23  =  236  nm).  The  wavelength  of  the 
UV  beam  is  selected  to  be  at  or  near  electronic  resonance 
with  rotational  transitions  in  the  v"  =  1  — ►  v'  =  0  vibra¬ 
tional  band  of  the  A2Z+-X2n  electronic  transition  of 
NO.  The  ERE-CARS  signal  generated  at  226  nm  is  thus 
in  resonance  with  rotational  transitions  in  the 
v'  =  0  — >  v"  =  0  band  of  the  same  electronic  transition. 
Consequently,  a  dramatic  increase  in  the  ERE-CARS  sig¬ 
nal  occurs  because  of  electronic  resonance  enhancement. 
Our  ERE-CARS  approach  differs  from  previous  such 
methods  owing  to  the  wide  separation  maintained  between 
the  wavelengths  of  the  pump  and  probe  beams  [21]. 

The  experimental  apparatus  used  for  our  pressure-scal¬ 
ing  studies  of  the  NO  ERE-CARS  signal  is  shown  in 
Fig.  2.  The  pump  beam  at  X\  =  532  nm  is  the  second-har¬ 
monic  output  of  an  injection-seeded,  Q-switched  Nd:YAG 
laser  (Spectra-Physics  Model  Quanta  Ray  PRO  290-10) 
with  a  repetition  rate  of  10  Hz  and  a  pulse  width  of  approx¬ 
imately  8  ns  (FWHM).  This  Nd:YAG  laser  is  equipped 
with  active-feedback-control  systems  to  obtain  both  excel¬ 
lent  pointing  stability  (BeamLok)  and  minimum  divergence 
(D-Lok)  of  the  output  laser  beams.  Approximately  250  mJ 
of  the  532-nm  output  from  the  same  Nd:YAG  laser  is  used 
to  pump  a  tunable,  narrow-band  dye  laser  (Continuum 
Model  ND  6000).  This  dye  laser  is  operated  using  LDS 
698  laser  dye.  The  output  wavelength  of  the  dye  laser  is 
approximately  704  nm,  and  the  pulse  energy  is  approxi¬ 
mately  20  mJ.  LDS  698  is  a  very  stable  laser  dye  and  the 
spatial  mode  of  the  dye  laser  beam  is  near-Gaussian.  The 
704-nm  laser  radiation  is  subsequently  sum-frequency 
mixed  with  approximately  25  mJ  of  the  355-nm,  third-har¬ 
monic  output  of  the  same  injection-seeded  Nd:YAG  laser 
to  generate  UV  radiation  at  236  nm.  A  beta-barium  borate 
(P-BBO)  crystal  mounted  inside  an  Inrad  Autotracker  III  is 
used  for  sum-frequency  generation  (SFG).  Employing  this 
scheme,  we  can  obtain  tunable,  236-nm  UV  radiation  with 
excellent  spatial  mode  structure  and  with  pulse  energies  up 
to  4  mJ.  This  236-nm  beam  acts  as  the  probe  beam  for  the 
NO  ERE-CARS  process. 

The  second-harmonic  output  of  an  unseeded  Nd:YAG 
laser  (Continuum  Model  Powerlite  Precision  II  9010)  is 
used  to  pump  a  second  tunable,  narrow-band  dye  laser 
(Lumonics  Model  SpectrumMaster)  containing  Rhoda- 
mine  610  laser  dye.  The  591-nm  output  beam  from  this  sec¬ 
ond  dye  laser  is  the  Stokes  beam.  The  two  Nd:YAG  pump 
lasers  are  synchronized  electronically  so  that  all  three 
pulses  overlap  within  1  ns  at  the  probe  volume.  A  half- 
waveplate/polarizer  combination  was  included  in  each  of 
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Fig.  2.  NO  ERE-CARS  experimental  apparatus. 


the  three  ERE-CARS  beam  paths  so  that  pulse  energies 
can  be  controlled  and  specific  polarizations  maintained 
for  each  beam.  Two  telescopes  were  placed  in  the  Stokes 
and  UV  probe  beams,  respectively  (not  shown  in  Fig.  2 
for  clarity),  so  that,  by  adjusting  the  lens  separation,  the 
focal  planes  of  all  three  beams  could  be  made  to  overlap 
at  the  ERE-CARS  probe  volume.  Phase-matching  was 
achieved  by  using  the  usual  three-dimensional  folded  BOX¬ 
CARS  geometry. 

The  three  ERE-CARS  beams  were  focused  into  the 
probe  volume  using  a  50-mm  diameter,  500-mm  focal- 
length,  UV-grade  fused  silica  lens.  The  diameters  at  the 
overlap  region  of  the  three  beams  were  approximately 
200  jim.  The  beams  were  crossed  about  25  mm  away  from 
the  focal  plane  and  the  effective  interaction  length  was  mea¬ 
sured  to  be  approximately  6  mm.  We  selected  the  length  for 
the  probe  volume  so  that  we  could  generate  significant 
ERE-CARS  signals  while  maintaining  reasonable  spatial 
resolution  and  avoiding  significant  saturation  of  the 
Raman  and  electronic  transitions.  If  required,  better  spatial 
resolution  could  be  achieved  by  crossing  the  laser  beams 
much  closer  to  their  focal  plane. 

A  gas  cell  containing  a  300-ppm  mixture  of  NO  in  N2  buf¬ 
fer  gas  was  positioned  at  the  probe  volume.  The  ERE- 
CARS  signal  beam  was  recollimated  using  an  additional 
50-mm  diameter,  500-mm  focal-length  lens.  The  polariza¬ 
tions  of  the  three  incoming  beams  were  arranged  such  that 
the  non-resonant  four- wave-mixing  signal  could  be  sup¬ 
pressed  using  a  polarizer  placed  along  the  signal  beam. 
The  polarization  technique  used  to  suppress  the  non-reso¬ 
nant  background  is  described  in  a  previous  publication 
[21].  Scattered  UV  probe  radiation  within  the  ERE-CARS 
channel  was  blocked  using  four  45°,  Nd:YAG  fifth-har¬ 
monic  laser  mirrors  placed  at  normal  incidence  to  the  beam 
[21].  The  signal  was  transmitted  through  a  1-m  spectrometer 
and  detected  using  a  solar-blind  photomultiplier  tube 
(PMT)  connected  to  a  digital  oscilloscope  and  a  personal 
computer. 


3.  Results  and  discussion 

Pressure-scaling  of  the  NO  ERE-CARS  signal  was 
investigated  at  room  temperature.  Spectra  were  recorded 
by  scanning  the  Stokes  wavelength  while  fixing  the  UV 
wavelength  so  that  we  could  precisely  account  for  fluores¬ 
cence  interferences  in  the  signal  channel  [22].  The  pressure 
dependence  of  the  ERE-CARS  signal  was  studied  for  two 
different  sets  of  laser-pulse  energies.  For  the  low-energy 
case,  the  pulse  energies  were  5  mJ,  5  mJ,  and  0.25  mJ  for 
the  pump,  Stokes,  and  UV  probe  beams,  respectively. 
For  the  high-energy  case,  the  pulse  energies  were  12.5  mJ, 
11.5mJ,  and  0.6  mJ  for  the  above  three  beams,  respec¬ 
tively.  The  pulse  energies  for  the  low-energy  case  were  cho¬ 
sen  so  that  we  obtained  signals  with  signal-to-noise  ratios 
greater  than  10  for  all  pressures.  The  pulse  energies  for 
the  high-energy  case  were  approximately  twice  those  of 
the  low-energy  case.  Spectra  were  recorded  using  a  gas  cell 
filled  with  300  ppm  NO  in  N2  buffer  gas  for  a  range  of  pres¬ 
sures  varying  from  0.1  to  8  bar. 

The  ERE-CARS  probe  volume  was  located  160  mm  in 
front  of  the  exit  window  of  the  gas  cell  to  ensure  that  the 
spot  sizes  of  the  beams  at  the  exit  plane  would  be  large 
enough  to  prevent  window  damage.  As  a  result,  significant 
absorption  of  the  ERE-CARS  signal  occurs  within  the  gas 
cell.  The  theoretical  absorption  was  calculated  at  the  wave¬ 
length  of  the  ERE-CARS  signal  for  each  pressure,  using  a 
computer  code  [28]  incorporating  spectroscopic  parameters 
from  LIFBASE  [29].  From  such  calculations,  all  NO  ERE- 
CARS  signals  were  corrected  for  absorption  in  the  cell. 

The  ERE-CARS  signals  are  plotted  in  Fig.  3  after 
subtracting  constant  LIF  background  interferences.  The 
spectra  recorded  for  the  low-energy  case  are  shown  in  pan¬ 
els  a-h  of  Fig.  3.  Similarly,  the  spectra  recorded  for  the 
high-energy  case  are  shown  in  panels  i-p.  Panels  a-j,  and 
also  i-p,  are  scaled  by  the  factors  shown  so  that  all  plots 
employ  the  same  ordinate.  The  spectral  line  of  Fig.  3  is  a 
blend  of  the  Raman  transitions  gn(  1.5),  gn(2.5), 
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Fig.  3.  Theoretical  and  experimental  ERE-CARS  spectra  for  different  pressures  at  room  temperature.  The  spectra  shown  in  panels  a-h  are  recorded  using 
low  pulse  energies,  while  the  spectra  in  panels  i-p  are  recorded  using  high  pulse  energies.  Experimental  spectra  are  shown  by  dotted  lines,  while  the 
theoretical  spectra  are  shown  by  solid  lines. 


gn(3.5)  and  gn(4.5)  at  Raman  shifts  of  1876.03,  1875.95, 
1875.82  and  1875.66  cm-1,  respectively.  The  UV  probe 
is  electronically  resonant  with  Qn(1.5),  gn(2.5)  and 
gn(3.5)  lines  at  frequencies  44197.94,  44197.52  and 
44197.72  cm-1,  respectively. 

The  ERE-CARS  spectra  have  been  modeled  using  a 
perturbative  (low  laser  irradiance)  analysis.  The  Sandia 
CARSFT  code  [30]  was  modified  for  simulation  of  the 
ERE-CARS  spectra,  with  NO  spectral  data  obtained 
from  LIFBASE  [29]  and  from  previous  high-resolution 
CARS  measurements  [14,16].  In  particular,  the  ERE- 
CARS  code  was  employed  to  model  spectra  for  both 


the  UV  probe  and  Stokes  scans.  The  ERE-CARS  code, 
at  this  stage  of  development,  does  not  include  a  rigorous 
treatment  of  saturation,  which  is  a  very  important  effect 
in  our  measurements,  especially  below  atmospheric-pres¬ 
sure.  The  effects  of  saturation  are  modeled  by  performing 
calculations  with  variable  UV  probe-frequency  widths. 
For  the  pressure-scaling  experiments,  good  agreement 
was  obtained  between  theory  and  experiment  in  terms 
of  both  the  spectral  shape  and  intensity  of  the  ERE- 
CARS  signal.  For  calculating  theoretical  ERE-CARS 
spectra,  we  used  a  UV  probe-frequency  width,  A co3, 
described  by 
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Ao>3  =  Ao»30  ^1  +  I  (!) 

where  the  UV  probe-frequency  width,  Aco30  =  0.2  cm-1, 
when  the  UV  pulse  energy  Eh  (in  mJ)  is  significantly  smal¬ 
ler  than  the  saturation  UV  pulse  energy,  Esat  (in  mJ).  The 
saturation  UV  pulse  energy  can  be  taken  as  directly  pro¬ 
portional  to  the  total  pressure,  P  (in  bars),  and  thus  can 
be  written  as 

£sat  =  PP,  (2) 

where  /?  is  a  suitable  constant  of  proportionality  (mJ/bar). 
Hence,  Eq.  (1)  can  be  written  as 


Aco3  =  Aoj30 


(3) 


The  value  of  /?  =  0.25  mJ/bar  was  used  to  fit  both  the  high- 
and  low-UV-pulse-energy  spectra.  Minor  variations  in  /?  do 
not  have  significant  effects  on  the  shape  of  the  spectral 
lines.  The  theoretical  spectra  calculated  using  UV  probe- 
frequency  widths  given  by  Eq.  (3)  over  a  range  of  pressures 
from  0.1  to  8  bar  are  shown  by  the  solid  lines  in  Fig.  3  for 
the  low-  and  high-energy  cases.  The  theoretical  line  shapes 
calculated  using  this  approach  agree  very  well  with  those 
obtained  experimentally  for  both  the  high-  and  low-energy 
cases.  The  assumption  of  a  broadened  UV  probe  linewidth 
yields  the  correct  pressure  dependence  for  the  ERE-CARS 
spectra  and  signal  levels  between  pressures  of  0.1  and  8  bar. 
However,  the  effects  of  significantly  larger  UV  probe  line- 
widths  used  at  lower  pressures  are  seen  clearly  in  the  theo¬ 
retical  spectrum  shown  in  Fig.  3p.  The  structure  in  this 
spectrum  results  from  the  increased  resonance  enhance¬ 
ment  for  higher-/  Raman  transitions  due  to  the  large  UV 
probe  linewidth  calculated  using  Eq.  (3). 

The  background-corrected  ERE-CARS  signal  was  inte¬ 
grated  between  Raman  shifts  of  1874-1878  cm-1  for  each 
pressure.  The  square  root  of  the  integrated  ERE-CARS 
signal  is  plotted  as  a  function  of  pressure  in  Fig.  4  for 


the  two  different  laser-energy  cases  described  earlier.  The 
spectral  scans  were  repeated  at  pressures  of  0.5,  2,  5,  and 
8  bar  for  the  high-energy  case  to  verify  repeatability  of 
our  experiments.  The  integrated  ERE-CARS  signal  is 
repeatable  to  within  5%  for  all  of  the  repeated  spectra.  In 
each  case,  the  theoretical  pressure-dependence  curve  is 
obtained  by  integrating  the  theoretical  spectra  for  the  same 
Raman-shift  range  and  is  scaled  at  1  bar  to  obtain  a  good 
fit  with  the  experiments. 

The  square  root  of  the  ERE-CARS  signal  increases  very 
rapidly  with  pressure  up  to  2  bar  and  remains  nearly  con¬ 
stant  for  2-8  bar.  The  rapid  increase  in  ERE-CARS  signal 
with  pressure  up  to  2  bar  is  a  result  of  the  dependence  of 
the  ERE-CARS  signal  on  the  square  of  the  NO  number 
density  and  of  the  decrease  in  the  extent  of  saturation  of 
the  Raman  and  UV  probe  transitions  as  the  pressure  rises. 
A  minor  drop  in  signal  is  observed  as  the  pressure  increases 
above  3  bar,  both  in  theory  and  experiment.  This  behavior 
arises  from  broadening  of  the  UV  probe  transition  as  pres¬ 
sure  increases,  resulting  in  a  reduction  in  the  effective  elec¬ 
tronic  resonance  enhancement.  Consequently,  in  contrast 
to  regular  N2  CARS  [7],  no  significant  enhancement  is 
observed  in  the  ERE-CARS  signal  for  our  NO  experiments 
owing  to  collisional  narrowing  with  rising  pressure. 

In  contrast  to  ERE-CARS,  laser-induced  fluorescence 
(LIF)  manifests  a  significant  decrease  in  signal  with 
increasing  pressure  as  the  pressure  rises  from  0.1  to  2  bar. 
In  contrast  to  ERE-CARS,  the  reduction  in  signal  arises 
mostly  from  broadening  of  the  UV  pump  transition 
[24,25].  The  LIF  signal  and  the  ERE-CARS  signal  are 
compared  as  functions  of  pressure  in  Fig.  5.  The  two  sig¬ 
nals  are  normalized  to  a  value  of  unity  at  1  bar  for  easy 
comparison.  LIF  signals  were  calculated  on  a  per-molecule 
basis  at  each  pressure  using  the  spectroscopic  package  LIF- 
SIM  [31].  These  signals  were  then  multiplied  by  the  corre¬ 
sponding  pressure  to  account  for  the  linear  rise  in  number 
density  with  increasing  pressure.  Above  2  bar,  the  LIF  sig¬ 
nal  is  nearly  constant  as  a  function  of  pressure,  similar  to 


Fig.  4.  Integrated  ERE-CARS  signal  as  a  function  of  pressure.  The  squares 
and  the  line  passing  through  them  are  for  the  high-energy  case  while  the 
circles  and  the  line  passing  through  them  are  for  the  low-energy  case,  as 
described  in  the  text.  Theoretical  line  shapes  are  calculated  by  integrating 
theoretical  spectra  for  the  same  Raman-shift  range,  1874-1878  cm-1. 


Fig.  5.  ERE-CARS  signal  for  the  high-energy  case  (solid  line)  and  LIF 
signal  (dotted  line)  for  the  same  conditions,  as  a  function  of  pressure.  The 
two  signals  are  normalized  to  a  value  of  unity  at  1  bar  for  easy 
comparison.  The  experimental  ERE-CARS  data  points  are  shown  by 
open  circles  and  the  repeated  data  points  are  shown  by  solid  circles. 
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the  behavior  of  the  ERE-CARS  signal.  We  should  note 
that,  in  the  presence  of  collision  partners  such  as  02  and 
C02,  the  actual  LIF  signal  would  be  much  lower  than  with 
N2  as  a  collision  partner.  In  contrast,  the  ERE-CARS  sig¬ 
nal  would  remain  nearly  unaffected  by  any  changes  in  elec¬ 
tronic  quenching  [23]. 

4.  Conclusions  and  future  work 

In  summary,  we  have  investigated  pressure-scaling  of 
the  ERE-CARS  signal  for  NO  up  to  8  bar.  The  ERE- 
CARS  signal  rises  rapidly  with  increasing  pressure  up  to 
2  bar  and  remains  nearly  constant  thereafter.  Excellent 
agreement  was  obtained  between  theoretical  and  experi¬ 
mental  pressure-scaling  behavior  for  the  ERE-CARS  sig¬ 
nal  of  NO.  Saturation  effects  were  modeled  using  the 
modified  SANDIA  CARSFT  code  by  incorporating  a  sys¬ 
tematic  variation  of  the  UV-laser  linewidth. 

We  have  previously  developed  a  computer  code  based 
on  direct  numerical  integration  of  the  time-dependent  den¬ 
sity-matrix  equations  to  model  the  ERE-CARS  process 
[10].  The  density-matrix  approach  allows  us  to  account 
for  saturation  effects  in  a  rigorous  manner.  At  present, 
we  are  using  this  code  to  model  NO  ERE-CARS  spectra 
with  various  levels  of  saturation;  the  results  will  be  dis¬ 
cussed  in  a  future  publication. 
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We  report  an  investigation  of  two-color  six-wave-mixing  spectroscopy  techniques  using  picosecond  lasers 
for  the  detection  of  atomic  hydrogen  in  an  atmospheric-pressure  hydrogen-air  flame.  An  ultraviolet  laser 
at  243  nm  was  two-photon-resonant  with  the  2S1/2  <— <—  1  *S1/2  transition,  and  a  visible  probe  laser  at 
656  nm  was  resonant  with  Ha  transitions  (n  =  3  <—  n  =  2).  The  signal  dependence  on  the  polarization  of 
the  pump  laser  was  investigated  for  a  two-beam  polarization-spectroscopy  experimental  configuration 
and  for  a  four-beam  grating  configuration.  A  direct  comparison  of  the  absolute  signal  and  background 
levels  in  the  two  experimental  geometries  demonstrated  a  significant  advantage  to  using  the  four-beam 
grating  geometry  over  the  simpler  two-beam  configuration.  Picosecond  laser  pulses  provided  sufficient 
time  resolution  to  investigate  hydrogen  collisions  in  the  atmospheric-pressure  flame.  Time-resolved 
two-color  laser-induced  fluorescence  was  used  to  measure  an  n  =  2  population  lifetime  of  110  ps,  and 
time-resolved  two-color  six- wave-mixing  spectroscopy  was  used  to  measure  a  coherence  lifetime  of  76  ps. 
Based  on  the  collisional  time  scale,  we  expect  that  the  six-wave-mixing  signal  dependence  on  collisions 
is  significantly  reduced  with  picosecond  laser  pulses  when  compared  to  laser  pulse  durations  on  the 
nanosecond  time  scale.  ©  2007  Optical  Society  of  America 

OCIS  codes:  300.6420,  300.6500,  020.1670,  020.2070,  280.1740. 


1.  Introduction 

Atomic  hydrogen  is  an  important  species  in  reacting 
flows  because  of  its  high  reactivity  and  diffusivity. 
For  example,  in  low-pressure  diamond-synthesis  en¬ 
vironments,  hydrogen  atoms  play  a  significant  role  in 
determining  the  growth  rate  and  quality  of  the  dia¬ 
mond  film  [1];  in  nonpremixed  flames  interacting 
with  vortices,  the  time  evolution  of  the  hydrogen 
atom  concentration  closely  follows  that  of  the  heat 
release  during  the  interaction  and  therefore,  will  re¬ 
veal  information  concerning  the  heat-release  rate 
during  the  interaction  processes  [2].  Moreover,  hy¬ 
drogen  atoms  may  play  an  important  role  in  the 
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formation  of  soot  in  hydrocarbon  combustion  [3]. 
Therefore  the  measurement  of  atomic-hydrogen  con¬ 
centration  in  flames  is  of  fundamental  importance  in 
understanding  the  relevant  chemical,  heat,  and  mass 
transfer  processes. 

Laser-induced  fluorescence  (LIF)  is  the  most  com¬ 
monly  used  technique  for  detecting  atomic  hydrogen 
in  reacting  flows.  Single-photon  excitation  of  hydro¬ 
gen  atoms  from  the  ground  state  is  not  possible  in 
practical  reacting  flows  because  the  excitation  wave¬ 
lengths  lie  in  the  vacuum  UV  where  the  medium  is 
optically  thick.  Multiphoton  excitation  schemes  obvi¬ 
ate  this  problem  by  shifting  the  excitation  wave¬ 
lengths  to  the  UV  or  visible  spectral  regions.  Various 
multiphoton  LIF  schemes  have  been  employed  for 
detection  of  the  hydrogen  atom  in  reacting  flows  [1,3— 
10] .  Czarnetzki  et  al.  [10]  compared  different  schemes 
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employing  multiphoton  excitation  to  the  n  =  3  and 
n  =  4  levels  and  subsequent  detection  of  the  Balmer- 
line  fluorescence. 

Coherent  techniques  also  have  been  used  for  the 
detection  of  atomic  hydrogen  in  flames  and  plasmas. 
Demonstrated  techniques  include  two-photon  polar¬ 
ization  spectroscopy  [11-14],  two-photon-resonant 
four-wave-mixing  spectroscopy  [15],  two-color  laser- 
induced  grating  spectroscopy  [16],  and  two-color,  two- 
photon  laser-induced  polarization  spectroscopy  [17]. 
All  these  techniques  rely  on  two-photon-resonant 
four-wave-mixing  [11-15]  or  six-wave-mixing  [16,17] 
processes,  which  generate  a  signal  via  the  third-order 
nonlinear  susceptibility,  x(3),  or  the  fifth-order  nonlin¬ 
ear  susceptibility,  x(5)>  respectively.  In  all  these  ex¬ 
periments,  the  wave-mixing  signals  were  detected 
either  in  a  two-beam,  laser-induced  polarization  spec¬ 
troscopy  (PS)  configuration  [11-14,17]  or  in  a  four- 
beam  grating  configuration,  which  requires  phase 
matching  [15,16]. 

Proponents  of  the  coherent  techniques  have  indi¬ 
cated  that  these  approaches  have  the  potential  to  be 
more  quantitative  than  LIF  because  the  signals  de¬ 
pend  only  on  the  total  dephasing  rate  of  a  transition 
rather  than  on  specific  population  relaxation  pro¬ 
cesses  such  as  collisional  quenching,  which  can  de¬ 
pend  strongly  on  the  particular  colliding  species  and 
not  just  on  the  total  density  of  colliders  [14,15].  An 
additional  advantage  of  the  coherent  technique  lies  in 
the  fact  that  the  signal  propagates  as  a  laserlike 
beam.  This  characteristic  enables  extremely  effective 
spatial  discrimination  against  the  background  flame 
emission  and  enables  measurements  on  systems 
where  limited  optical  access  precludes  the  implemen¬ 
tation  of  a  fluorescence-based  diagnostic. 

Among  the  coherent  techniques,  the  PS  configura¬ 
tion  is  the  easiest  to  implement,  requiring  a  single 
pump  and  a  single  probe  beam,  which  are  crossed  in 
the  sample.  In  this  two-beam  configuration,  the  non¬ 
linear  interaction  generates  an  electric  field  compo¬ 
nent  that  is  orthogonal  to  the  probe  beam  polarization 
and  propagates  collinearly  with  the  probe  beam.  This 
component  is  selectively  detected  as  the  signal  by  us¬ 
ing  a  polarization  analyzer.  With  the  exception  of  the 
recent  work  by  Kulatilaka  et  al.  [17],  all  previous  mea¬ 
surements  of  atomic  hydrogen  employing  the  PS  con¬ 
figuration  used  the  same  laser  wavelength  for  the 
pump  and  probe  beams  [11-14].  The  lasers  were  two- 
photon-resonant  with  the  2S1/2  <— <—  LS1/2  transition. 
These  single-color  PS  experiments  generate  signals 
via  X(3),  but  compared  to  resonant  four-wave-mixing 
spectroscopy,  the  nonlinear  interaction  is  weaker  be¬ 
cause  of  the  low  oscillator  strength  of  the  two-photon 
transition. 

Kulatilaka  et  al.  [17]  detected  atomic  hydrogen  us¬ 
ing  two-color  PS  (TC-PS).  As  in  the  single-color  PS 
experiments,  a  pump  beam  excites  2S1/2  1 S1/2 

via  two-photon-resonant  absorption,  but  in  this  case 
the  probe  laser  resonantly  couples  the  n  =  2  and 
n  =  4  levels,  generating  the  signal  at  486  nm  via  x(5)- 
The  single-photon-resonant  probe  step  benefits  from 
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the  high  oscillator  strength  of  the  transition.  Be¬ 
cause  this  is  a  two-color  technique,  the  background 
from  scattered  243  nm  pump  photons  is  efficiently 
suppressed  by  placing  a  spectral  filter  in  front  of  the 
detector. 

More  generally  in  these  coherent  wave-mixing 
techniques,  the  grating  or  phase-matched  geometry 
can  be  used  [15,16].  In  this  configuration,  the  pump 
laser  is  split  into  two  beams  of  nominally  equal  in¬ 
tensity.  The  two  pump  beams  and  the  probe  beam  are 
crossed  in  the  sample.  The  crossed  beams  produce  a 
spatially  varying  coherence,  which  generates  the  sig¬ 
nal  beam  in  the  phase-matched  direction  [15,16].  Be¬ 
cause  the  detected  polarization  is  not  constrained 
to  be  orthogonal  to  the  probe  polarization,  as  it  is  for 
the  PS  configuration,  it  is  possible  to  detect  signals 
generated  by  scattering  the  probe  beam  off  pump- 
induced  population  gratings.  In  contrast,  the  PS  con¬ 
figuration  relies  on  pump-induced  optical  anisotropy 
to  rotate  the  probe  polarization.  We  expect  that  opti¬ 
cal  anisotropy  is  relatively  weak  in  comparison  with 
the  total  population  that  can  be  excited  to  n  =  2,  and 
we  speculated  that  it  would  be  possible  to  generate 
signals  larger  than  those  in  the  PS  configuration  by 
scattering  off  population  gratings.  Accordingly,  one 
goal  of  the  current  work  is  to  compare  directly  the 
maximum  signal  levels  that  can  be  generated  in  the 
two-beam  and  the  four-beam  configurations  under 
identical  conditions. 

Additional  goals  of  the  current  work  are  to  in¬ 
vestigate  the  use  of  picosecond  lasers  for  TC-6WM 
detection  of  atomic  hydrogen  in  an  atmospheric- 
pressure  flame  and  to  characterize  the  collisional 
time  scales  relevant  to  this  application.  These  goals 
are  motivated  by  the  assumption  that  the  sensitivity 
of  the  technique  to  variations  in  the  collisional  envi¬ 
ronment  can  be  significantly  reduced  by  shortening 
the  time  scale  of  the  wave-mixing  process  so  that  it  is 
shorter  than  that  of  characteristic  collision  times. 
This  assumption  extrapolates  from  the  results  of  ear¬ 
lier  studies  of  the  collisional  dependence  of  single¬ 
photon-resonant  PS  [18].  In  the  theoretical  and 
experimental  efforts  of  Reichardt  et  al.  [18],  it  was 
shown  that  for  a  resonance  that  is  primarily  Doppler 
broadened,  the  PS  signal  for  copropagating  pump  and 
probe  beams  scales  as  (yT)-2  for  a  long-pulse  laser, 
where  y  is  the  coherence  dephasing  rate,  and  T  is  the 
inverse  of  the  excited-state  lifetime.  The  authors 
demonstrated  that  the  collisional  dependence  can  be 
significantly  reduced  by  using  laser  pulses  with  a 
pulse  width  shorter  than  the  characteristic  collision 
times.  In  this  case,  the  PS  signal  scales  as  y_1.  Fur¬ 
thermore,  for  a  saturating  pump  beam,  the  short- 
pulse  PS  signal  is  found  to  be  nearly  independent  of 
the  collision  rate  [18,19]. 

In  the  current  work,  we  used  TC-LIF  and  TC  six- 
wave-mixing  spectroscopy  (TC-6WM)  techniques  to 
detect  atomic  hydrogen  in  an  atmospheric-pressure 
hydrogen-air  flame.  We  used  picosecond  lasers  to 
provide  sufficient  time  resolution  to  characterize  the 
collisional  time  scales  in  the  flame.  The  objectives  of 


323 


this  experiment  were  (1)  to  characterize  the  polariza¬ 
tion  dependence  of  TC-6WM  signals  in  the  two-beam 
TC-PS  configuration  [17]  and  in  the  four-beam  grat¬ 
ing  configuration  [16];  (2)  to  compare  directly  the 
signals  produced  in  the  two  experimental  configura¬ 
tions;  and  (3)  to  measure  the  n  =  2  population  life¬ 
time  using  time-resolved  TC-LIF  and  the  n  =  2 
coherence  lifetime  using  time-resolved  TC-6WM. 

2.  Experimental  Procedure 

Hydrogen  atoms  were  probed  in  the  postflame  re¬ 
gion  of  an  atmospheric-pressure,  hydrogen-air  flame, 
which  was  stabilized  on  a  rectangular  Hencken 
burner,  similar  to  that  detailed  in  Ref.  17.  The  flame 
equivalence  ratio  was  set  to  1.1  for  all  the  experi¬ 
ments.  For  a  hydrogen-air  flame  of  equivalence  ratio 
1.1  stabilized  over  the  Hencken  burner,  the  esti¬ 
mated  flame  temperature  is  2400  K  and  the  H-atom 
mole  fraction  is  0.003,  both  calculated  using  the 
UNICORN  code  taking  into  account  the  geometry  of 
the  burner  [17].  The  corresponding  H-atom  number 
density  is  9.1  X  1015  cm-3.  For  most  experiments, 
however,  we  used  additional  nitrogen  dilution  to 
prevent  the  burner  surface  from  overheating.  At 
this  condition,  equilibrium  calculations  [20]  predict 
a  flame  temperature  of  2190  K  and  an  H-atom  num¬ 
ber  density  of  2.7  X  1015  cm-3. 

An  energy  level  diagram  for  hydrogen  is  shown  in 
Fig.  1,  and  the  pump  and  probe  transitions  used  in 
the  current  experiment  are  indicated  by  arrows.  A 
picosecond  pump  laser  was  used  to  excite  hydrogen 
atoms  via  the  2 S1/2  <— <—  lS1/2  two-photon  transition 
at  243  nm.  A  time-delayed  picosecond  probe  laser, 
tuned  to  single-photon  Ha  transitions  (n  =  3  <—  n 
=  2)  at  656  nm,  was  used  to  probe  the  evolution  of 
the  excited  atoms  in  the  n  =  2  manifold  of  states.  The 
probe  laser  effectively  drives  all  electric-dipole- 
allowed  transitions  that  couple  n  =  2  states  to  n  =  3 
states  because  the  Doppler  broadening  in  the  flame 
(approximately  0.5  cm-1  at  656  nm)  and  the  laser 
linewidth  are  sufficiently  large  that  the  2S-2P  split¬ 
ting  and  fine  structure  are  unresolved. 

The  experimental  system,  shown  in  Fig.  2,  was 
designed  to  allow  simultaneous  detection  of  TC-LIF 
and  TC-6WM  signals  in  either  the  TC-PS  or  the 
phase-matched  configuration.  The  pump  and  probe 
laser  pulses  were  produced  with  two  independently 
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Fig.  1.  Energy  level  diagram. 


Fig.  2.  Experimental  arrangement:  A./2,  half-wave  plate;  P, 
a-BBO  polarizer;  BS,  beam  splitter;  ND,  neutral- density  filter;  L, 
lens;  WP:  half-  or  quarter-wave  plate;  M,  kinetically  mounted  mir¬ 
ror;  Ap,  aperture;  IF,  656  nm  interference  filter;  Mono,  monochro¬ 
mator. 


pumped  distributed-feedback  dye  lasers  (DFDLs) 
similar  to  the  design  described  in  Ref.  21.  The  relative 
delay  between  the  pump  and  the  probe  pulses  was 
electronically  controlled  with  a  resolution  of  20  ps. 
The  UV  pump  laser  pulses  were  produced  by  fre¬ 
quency  tripling  in  (3-barium  borate  (BBO)  crystals 
the  output  of  an  amplified  DFDL  operating  at  729.40 
nm.  The  fundamental  output  of  the  second  amplified 
DFDL,  tuned  to  656.46  nm,  was  used  as  the  probe 
laser.  We  estimate  that  the  pump  and  probe  pulse 
widths  were  of  the  order  of  45  and  75  ps,  respectively. 

The  UV  beam  was  formed  into  two  pump  beams 
(Pul  and  Pu2)  of  approximately  equal  intensity  using 
a  dielectric  beam  splitter.  The  two  beams  were 
crossed  with  a  full  angle  of  2°  in  the  postflame  region 
of  the  flame.  The  combination  of  a  half-wave  plate 
and  a  polarizer  was  used  to  control  the  energy  of  each 
pump  beam.  Pump  beam  energies  were  monitored 
using  pyroelectric  joulemeters,  and  the  pulse  energy 
in  each  beam  was  typically  5-10  pJ.  A  500  mm  focal 
length  lens  in  each  beam  focused  the  beams  to  their 
intersection,  and  an  optical  delay  line  in  one  of  the 
UV  beam  paths  enabled  the  optimization  of  the  tem¬ 
poral  overlap  of  the  two  pump  pulses  at  the  flame. 
Quarter-  and  half-wave  plates  were  used  to  set  the 
polarization  state  of  each  beam  independently. 

The  visible  probe  beam  propagated  in  the  same 
horizontal  plane  as  the  two  pump  beams  and  was 
focused  to  their  intersection  using  a  750  mm  focal 
length  lens.  The  pulse  energy  was  adjusted  using  the 
combination  of  a  half-wave  plate  and  a  polarizer. 
When  necessary,  the  pulse  energy  was  further  atten¬ 
uated  using  neutral-density  filters.  Typically,  the 
probe  pulse  energy  was  reduced  to  approximately 
50  nJ.  The  probe  beam  path  was  separated  by  ap¬ 
proximately  5°  from  the  plane  bisecting  the  two  pump 
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beams.  According  to  the  6WM  phase-matching  con¬ 
dition  [16] ,  the  656  nm  signal  beam  emerged  from  the 
flame  separated  from  the  probe  beam  with  a  full  an¬ 
gle  of  approximately  10°.  A  300  mm  focal  length  lens 
focused  the  signal  beam  through  a  500  jxm  aperture 
to  reduce  scattered  light.  The  signal  beam  subse¬ 
quently  passed  through  a  Ha  interference  filter  and 
neutral-density  filters  before  detection  by  a  photo¬ 
multiplier  tube  (PMT).  The  photocurrent  was  inte¬ 
grated  by  using  a  charge-integrating  amplifier  and 
digitized. 

The  probe  was  linearly  polarized  by  an  a-BBO  po¬ 
larizer  placed  prior  to  the  flame.  A  crossed  analyzer 
was  placed  in  the  probe  beam  after  the  flame  so  that 
the  TC-PS  signal  could  be  detected.  The  measured 
extinction  ratio  was  better  than  1(T7.  For  detection  of 
the  TC-PS  signal,  one  of  the  pump  beams  was 
blocked,  ensuring  that  the  four  pump  photons  re¬ 
quired  for  the  6WM  process  originated  from  the  same 
beam.  A  kinetically  mounted  mirror  (see  Fig.  2)  de¬ 
flected  the  TC-PS  signal  beam  to  the  PMT. 

The  TC-LIF  signal  at  656  nm  was  collected  normal 
to  the  pump  beam  direction  using  an  f/ 3  achromatic 
doublet.  A  second  doublet  focused  the  fluorescence  to 
the  entrance  slit  of  a  1/8  m  monochromator,  which 
served  as  a  spectral  filter.  Additionally,  a  Ha  inter¬ 
ference  filter  was  placed  between  the  two  lenses  for 
additional  background  rejection.  The  fluorescence 
was  detected  by  a  PMT,  and  the  output  of  this  PMT 
was  processed  in  the  same  way  as  that  of  the  TC- 
6WM  detector. 


3.  Results  and  Discussion 

The  dependences  of  the  TC-PS  and  TC-LIF  signals  on 
the  polarization  of  the  pump  beam  were  investigated 
in  the  two-beam  experimental  configuration.  The 
probe  beam  was  always  vertically  polarized,  and  the 
signal  was  detected  as  the  horizontal  polarization 
component  propagating  in  the  probe  beam  direction. 
In  the  first  experiment,  the  polarization  of  the  pump 
beam  (Pul)  was  varied  by  rotating  a  zero-order 
quarter-wave  plate  located  after  the  polarizer  in  the 
pump  beam.  When  the  wave-plate  axis  was  oriented 
either  vertically  or  horizontally,  the  pump  polariza¬ 
tion  remained  vertical.  Rotating  the  wave  plate  by 
45°  with  respect  to  the  vertical  direction  produced 
nominally  circular  polarization,  and  other  wave-plate 
orientations  produced  elliptical  polarization.  The 
TC-PS  and  TC-LIF  signals  were  recorded  as  func¬ 
tions  of  the  quarter-wave-plate  orientation  and  are 
shown  in  Fig.  3.  For  the  data  shown  in  Fig.  3,  the 
probe  pulse  energy  was  approximately  6  pJ;  a  similar 
dependence  was  observed  with  a  probe  pulse  energy 
of  approximately  50  nJ,  although  the  signal  fluctua¬ 
tions  were  larger. 

Maximum  values  of  TC-PS  and  TC-LIF  signals 
were  generated  when  the  pump  polarization  was  lin¬ 
ear.  In  the  limit  of  pure  circular  polarization,  two- 
photon  excitation  to  2 S1/2  is  forbidden,  and  both  the 
LIF  and  the  polarization  signals  should  be  zero.  In 
some  measurements,  very  small,  nonzero  signals  were 


Fig.  3.  TC-PS  and  TC-LIF  signals  as  a  function  of  the  rotation  of 
a  quarter-wave  plate  in  the  Pul  beam.  Pul  polarization  is  indi¬ 
cated  along  the  abscissa;  V,  linear  vertical;  C,  circular. 


observed  with  the  quarter-wave  plate  set  to  pro¬ 
duce  circular  polarization,  indicating  that  the  pump 
polarization  actually  was  slightly  elliptical  at  these 
settings.  We  characterized  the  purity  of  the  circular 
polarization  of  the  pump  beam  using  the  procedure 
outlined  in  Ref.  22.  For  this  measurement,  the  axis 
of  the  quarter-wave  plate  was  oriented  45°  to  the 
vertical  direction  to  generate  nominally  circular  po¬ 
larization.  A  second  polarizer,  placed  after  the 
quarter-wave  plate  in  the  pump  beam  path,  was 
rotated  while  monitoring  the  laser  energy  transmit¬ 
ted  through  it.  Using  the  formula  given  in  Ref.  22, 
the  purity  of  the  circular  polarization  was  greater 
than  98%. 

The  authors  of  the  earlier  investigation  of  TC-PS 
detection  of  atomic  hydrogen  indicated  that  their  ex¬ 
perimental  configuration  used  a  circularly  polarized 
pump  beam  [17].  Based  on  our  current  observations, 
we  infer  that  their  signal  was  generated  by  a  slight 
ellipticity  of  the  pump  polarization  owing  to  imper¬ 
fections  in  the  optical  arrangement.  We  expect  that 
significantly  larger  signals  would  have  resulted  if  lin¬ 
ear  pump  polarization  had  been  used  and  that  a  sen¬ 
sitivity  much  higher  than  that  reported  is  possible. 

A  second  experiment  investigated  the  dependence 
of  the  TC-PS  signal  on  the  orientation  of  a  linearly 
polarized  pump  beam.  In  this  case,  the  probe  pulse 
energy  was  approximately  60  nJ,  and  a  zero-order 
half-wave  plate  was  used  to  rotate  the  polarization  of 
Pul.  The  purity  of  the  resulting  linear  polarization 
was  analyzed  and  confirmed  to  better  than  99.95%. 
The  TC-PS  signal  is  plotted  as  a  function  of  the  ro¬ 
tation  of  the  half-wave  plate  in  Fig.  4.  The  half-wave- 
plate  angle,  0,  is  defined  such  that  0°  and  45° 
correspond  to  the  vertical  and  horizontal  pump  po¬ 
larizations,  respectively.  There  is  a  clear  modulation 
of  the  signal  with  0,  and  the  data  are  fit  using  the 
function  y(0)  =  y0  +  a0  sin  40  (solid  curve).  Vertical 
and  horizontal  pump  polarizations  produce  similar 
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Fig.  4.  TC-PS  signal  as  a  function  of  of  the  rotation  of  a  half-wave 
plate  in  the  Pul  beam.  Pul  polarization  is  indicated  along  the 
abscissa;  H,  horizontal;  V,  vertical. 


signals,  and  the  signal  level  increases  or  decreases  by 
approximately  25%  when  the  pump  polarization  is 
±45°  with  respect  to  the  probe  polarization.  At  this 
point,  we  do  not  have  an  explanation  for  this  depen¬ 
dence,  and  we  will  investigate  the  behavior  in  future 
theoretical  development.  In  any  case,  we  do  not  ob¬ 
serve  a  strong  dependence  on  the  angle  between  the 
pump  and  the  probe  polarizations,  and  we  can  assert 
that  the  TC-PS  signal  produced  using  vertically  po¬ 
larized  pump  and  probe  beams  is  representative  to 
within  25%  of  the  maximum  signal  possible  with  the 
two-beam  configuration. 

A  third  experiment  investigated  the  signal  depen¬ 
dence  on  the  polarization  of  the  two  pump  beams  in 
the  four-beam  grating  geometry.  The  population 
grating  created  by  the  two-pump-beam  geometry 
gives  rise  to  a  coherent  signal  separated  from  the 
probe  direction  by  10°.  The  large  spatial  separation 
of  the  probe  and  signal  beams  enables  virtually 
background-free  TC-6WM  signal  detection;  the  mea¬ 
sured  signal-to-background  ratios  were  larger  than 
106.  Half-wave  plates  were  used  to  rotate  the  linear 
polarization  of  each  pump  beam.  We  investigated 
combinations  of  pump-beam  polarizations  that  were 
oriented  at  0°  (vertical),  90°  (horizontal),  or  ±45° 
with  respect  to  the  probe  polarization  (vertical).  The 
probe  pulse  energy  was  approximately  55  nJ. 

We  observed  a  strong  dependence  of  the  TC-6WM 
grating  signal  on  the  angle  between  the  polarizations 
of  the  two  pump  beams,  as  shown  in  Fig.  5.  The 
maximum  signal  was  generated  when  the  pump  po¬ 
larizations  were  orthogonal,  and  the  minimum  signal 
was  observed  for  parallel  pump  polarizations.  The 
corresponding  TC-LIF  signals  are  plotted  in  the  top 
panel  of  Fig.  5.  The  TC-LIF  signal,  which  is  propor¬ 
tional  to  the  density  of  atoms  excited  to  n  =  2,  has 
exactly  the  opposite  dependence  on  the  angle  be¬ 
tween  the  polarizations  of  the  two  pump  beams.  For 
a  fixed  angle  between  the  two  pump-beam  polariza¬ 
tions,  no  systematic  dependence  on  the  angle  between 
the  pump  and  the  probe  polarizations  was  observed  for 
either  the  TC-6WM  signal  or  the  TC-LIF  signal.  For 
example,  the  signals  agreed  to  within  the  experimen¬ 
tal  scatter  when  both  pump  beams  were  polarized  0°, 
90°,  or  45°  with  respect  to  the  probe  polarization. 

Signals  obtained  with  the  TC-PS  configuration 
were  directly  compared  to  the  TC-6WM  signals 
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Fig.  5.  TC-6WM  (four-beam  configuration)  and  TC-LIF  signals  as 
a  function  of  the  angle  between  the  polarization  of  the  two  pump 
beams. 


shown  in  Fig.  5  by  inserting  the  kinetically  mounted 
mirror  in  the  probe  beam  path  (see  Fig.  2)  and  block¬ 
ing  one  of  the  pump  beams.  This  procedure  enabled 
rapid  switching  between  the  two  configurations,  en¬ 
suring  that  the  experimental  conditions  were  the 
same  for  the  two  measurements.  With  both  pump 
beams  and  the  probe  beam  polarized  vertically,  the 
TC-PS  configuration  using  Pul  or  Pu2  (see  Fig.  2) 
produced  a  signal  between  5  and  7  mV.  This  signal 
level  can  be  compared  to  the  peak  signal  of  approxi¬ 
mately  660  mV  obtained  with  orthogonal  pump  po¬ 
larizations  in  the  grating  configuration  of  TC-6WM. 
We  conclude  that  maximum  signal  levels  generated 
in  the  four-beam  grating  geometry  are  approximately 
2  orders  of  magnitude  larger  than  those  generated  in 
the  two-beam  TC-PS  geometry.  Furthermore,  the 
peak  signal-to-background  ratio  for  the  grating  con¬ 
figuration  was  in  excess  of  6  X  106,  compared  to  only 
102  for  the  TC-PS  configuration. 

In  the  previous  nanosecond  TC-PS  experiment 
[17],  it  was  possible  to  detect  H-atom  mole  fractions 
as  low  as  10-4  (with  number  density  of  approximately 
3.5  X  1014  cm-3)  when  the  polarization  of  the  pump 
beam  was  not  optimized  for  maximum  signal.  Based 
on  the  current  results,  we  expect  that  the  signals  in 
the  previous  experiment  would  increase  by  more  than 
2  orders  of  magnitude  if  the  grating  configuration 
were  employed.  We  conclude,  therefore,  that  at  least 
a  1  order  of  magnitude  improvement  in  the  H-atom 
detection  limit  is  possible  [17]. 

Finally,  we  conducted  pump-probe  studies  of  colli¬ 
sions  affecting  the  pump-induced  population  and  co¬ 
herences  in  n  =  2  by  delaying  the  probe  pulse  with 
respect  to  the  pump  pulses.  In  this  case,  both  pump 
beams  and  the  probe  beam  were  linearly  polarized  in 
the  vertical  direction.  The  TC-LIF  and  TC-6WM  sig¬ 
nals  were  simultaneously  recorded  and  are  plotted  as 
a  function  of  the  delay  between  the  pump  and  the 
probe  pulses  in  Fig.  6.  The  large  dynamic  range  in 
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Pump-Probe  Delay  (ps) 

Fig.  6.  TC-6WM  and  TC-LIF  signals  as  a  function  of  the  delay 
between  pump  and  probe  pulses.  Single-exponential  fits  to  the  data 
in  the  tails  of  the  decay  are  shown  as  solid  lines. 


these  measurements  was  achieved  by  placing  cali¬ 
brated  neutral-density  filters  in  front  of  the  two  de¬ 
tectors.  The  largest  signals  shown  for  the  TC-6WM 
signal,  for  example,  were  acquired  with  an  optical 
density  of  nearly  3,  and  thus  the  scaled  signals  shown 
in  Fig.  6  correspond  to  measured  signals  of  approxi¬ 
mately  100  mV. 

A  single-exponential  function  was  used  to  fit  the 
data  in  the  tail  of  the  TC-LIF  signal  decay.  The  ex¬ 
ponential  time  constant  was  approximately  110  ps. 
Because  the  probe  laser  cannot  resolve  the  2S-2P 
splitting,  the  measurement  is  not  sensitive  to  colli- 
sional  mixing  of  the  2S-2P  levels,  and  we  interpret 
the  TC-LIF  decay  constant  as  the  n  =  2  lifetime.  The 
excited  states  can  decay  by  radiative  relaxation  and 
nonradiative  quenching.  Radiative  relaxation  from 
n  =  2  is  dominated  by  Lya  emission  (2 P  — »  IS),  which 
has  a  natural  lifetime  of  1.6  ns.  Radiative  relaxation 
from  2S  to  IS  via  a  single-photon  transition  is  for¬ 
bidden,  and  the  natural  lifetime  of  the  2 S  level  is 
0.12  s.  The  lifetime  measured  in  the  current  experi¬ 
ment  is,  therefore,  primarily  determined  by  nonra¬ 
diative  quenching  with  a  rate  of  approximately  8.5 
X  109  s"1. 

Although  there  have  been  no  prior  measurements 
of  the  n  =  2  lifetime  in  flames,  our  measurement  is 
comparable  to  time-resolved  measurements  of  Ha  flu¬ 
orescence  decays  from  n  =  3  in  atmospheric-pressure 
flames  [23] .  Furthermore,  assuming  that  quenching 
is  dominated  by  collisions  with  H20,  we  estimate  a 
quenching  rate  constant  for  H20  of  0.9  X  10-8 
cm3  s-1.  This  value  agrees  remarkably  well  with  the 
results  of  Meier  et  al.  [24] ,  although  their  measured 
quenching  rates  were  for  H (n  =  3),  not  H (n  =  2),  in 
collisions  with  H20.  We  expect  that  the  large  nonra¬ 
diative  quenching  rate  for  H20  may  be  attributable  to 
resonant  energy  transfer.  The  B-X  transition  of  H20 
is  excited  by  Lya  radiation,  leading  to  rapid  dissocia¬ 


tion.  The  primary  dissociation  products  are  H(1S), 
OH(A),  and  OH(Z)  [25].  Evidence  of  resonant  energy 
transfer  was  presented  by  Goldsmith  [8],  who  ob¬ 
served  a  significant  increase  in  OH(A)  and  OH(X) 
following  two-photon  243  nm  excitation  of  H(2S)  in  a 
H2-02  flame. 

The  best-fit  value  for  the  exponential  time  constant 
for  a  single-exponential  fit  to  the  TC-6WM  data  was 
approximately  38  ps.  Because  the  TC-6WM  signal 
scales  as  |  x(5)  | 2,  we  infer  that  the  time  constant  de¬ 
scribing  the  coherence  decay  is  twice  this  value,  or 
approximately  76  ps.  The  coherence  decays  slightly 
faster  than  the  population  because  it  is  destroyed  not 
only  by  electronic  quenching  collisions,  but  also  by 
dephasing  collisions,  which  do  not  cause  a  population 
loss  from  the  n  =  2  manifold  of  states.  The  dephasing 
collisions  can  include  elastic  mF-scrambling  collisions 
and  nearly  elastic  collisions  causing  transitions  be¬ 
tween  the  2S1/2,  2 P1/2,  and  2 P3/2  levels.  Based  on  the 
measured  population  loss  rate,  the  rate  dephasing 
collisions  is  approximately  4.1  X  109  s-1. 

4.  Conclusion 

We  have  performed  a  detailed  study  of  the  effects  of 
pump  beam  polarization  on  TC-6WM  signals  gener¬ 
ated  by  atomic  hydrogen  in  an  atmospheric-pressure 
flame.  The  maximum  signal  for  the  two-beam  TC-PS 
configuration  was  produced  when  the  pump  beam 
was  linearly  polarized.  We  observed  a  weak  signal 
dependence  on  the  orientation,  with  respect  to  the 
probe  polarization,  of  the  linearly  polarized  pump 
beam.  The  maximum  signal  for  the  four-beam  grat¬ 
ing  configuration  was  produced  when  the  two  linearly 
polarized  pump  beams  had  orthogonal  polarization. 
In  this  case,  there  was  no  observable  signal  depen¬ 
dence  on  the  rotation  of  the  pump  polarizations  with 
respect  to  that  of  the  probe  beam. 

The  maximum  signals  generated  with  the  four- 
beam  grating  configuration  were  2  orders  of  mag¬ 
nitude  larger  than  those  produced  in  the  TC-PS 
configuration.  Furthermore,  signal-to-background  ra¬ 
tios  in  the  former  configuration  were  >104  larger  than 
those  observed  for  TC-PS.  Considering  that  excellent 
sensitivity  was  demonstrated  in  a  previous  diagnostic 
application  of  TC-PS  using  a  nonoptimal  pump  polar¬ 
ization  [17],  we  expect  dramatically  improved  diag¬ 
nostic  performance  using  the  four-beam  grating 
configuration  of  TC-6WM. 

Collisional  studies  of  n  =  2  were  performed  using 
time-resolved  TC-LIF  and  TC-6WM  (in  the  grating 
configuration).  Rapid  collisional  quenching  of  n  =  2 
was  characterized  by  an  exponential  time  constant  of 
110  ps.  TC-6WM  measurements  indicated  that  the 
n  =  2  coherence  decayed  with  an  exponential  time 
constant  of  76  ps.  We  infer  that  the  combined  rate  of 
elastic  and  nearly  elastic  collisions  that  dephase  the 
pump-induced  coherence  is  approximately  50%  of 
the  rate  of  electronic  quenching  collisions.  Because 
the  collision  time  scale  is  of  the  order  of,  or  slightly 
longer  than,  the  pulse  width  of  our  lasers,  we  expect 
a  significantly  reduced  collision  dependence  in  the 
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signal  generation  process  in  comparison  to  that  pre¬ 
dicted  for  pulses  of  nanosecond  duration. 

The  results  of  these  experiments  indicate  signifi¬ 
cant  potential  for  sensitive  detection  of  atomic  hydro¬ 
gen  using  TC-6WM  and  suggest  that  insensitivity  to 
collisions  in  atmospheric  pressure  systems  is  possible 
by  using  lasers  with  pulse  widths  that  are  tens  of 
picoseconds  or  less.  Furthermore,  the  results  moti¬ 
vate  future  theoretical  efforts  toward  a  deeper  under¬ 
standing  of  the  signal  generation  process  in  TC-6WM 
approaches. 
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A  theoretical  analysis  of  coherent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy  of  gas-phase 
resonances  using  femtosecond  lasers  is  performed.  The  time-dependent  density  matrix  equations  for 
the  femtosecond  CARS  process  are  formulated  and  manipulated  into  a  form  suitable  for  solution  by 
direct  numerical  integration  (DNI).  The  temporal  shapes  of  the  pump,  Stokes,  and  probe  laser  pulses 
are  specified  as  an  input  to  the  DNI  calculations.  It  is  assumed  that  the  laser  pulse  shapes  are  70  fs 
Gaussians  and  that  the  pulses  are  Fourier-transform  limited.  A  single  excited  electronic  level  is 
defined  as  an  effective  intermediate  level  in  the  Raman  process,  and  transition  strengths  are  adjusted 
to  match  the  experimental  Raman  polarizability.  The  excitation  of  the  Raman  coherence  is 
investigated  for  different  2-branch  rotational  transitions  in  the  fundamental  2330  cm-1  band  of 
diatomic  nitrogen,  assuming  that  the  pump  and  Stokes  pulses  are  temporally  overlapped.  The 
excitation  process  is  shown  to  be  virtually  identical  for  transitions  ranging  from  Q(2)  to  2(20).  The 
excitation  of  the  Raman  coherences  is  also  very  efficient;  for  laser  irradiances  of  5  X  1017  W/m2, 
corresponding  approximately  to  a  100  /z J,  70  fs  pulse  focused  to  50  /zm,  approximately  10%  of  the 
population  of  the  ground  Raman  level  is  pumped  to  the  excited  Raman  level  during  the  impulsive 
pump- Stokes  excitation,  and  the  magnitude  of  the  induced  Raman  coherence  reaches  40%  of  its 
maximum  possible  value.  The  theoretical  results  are  compared  with  the  results  of  experiments  where 
the  femtosecond  CARS  signal  is  recorded  as  a  function  of  probe  delay  with  respect  to  the  impulsive 
pump-Stokes  excitation.  ©  2007  American  Institute  of  Physics.  [DOI:  10.1063/1.2751184] 


I.  INTRODUCTION  AND  MOTIVATION 

A  theoretical  investigation  of  femtosecond  coherent  anti- 
Stokes  Raman  scattering  (CARS)  spectroscopy  is  discussed. 
Femtosecond  CARS  offers  some  significant  potential  advan¬ 
tages  compared  with  nanosecond  CARS,  i.e.,  CARS  as  usu¬ 
ally  performed  with  nanosecond  pump  and  Stokes  lasers. 
These  potential  advantages  include  (1)  the  capability  of  per¬ 
forming  real-time  temperature  and  species  measurements  at 
data  rates  of  1  kHz  or  greater,  and  (2)  the  absence  of  any 
effect  of  collisions  in  the  determination  of  temperature  and 
concentration  from  the  femtosecond  CARS  signal.  We  have 
recently  performed  experiments  demonstrating  the  capability 
of  measuring  temperature  and  concentration  from  the  depen¬ 
dence  of  femtosecond  CARS  signal  as  a  function  of  probe 
delay  after  impulsive  pump-Stokes  excitation.1  The  theoreti¬ 
cal  analysis  discussed  in  this  paper  was  performed  to  inves¬ 
tigate  the  physics  of  the  femtosecond  CARS  process  in  de¬ 
tail,  both  to  simulate  the  experimental  results  and  to  develop 
strategies  for  further  optimization  of  the  femtosecond  CARS 
experiment. 

The  potential  for  real-time  measurements  at  frequencies 


^Author  to  whom  correspondence  should  be  addressed.  Tel.:  765-494-5623; 
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of  interest  in  turbulent  flames  is  the  result  of  the  recent  com¬ 
mercial  availability  of  femtosecond  laser  systems  with  pulse 
energies  up  to  a  few  millijoules  and  with  repetition  rates  of 
1  kHz  up  to  at  least  5  kHz.  If  techniques  for  acquiring 
single-pulse  temperatures  and  concentrations  can  be  devel¬ 
oped,  time  series  measurements  can  be  performed  in  turbu¬ 
lent  flames  and  flows  at  data  rates  that  are  comparable  to  or 
greater  than  turbulent  fluctuation  frequencies.  The  potential 
for  significant  noise  reduction  also  exists  as  a  result  of  the 
nearly  Fourier-transform-limited  character  of  the  spectrum  of 
the  femtosecond  laser  pulse.  A  Fourier-transform-limited  la¬ 
ser  pulse  with  a  temporal  duration  of  70  fs  has  a  spectral 
width  of  approximately  200  cm-1,  about  the  same  as  a  typi¬ 
cal  broadband  dye  laser  used  as  the  Stokes  beam  for  broad¬ 
band  CARS.  The  major  source  of  noise  in  a  broadband 
CARS  experiment  performed  with  nanosecond  lasers  is  the 
shot-to-shot  spectral  noise  in  the  broadband  Stokes  dye  laser. 
The  spectrum  of  the  femtosecond  laser,  on  the  other  hand,  is 
much  more  stable  from  shot  to  shot  because  it  is  nearly 
Fourier-transform  limited. 

Femtosecond  lasers  have  been  applied  for  nonlinear 
spectroscopy  in  a  number  of  experiments  in  recent  years. 
Femtosecond  CARS  microscopy  has  been  demonstrated  for 
probing  cell  structure,2-4  solids,5-7  and  liquids.7-11  The  use  of 
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femtosecond  CARS  to  detect  bacterial  spores  such  as  anthrax 
was  proposed  by  Scully  et  al.12  and  demonstrated  in  recent 
experiments  by  Pestov  et  al. 1 3 

Femtosecond  CARS  was  first  demonstrated  as  a  probe  of 
dynamics  in  gas-phase  molecules  by  Hayden  and  Chandler14 
and  Schmitt  et  al.15  Meyer  and  Engel16  used  a  wave-packet 
approach  to  analyze  femtosecond  CARS  experiments  on  gas- 
phase  I2.  A  series  of  notable  recent  experiments  has  been 
directed  primarily  at  extracting  parameters  of  spectroscopic 
interest  from  time-averaged  spectra  obtained  from  H2  and  N2 
in  cells.17-20  Femtosecond  CARS  was  also  used  to  measure 
ortho/para  deuterium  concentration  ratios.21  The  potential  of 
femtosecond  CARS  as  a  gas-phase  temperature  measurement 
diagnostic  has  been  explored  in  a  few  experiments.1,19,22 

In  almost  all  of  these  previous  gas-phase  femtosecond 
CARS  experiments,  the  spectral  information  in  the  CARS 
signal  was  obtained  by  using  a  time-delayed  probe  beam  to 
detect  the  beating  of  the  different  Raman  transitions  that 
were  coherently  excited  by  the  pump  and  Stokes  beams.  In 
these  experiments,  the  time  delay  between  the  probe  beam 
and  the  pump- Stokes  excitation  was  varied  by  scanning  a 
translation  stage  slowly  and  recording  the  CARS  signal  as  a 
function  of  the  probe  time  delay.  The  spectral  information 
contained  in  the  CARS  signal  can  be  extracted  by  Fourier 
analysis  of  the  temporal  variation  of  the  CARS  intensity  ver¬ 
sus  probe  time  delay.  Alternatively,  the  experimental  data  can 
be  compared  with  a  direct  calculation  of  the  CARS  intensity 
as  a  function  of  probe  time  delay.  In  most  of  these  previous 
experiments,  the  region  of  interest  in  terms  of  probe  time 
delay  was  always  tens  of  picoseconds  after  the  pump- Stokes 
interaction  when  the  excited  Raman  transitions  were  oscillat¬ 
ing  out  of  phase,  resulting  in  a  beating  pattern  from  which 
spectroscopic  parameters  were  extracted  by  Fourier  analysis. 

In  our  femtosecond  CARS  experiments,1  probe  time  de¬ 
lays  of  a  few  picoseconds  are  used  to  measure  the  initial 
decay  of  the  Raman  coherence  induced  by  the  impulsive 
pump- Stokes  excitation.  The  rate  at  which  this  giant  initial 
coherence  decays  is  controlled  by  the  frequency  range  for 
which  Raman  transitions  with  significant  strength  are  ex¬ 
cited.  As  temperature  increases  and  more  energy  levels  of  the 
N2  molecule  are  populated,  the  frequency  range  increases.  As 
this  frequency  range  increases,  the  induced  Raman  coherence 
decays  faster  because  the  excited  Raman  transitions  begin  to 
oscillate  out  of  phase  more  quickly;  we  refer  to  this  decay  of 
the  initial  Raman  coherence  as  frequency- spread  dephasing. 
The  impulsive  pump- Stokes  excitation  process  of  this  giant 
coherence  and  its  initial  decay  due  to  frequency- spread 
dephasing  are  the  focus  of  this  paper.  In  particular,  we  show 
that  for  Fourier- transform-limited  pump  and  Stokes  pulses, 
the  Q -branch  transitions  of  the  fundamental  band  of  N2  are 
excited  to  the  same  degree  and  have  the  same  phase  imme¬ 
diately  after  the  impulsive  pump-Stokes  excitation  process. 
The  calculation  of  the  subsequent  decay  of  the  femtosecond 
CARS  signal  as  a  function  of  probe  delay  is  shown  to  be  in 
excellent  agreement  with  experimental  results.  The  implica¬ 
tions  of  the  results  of  these  DNI  calculations  for  the  design 
of  future  experiment  are  discussed. 


II.  DENSITY  MATRIX  ANALYSIS  FOR  THE 
INTERACTION  OF  A  TWO-STATE  RESONANCE 
WITH  MONOCHROMATIC  LASER  RADIATION 

The  time-dependent  density  matrix  equations  for  a  mul- 

23—25 

tistate  system  irradiated  by  laser  radiation  are  given  by 

~  —  —  >  ( VjmPmj  ~  PjmYmj )  —  ^  jPjj  ^ m jP mm  ’  (-0 

"/  m  m 

~  —  —  Pnj(i^nj  l/nj )  —  >  ( V nmPmj  ~  PnmYmj )  *  (^) 

dt  ti  m 

where  the  diagonal  matrix  element  pjj  is  the  occupation 
probability  for  state  j,  proportional  to  the  population  of  state 
j ,  and  the  off-diagonal  matrix  element  pnj  describes  the  co¬ 
herence  between  states  n  and  j.  In  Eqs.  (1)  and  (2),  h  is 
Planck’s  constant  (J  s),  is  the  population  transfer  rate 
(s_1)  from  state  m  to  state  j,  Tj=^mTjm  is  the  total  population 
transfer  rate  (s-1)  from  state  j  to  all  other  states  m,  conj  is  the 
resonance  frequency  (s_1)  between  states  n  and  j,  and  ynj  is 
the  collisional  dephasing  rate  (s-1)  of  the  coherence.  The 
coherence  is  dephased  by  both  population  transfer  collisions 
and  by  pure  dephasing  collisions,  so  ynj^Tn  +  Tj.  The  inter¬ 
action  term  Vmj  (J)  is  given  by23,24 

Vmj  =  -Vmj-  E(r,f),  0) 

where  /nmj=(i//m\jui\i//j)  is  the  electric  dipole  matrix  element 
(C  m)  and  E(r,f)  is  the  laser  electric  field  (J/C  m).  The  laser 
field  is  given  by 

E(r ,t)  =  |^1A1(r,r)exp[+  /( •  r  -  a^f)] 

+  |e2A2(r,r)exp[+  z(k2  •  r  -  (o2t)] 

+  |^3A3(r,^)exp[+  i( k3  •  r  -  co3t)]  +  c.c.,  (4) 

where  e1?  e2,  and  e3  are  the  complex  unit  vectors  for  the 
pump,  Stokes,  and  probe  fields.  These  unit  vectors  describe 
the  polarization  states  of  the  fields  (eEet  =  1),  r  is  the  posi¬ 
tion  vector  (m),  At{ r,t)  is  the  slowly  varying  amplitude  func¬ 
tion  (J/C  m)  for  the  electric  field  of  the  ith  laser,  k*  (m-1)  is 
the  propagation  vector,  and  to*  (s-1)  is  the  angular  frequency. 
In  the  development  below,  we  will  solve  the  density  matrix 
equations  at  r  =  0.  The  CARS  signal  will  be  determined  from 
the  induced  polarization  component  at  frequency  co4  =  a)l 
-  co2  +  o)3 . 

The  density  matrix  model  is  now  specialized  to  investi¬ 
gate  the  femtosecond  CARS  process  in  the  Q  branch  of  the 
nitrogen  molecule.  The  general  structure  of  the  model  is  de¬ 
picted  schematically  in  Fig.  1.  In  the  development  of  the 
density  matrix  equations,  energy  levels  will  be  designated 
using  upper  case  letters  and  quantum  states  will  be  desig¬ 
nated  using  lower  case  letters.  Levels  G  and  E  are  specific 
rotational  levels  in  vibrational  levels  in  the  ground  X 
ground  electronic  level  of  N2;  the  lower  case  letters  g  and  e 
will  be  used  to  designate  Zeeman  states  in  levels  G  and  E , 
respectively.  The  rotational  quantum  numbers  for  levels  G 
and  E  are  equal,  JG=JE,  and  the  vibrational  quantum  num¬ 
bers  are  related  by  vE=vG+l.  An  effective  (fictitious)  elec¬ 
tronic  level  k  with  character  is  defined  as  the  intermedi- 

u  oo  n 
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FIG.  1 .  Schematic  diagram  of  the  energy  level  structure  for  the  femtosecond 
CARS  calculations  for  the  Q{ 8)  transition  in  the  fundamental  (1,0)  Raman 
band  of  the  nitrogen  molecule.  The  k  1S^(u  =  0)-A  (u=0,  1,  2,  3,  and  4) 

transition  strengths  were  varied  to  match  the  Raman  cross  section  of  N2. 


ate  level  for  the  g-branch  Raman  transitions.  Only  the 
ground  vibrational  manifold  of  this  excited  electronic  level  is 
included  in  the  calculations.  In  general,  there  are  numerous 
excited  electronic  levels  that  are  single-photon  coupled  with 
the  upper  and  lower  energy  levels,  E  and  G,  respectively,  of 
the  Raman  process.  Inclusion  of  all  of  these  excited  elec¬ 
tronic  energy  levels  in  the  femtosecond  CARS  code  is  com¬ 
putationally  intractable,  and  in  any  case,  the  transition 
strengths  between  these  excited  electronic  energy  levels  and 
energy  levels  in  the  X  ]2*  ground  electronic  level  are  not 
known  with  much  accuracy.  Consequently,  we  adjust  the  vi¬ 
brational  oscillator  strengths  for  transitions  between  the  ef¬ 
fective  level  k  and  the  vibrational  levels  in  the  X  *2+  ground 
electronic  level  so  that  the  calculated  Raman  polarizability26 
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matches  the  experimental  value  of  4.0  X  10-83  C4  m4/J2  as 
determined  from  Raman  cross  section  data  for  the  fundamen¬ 
tal  (uG=0^U£=l)  band  of  nitrogen  listed  in  Schrotter  and 
Klockner.  The  electronic  energy  and  rotational  constant  for 
the  k  l%+(v  =  0)  level  were  chosen  to  match  the  values  for  the 
g  !2*(u  =  0)  level  of  N2  as  given  by  Tilford  and  Wilkinson.28 
The  k  lX+(v=0)-X  ^^(u)  vibrational  oscillator  strengths 
were  adjusted  so  that  the  Raman  polarizability  is  propor¬ 
tional  to  v  + 1 ,  where  v  is  the  vibrational  quantum  number  (in 
the  X  !2*  electronic  level)  for  the  lower  energy  level  of  the 
Raman  transition.  In  Fig.  1,  the  level  JG-  8  is  coupled  with 
JK=  7  and  JK- 9  by  single-photon  transitions;  the  JG- 8  to 
JK-  8  transition  is  not  allowed  for  the  *2*- *2*  transitions. 
Level  JE- 8  is  also  coupled  with  JK=1  and  JK- 9  by  single¬ 
photon  transitions.  The  rotational  line  strengths  for  the 
k  l^(v)  transitions  were  calculated  from  for¬ 

mulas  in  Ref.  29. 

The  density  matrix  equations  for  the  different  coherences 
among  states  g,  e,  and  k  in  levels  G,  E ,  and  K ,  respectively, 
and  for  the  populations  of  these  states  are  now  derived  and 
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manipulated  into  a  form  suitable  for  numerical  analysis.  For 
the  single-photon  coherences  pkg  and  pke ,  the  pump,  Stokes, 
and  probe  laser  frequencies  are  very  far  from  resonance,  and 
we  will  calculate  these  terms  using  the  steady  state  approxi¬ 
mation.  For  the  Raman  coherences  peg ,  on  the  other  hand,  the 
steady  state  approximation  is  not  applicable  and  the  density 
matrix  equation  must  be  solved  by  direct  numerical  integra¬ 
tion  (DNI).  The  development  of  the  equations  suitable  for 
numerical  analysis  for  the  coherence  and  population  density 
matrix  elements  is  described  in  the  following  sections  and  in 
more  detail  in  the  Appendix. 


A.  Density  matrix  elements  for  transition  between 
states  a  in  ground  level  G  and  states  k  in  excited 
level  K 

From  Eq.  (2),  the  time  dependence  of  the  coherence  den¬ 
sity  matrix  element  pkg  is  given  by 

~  Pkg  ~  ~  Pkg\l(°kg  +  7kg ) 


( Vkg'Pg'g  Pkg'Vg'g ) 


>  (VkePeg  Pke^ eg) 

n  e 

-  7^  (Vkk’Pk’g~  Pkk'Vk'g)-  (6) 

U  k’ 


Eliminating  terms  that  are  zero  because  the  radiative  interac¬ 
tion  terms  are  zero  (yg,g=Vkk,  =  Veg=  0),  we  obtain 

Pkg  ~  ~  Pkgi^kg  7kg )  —  ^kg'Pg' g  ~  ^kePeg-  (^) 


We  have  also  assumed  that  pkk>  is  negligibly  small  in  the 
absence  of  electronic  resonance  effects.  The  density  matrix 
coherence  terms  pkg ,  pkg,  and  peg  are  now  expressed  as  prod¬ 
ucts  of  slowly  varying  amplitude  terms  and  oscillatory  expo¬ 
nential  terms: 

Pkg(t)  =  o-kg(t)ex p(-  i(DXt)  +  7^(/)exp(-  ico4t) ,  (8) 

PiJf)  =  <rke(t)ex p(-  i(o2t)  +  yke(t)exip(-  ico3t) ,  (9) 


Pegif)  =  c^Wex p[-  i((ox  -  (o2)t].  (10) 

The  single-photon-resonance  terms  pkg  and  pke  are  expanded 
in  terms  of  two  different  frequencies  that  are  important  for 
different  steps  in  the  CARS  interaction.  The  coherence  term 
pkg  takes  part  in  both  the  pump  interaction  and  the  probe 
interaction,  and  the  coherence  term  pke  takes  part  in  the 
Stokes  interaction  and  the  signal  generation  process.  Substi¬ 
tuting  Eqs.  (8)  and  (10)  into  Eq.  (7)  and  then  rearranging  the 
equation,  we  obtain 

&kg  exp(-  ico it)  -  i(i)xakg  exp(-  icoxt) 

+  rjkg  exp(-  ia>4t)  -  i(o4rjkg  exp(-  ico4t) 

=  -  [(?kg  exP(-  +  Vkg  exp(-  i(o4t)][io)kg  +^g] 


Downloaded  28  Sep  2007  to  198.30.120.36.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://jcp.aip.org/jcp/copyright.jsp 


044316-4  Lucht  eta/. 


J.  Chem.  Phys.  127,  044316  (2007) 


^ ^ kg'Pg'g  ^ke^kg  ^XP[  ^2)^] > 

g'  e 

(ID 

where  we  have  used  the  relation 

Pkg  =  exp(-  icojO  -  exp(-  icoxt) 

+  97^  exp(-  i Co 4 1)  -  i (x)4  rjkg  exp (-  i a)4t) .  (12) 

Multiplying  Eq.  (11)  by  exp  (+i(L>At),  we  obtain 

&kg  exp[-  i(o)l  -  coA)t\  -  i(oxcrkg  exp[-  i(u)x  -  cx)A)t\  +  rjkg 
=  -  Wkg  exp[-  -  0J4)t]  +  r/kg][i((Dkg  -  0)4)  +  ykg\ 

~  “2  Vkg'Pg'g  exP(+  i(x)4 1) 

g' 

l 

-  -^Zj  Vke(Teg  exp[-  ;((0|  -  w2  -  «4)/] .  (13) 

The  terms  containing  akg  and  &kg  oscillate  at  the  optical  fre¬ 
quency  (i)1-(l> 4  in  Eq.  (13)  and  are  eliminated  using  the  ro¬ 
tating  wave  approximation  to  give  us 

Vkg  =  -  VkgU((0kg  -  W4)  +  ykg\ 

~  ^E  y kg’Pg’g  exP(+  i«Mt) 

g' 

l 

-  -2j  vkeaeg  exp(+  i(03t),  (1 4) 

where  we  have  used  the  relation  (o3=-coi~ hcu2+co4.  The  reso¬ 
nant  interaction  terms  Vkg>,  Vke,  Vkk>,  and  Vkg  are  given  by 

V  =  (15) 

Vke=V<kJ  +  V(fJ,  (16) 


Vkg  VkgUi^kg  ^4)  ykg~\  ^eg‘  (19) 

For  the  case  where  \o)kg- o)4\>  ykg,  we  can  assume  that  the 
polarization  rjkg  is  given  by  the  steady  state  solution,  rjkg 
=  0.  In  this  case,  solving  for  the  real  and  imaginary  compo¬ 
nents  of  r]kg,  we  obtain 

0  =  “  ( Vkg  +  i v'kg)U(okkg  -  w4)  +  ykg\ 

-  ^E  04;3r)  +  /vt30)(<4  +  <),  (20) 

0  =  -  VkgJkg  +  Vkg^kg  -  «4)  +  ^E  0 ’ker)<J>eg 

11  e 

+  yte'^eg)  =  -  Vkgykg  +  Vkg^kg  -  «4)  +  aneg,  (21) 
0  =  -  vlkgykg  -  vigils  -  m4)  +  ^-E  (-  v£r)c/eg 

71  e 

"I"  ^ke  °"eg)  —  —  ^kg7kg  ~  Vkg^^kg  ~  ^4-)  /^3 keg’  (^2) 

where 

*3keg  =  ^E  04;3r)<  +  Vke30^)  (23) 

71  e 

and 

fokeg  =  lE  (-  vtfMt  +  vl3i)<)  •  (24) 

Solving  Eq.  (22)  for  rfkg,  we  obtain 

Vkg  =  -  ~^(Mkg  -  ma)  +  •  (25) 

ykg  ykg 

Substituting  Eq.  (25)  into  Eq.  (21),  we  obtain 


where 

V\g,  =  -  \nkg’  •  [<MiMexp(-  iwyt)  +  e2A2(r)exp(-  ico2t) 
+  e3A3(/)exp(-  i(o3t)] 

=  V™  exp(-  iojtt)  +  V'~2,]  exp(-  iw2t) 

+  ^kg’  exP(-  “M.  (17) 

V^,  =  -  jfikg’  •  [<?X(r)exp(+  i(oyt)  +  e2^2(?)exP(+  iM2 1) 

+  ^3A3(r)exp(+  ico3t)] 

=  exp(+  icoxt)  +  exp(+ 

+  v[^)exp(+icu30,  (18) 

and  the  other  components  V ^  and  are  defined  in  a  simi¬ 
lar  fashion.  Substituting  Eqs.  (15)  and  (16)  into  Eq.  (14)  and 
keeping  only  those  terms  that  do  not  oscillate  at  optical  fre¬ 
quencies  (again  using  the  rotating  wave  approximation),  we 
obtain 


Vkg  =  ^(^kg  -  «4 )  + 

ykg  yks 

_  Vkg^^kg  ~  ^4)  i^kg  ~  ^4)  filkeg  ^ 3keg 

ig  +  tig  ykg ' 


(26) 


Rearranging  we  obtain 

r  _  (^ kg  ~  ^4)^3 keg  ykg^3keg 

Vkg~  [%s  +  (cokg-oM)2]  • 

Substituting  Eq.  (30)  into  Eq.  (28),  we  obtain 

i  _  ((x)kg  ~  J  (Mkg  ~  m4 )@3keg  +  7kga3keg  [  ^  Pi kt 

Vk8~  -  1  [rL  +  (<°kg  ~  w4)2] 


(27) 


eg 

7kg 


I  [ ( ^kg  ^4)  ! 7kg] @3 keg  i^kg  ^4)^3 keg  | 

1  [ytg  +  i^kg- 

+  [  %g  ( ^kg  —  ^4)  ^kkkeg 

ykgiytg  +  i^kg-  oi 4)2] 


1 


(28) 


Rearranging  and  canceling  terms,  we  obtain 


332 


Downloaded  28  Sep  2007  to  198.30.120.36.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://jcp.aip.org/jcp/copyright.jsp 


044316-5  Femtosecond  coherent  anti-Stokes  Raman  scattering 


J.  Chem.  Phys.  127,  044316  (2007) 


i  Tkgfilkeg  ~{Mkg~  M4)a?>keg 

Vkg  tig  +  (Mkg  -  *>4)2 
Multiplying  Eq.  (11)  by  exp (+/w1r),  we  obtain 

6 'kg  ~  iW|ff*g  +  Vkg  exp[-  i(w4  -  oj,  )r] 

-  icoAVkg  exp[-  Km4  ~  M\)t\ 

=  -  Wkg  +  Vkg  exp[-  4  -  «i )t\}\i<okg  +  ykg\ 


(29) 


-  Vkg'Pg’g  exP(+ 


“2  Vfco-^exp(+ja)2f). 


(30) 


Substituting  for  the  radiative  interaction  terms  and  eliminat¬ 
ing  terms  that  oscillate  at  optical  frequencies,  we  obtain 


&kg  =  -  (Tkg[i(o>kg  -  «i)  +  7kg]  -  r2  ^kg'Pg'g 

g' 


■2). 


ke  u  eg- 


(31) 


Rewriting  Eq.  (31)  in  terms  of  real  and  imaginary  compo¬ 
nents,  we  obtain 

&rkg  +  id>kg  =  -(Okg  +  i(T'kg)li(Mkg  -  «>i)  +  7kg\ 


-  ^2  (vfcW  +  IV fc2il)(<4  +  «/„).  (32) 

Solving  for  the  real  component  of  d^,  we  obtain 


t^kg^kg  wl)  &  kg  y kg 


Hg'g 


3  i 


+  *  kg'  Pg'g '  +  ^  ke  aeg+  V  ke  aeg ) 

e 

~  rfkg^^kg  ~  wl)  —  °"kg7kg  °L\ kg'g  ^ 2keg >  (33) 


4  =  -  °kg(<»kg  -  ®i)  -  4%« + 22  (-  v£!rVv* 

s' 

+  +  22  (-  42r)4 + 42°4) 

—  —  ^kg^^kg  ~  ^l)  —  ^kg7kg  fil kg' g  filkeg ’ 


where 


and 


/W  =  22  (-42r4s+4204). 


(36) 


(37) 


(38) 


Because  of  the  large  detuning  for  the  density  matrix  el¬ 
ements  (fkg  and  &kg,  we  can  assume  that  the  steady  state 
solution  will  be  valid  for  these  terms.  We  can,  therefore, 
solve  for  these  density  matrix  elements.  Setting  d^=(f^=0 
and  solving  Eq.  (39)  for  &kg,  we  obtain 


i  r  (Mkg  ~  wl)  filkg'g +  filkeg 

Substituting  Eq.  (39)  into  Eq.  (33),  we  obtain 


(39) 


0  = 


-<4 


( Mkg  —  wl)  .  fil kg’g  +  filkeg 


((Ok  -  OJ  | ) 


7kg  7kg 

~  (Jkg'ykg  alkg'g  a Ikeg - 

Solving  Eq.  (40)  for  cfkg ,  we  obtain 

r  (filkg'g  filkeg)i(x)kg  ~  wl)  7kg(^lkg'  g  °^lkeg) 

kg  (wkg  -  42  +  Tig 

Substituting  Eq.  (41)  into  Eq.  (39),  we  obtain: 

(filkgr  g  filkeg)  (^fcg  —  ^l)  "t"  Tkg)1'*-]  kg' g  ^2 keg) 


(40) 


(41) 


4"“ 


(cok  -  wO2  +  7? 


kg 


x  (Mkg  ~  ^l)  +  fi^kg'g  +  filkeg 

7kg  7kg 

~  i^kg  ~  wl)(^l kg' g  °^lkeg)  7kgifilkg' g  filkeg) 


(o)kg  -  «i)2  +  tih 


.  (42) 


kg 


where 


and 


!4S(42r)4+v-2'V). 


(34) 


=  J^)  Vke"  ,(reg  +  Vke~"°'eg)  ■  (35) 

Solving  for  the  imaginary  component  of  we  obtain 


B.  Summary  of  the  equations  for  the  density  matrix 
elements  for  the  CARS  interaction 

The  detailed  derivation  of  the  time-dependent  density 
matrix  equation  for  the  other  coherence  and  population  terms 
is  presented  in  the  Appendix.  Because  of  the  large  magnitude 
of  the  detuning  parameters  (coke- (jo2)  and  ( coke-(o3 ),  the  den¬ 
sity  matrix  elements  ake  and  rjke  that  describe  the  single¬ 
photon-induced  coherences  between  level  K  and  level  E  are 
assumed  to  be  in  steady  state.  The  real  and  imaginary  com¬ 
ponents  of  crke  are  given  by  ^ 
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ake~  ' 


(Plkge  @2ke ' e)  ( ^ke  ^2)  (^1  kge  ^2 ke'e)yke 

((Oke  -  0)2)2  +  yie 


(43) 


® ke  (  ^~ke(^ke  ^7}  fi\kge  @2ker  e\^  ykei  (44) 

where 


n  8 

e' 

n  8 

/32ke'e=^[-^r)pre,e+Vi£i)pie,e]. 


(45) 

(46) 

(47) 

(48) 


The  real  and  imaginary  components  of  rjke  are  given  by 
Vke  ~  t—  Vke^^ke  ~  ^3)  P'S ke'e^^ke^  (49) 


r  ^3 ke' el^ke  @3ker  ei^ke  ^3) 

1/ke  +  Ake  -  «3)2 


(50) 


where 


+  (51) 


The  density  matrix  equations  that  describe  the  time  de¬ 
velopment  of  the  Zeeman  state  coherence  terms  peet  for  level 
E  and  pgg>  for  level  G  are  given  by 

Pe’e  =  Pe'e^c’e  ~  p\k e7e'  e  +  (^fk^ke  +  ^fk^ke 

71  k 

(55) 


e'e  ~  I'e'e-e’e  ~  /Ve7W  +  tZj  (“  +  ^fk  ^ke 

U  k 


Pe'e  =  ~  P^e^ 


+  (T 


y(-2r)  _  i  y{-2 i)\ 
e'kVke  aefkVke  E 


(56) 


prg'g  =  +  p's'As’s  ~  prg>gyg'g  +  (^'ir)<  +  ^g'Skg 


T/(-lO  _  ’  T/_lr)\ 

rk*kg  ^g'k^kg  E 


V* 


(57) 


p'g'g = ~  prg'gmg'g  ~  Pg'gyg'g + (-  ^1X> 

,L  k 

+  +  a8rkVkg  )m 


(58) 


The  density  matrix  equations  that  describe  the  time  de¬ 
velopment  of  the  state  populations  pee  for  level  E  and  pgg  for 
level  G  are  given  by 

2 

Pee  =  “  T ePee  +  2  Tmepmm  +  7  2  (^^^L  + 


+  7^  i^Eke+^kUke), 


(59) 


(52) 


The  steady  state  assumption  is  made  only  for  the  single¬ 
photon  coherence  terms  crkg,  rjkg ,  crke ,  and  77^,;  for  these 
terms,  the  frequency  component  of  interest  as  shown  in  Eqs. 
(8)  and  (9)  is  very  far  from  the  single-photon  resonance  fre¬ 
quency  for  the  transition.  For  the  other  coherence  terms  and 
for  the  population  terms,  the  steady  state  approximation  is 
not  made.  The  density  matrix  equations  that  describe  the 
time  development  of  aeg,  the  two-photon-induced  Raman  co¬ 
herence  term  for  transitions  between  ground  level  G  and  ex¬ 
cited  level  E ,  are  given  by 

&reg  =  <4 Weg  ~  (W1  -  «2 )]  -  <8egyeg  + 

+  -  </ekV[gU) 

-<y[gr\  (53) 


<Kg  =  -  ^eg^eg  -  («1  -  W2)]  -  <Tlegyeg  +  \z  [-  vi+k2r)(7kg 

U  k 

+  ^2,)<  -  ^kr)vrkg + v^Evig + <4  :v&Ir) 

-EVkEl  (54) 


2 

Pgg  ~  ~  ^gPgg  2  r mgPmm  2  (^g&  • 

m  71  k 

(60) 

Both  the  population  term  pkk  and  the  Zeeman  state  coherence 
term  pkk>  for  level  /(f  are  assumed  to  be  negligible. 

C.  Solution  of  the  density  matrix  equations 
for  the  CARS  interaction 

The  time-dependent  equations  for  the  coherence  and 
population  terms,  Eqs.  (53)-(60),  are  solved  by  direct  nu¬ 
merical  integration.  A  variable-order  Adams-Bashforth- 
Moulton  predictor-corrector  method  is  used  to  integrate 
these  differential  equations.  The  time-dependent  electric  field 
amplitudes  Ax(t),  A2(t ),  and  A3(t)  for  the  pump,  Stokes,  and 
probe  beams  are  input  parameters  for  the  numerical  calcula¬ 
tions.  They  are  modeled  using  100  fs  Gaussian  envelopes, 
resulting  in  laser  irradiance  pulse  shapes  that  are  70  fs 
Gaussian  pulses,  approximately  the  same  as  for  the  pulses 
produced  by  our  laser  system.1  The  difference  in  the  central 
frequencies  between  the  pump  and  Stokes  beams  is  set  to  a 
value  of  2330  cm-1,  the  nominal  value  for  the  Raman  Q 
branch  of  the  N2  fundamental  band.  The  frequency  of  the 
pump  and  probe  beams  is  set  to  the  same  value.  The  pulses 
are  assumed  to  be  Fourier-transform  limited.  The  peak  irra- 
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diance  for  each  of  the  pulses  is  also  specified  as  an  input 
parameter.  The  step  size  used  in  the  calculations  is  1.0  fs. 

D.  Calculation  of  the  CARS  signal 
at  frequency  <o4 

The  CARS  signal  results  from  the  Fourier  component  of 
the  radiating  polarization  P(t)=Tr[/mp(t)]=^kg[/uikgpgk(t) 
+  figkPkg(t)-\  induced  in  the  medium  at  frequency  co4=cox 
-co 2  +  co3.  The  radiation  that  is  produced  by  this  oscillating 
polarization  is  polarized  as  a  function  of  the  unit  polarization 
vectors  ex,  e2,  and  e3  of  the  input  fields  and  the  polarization 
properties  of  the  CARS  resonance.  We  can  calculate  the  field 
radiated  with  arbitrary  unit  vector  e4  by  analyzing  the  fre¬ 
quency  spectrum  of  the  dot  product  of  e4  and  the  radiating 
polarization.  The  component  of  the  induced  polarization 
along  the  direction  of  e4  is  given  by 

P4((04,t)  —  e4  •  \_^kgPgk  +  P'gkPkg\ 

=  eA  ■  [f*kgygk  exp(+  ioj4t) 

+  Hgki]kg  exp(-  ia)4t)].  (61) 

Multiplying  through  by  exp  (+ico4t),  we  obtain  the  amplitude 
P4o(co4,t)  of  the  polarization  at  frequency  co4 

Pm(oj4,t)=e4  ■  figkr/kg.  (62) 

The  amplitude  of  the  CARS  signal  will  be  proportional  to 
P40(co4,t),  and  in  the  absence  of  the  nonresonant  background 
contribution,  the  CARS  signal  will  be  proportional  to 
P4o(co4,t)P40(co4,t).  The  actual  magnitude  of  the  CARS  sig¬ 
nal  will  depend  on  the  phase-matching  angles  for  the  pump, 
Stokes,  and  probe  beams,  and  on  the  effective  interaction 
length  of  the  phase-matched  beams.  For  perfect  phase  match¬ 
ing  (k4=kj-k2+k3),  the  time  development  of  the  polariza¬ 
tion  at  the  signal  frequency  co4  will  be  the  same  at  each 
spatial  location  in  the  overlap  region  except  for  a  spatial 
phase  factor.  Because  of  this  spatial  phase  factor,  the  field 
radiated  at  frequency  co4  by  the  induced  polarization  will 
interfere  constructively  in  the  direction  k1-k2  +  k3.  It  is  not 
necessary  to  perform  a  spatial  integration  for  the  calculations 
performed  in  this  paper  because  the  CARS  signal  frequency 
is  distinct  from  the  frequencies  of  the  pump,  Stokes,  and 
probe  beams. 

III.  IMPULSIVE  PUMP-STOKES  EXCITATION 
OF  Q-BRANCH  RESONANCES  IN  NITROGEN 

The  results  of  calculations  for  different  Q( J)  transitions 
in  the  fundamental  band  are  shown  in  Fig.  2.  The  quantities 
plotted  are  the  real  and  imaginary  components  of  aEG  and 
the  magnitude  of  crEG ,  where 

0£G=2  Veg-  (63) 

e,g 

The  summation  in  Eq.  (63)  is  over  all  Zeeman  states  in  the 
upper  and  lower  levels  of  the  Raman  transition.  The  coher¬ 
ence  density  matrix  elements  plotted  in  Fig.  2  are  normalized 
by  dividing  by  ( Pgg)° >  the  population  of  level  G  prior  to 
pump-Stokes  excitation.  As  is  shown  in  Fig.  2(a),  for  the 
2(2)  transition,  the  real  part  of  the  coherence  element  aEG  is 
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very  small  compared  to  the  imaginary  part  after  the  excita¬ 
tion  of  the  Raman  coherence  by  70  fs  pump  and  Stokes 
pulses.  Recall  from  Eq.  (10)  that 

<reg  =  Peg  exp[+  K<0 1  -  °h)t]  ■  (64) 

In  Fig.  2(a),  the  resonance  frequencies  for  all  transitions  eg 
are  2329.8  cm-1,  very  close  to  the  input  difference  frequency 
of  col-co2= 2330  cm-1.  The  induced  coherence  pEG  oscillates 
with  a  frequency  coEG  =  co1- co2,  and  consequently,  as  shown 
in  Fig.  2(a),  the  relative  magnitudes  of  the  real  and  imagi¬ 
nary  components  of  crEG  change  only  very  slowly  after  im¬ 
pulsive  pump-Stokes  excitation.  Rewriting  Eqs.  (53)  and 
(54)  for  the  case  of  negligible  laser  power,  as  would  be  the 
case  after  the  pump-Stokes  laser  excitation,  we  obtain 


=  aegl0Jeg  ~  ("1  -  w2)]  -  o’egJeg^ 

(65) 

=  -  c/eg[(Oeg  ~  («i  -  «2)]  -  ^egJeg- 

(66) 

For  the  2(2)  transition,  the  term  coeg-(coi-co2)  is  very  small 
and  the  relative  magnitudes  of  the  real  and  imaginary  com¬ 
ponents  of  <jeg  remain  essentially  unchanged  for  several  pi¬ 
coseconds  following  pump-Stokes  excitation.  The  relative 
magnitudes  of  the  real  and  imaginary  components  of  aEG 
define  the  phase  of  the  coherence.  For  the  time  scale  shown 
in  Fig.  2,  the  dephasing  of  the  induced  coherences  due  to 
collisions  is  negligible,  and  the  magnitude  of  the  normalized 
coherence,  \aEG\ /(pGG)°,  is  essentially  constant.  The  magni¬ 
tude  of  the  coherence  is  given  by 

I  <*Eg\  =  •  (67) 

The  results  of  similar  calculations  for  the  2(5)  transition 
are  shown  in  Fig.  2(b).  Note  that  the  normalized  magnitude 
of  the  induced  Raman  coherence,  |rr£G|/(pGG)°,  is  nearly  the 
same  as  for  the  2(2)  transition.  Also,  more  variation  in  the 
phase  of  the  coherence  is  evident  for  the  2(5)  transition, 
although  the  phase  of  crEG  is  still  nearly  constant  over  the 
time  interval  shown.  The  results  for  the  2(10),  2(15),  and 
2(20)  coherences  are  shown  in  Figs.  2(c)-2(e),  respectively. 
Note  that  the  normalized  magnitude  of  the  coherence, 
la£G|/(pGG)°»  Is  nearly  the  same  for  all  five  transitions.  For 
these  transitions,  changes  in  the  phase  of  crEG,  however,  be¬ 
come  increasingly  evident  as  the  coeg-(co  1-002)  term  in¬ 
creases.  The  phase  of  these  transitions  is  related  to  the  ratio 
of  the  real  and  imaginary  components  of  the  coherence  am¬ 
plitude  aEG.  In  Fig.  3,  the  quantity  (teg/\(teg\  is  plotted  as  a 
function  of  time  for  the  2(5),  2(10).  and  2(20)  Raman  tran¬ 
sitions.  It  is  evident  that  at  approximately  2200  fs  after  im¬ 
pulsive  pump-Stokes  excitation,  the  Raman  coherences  for 
2(5)  and  2(20)  transitions  are  out  of  phase  by  180°  and 
interfere  destructively  in  terms  of  contributing  to  the  macro¬ 
scopic  Raman  polarization. 

The  excited  level  populations  pEE  and  normalized  ex¬ 
cited  level  populations  pEE/(pGG)°  for  the  2(2),  2(5),  2(10), 
2(15),  and  2(20)  transitions  are  plotted  in  Fig.  4.  The  ex¬ 
cited  level  populations  for  the  various  Raman  2-branch  tran¬ 
sitions  are  different  because  of  differences  in  the  initial  popu¬ 
lation  (pGG)°  for  each  of  the  initial  levels  JG,  but  again  the 
temporal  behavior  and  the  magnitude  of  the  normalized  ex- 
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FIG.  2.  Temporal  dependence  of  the  real  and  imaginary  components  and  the  magnitude  of  the  induced  Raman  coherence  for  the  (a)  (2(2),  (b)  (2(5),  (c)  (2(10), 
(d)  (2(15),  and  (e)  (2(20)  transitions  in  the  fundamental  (1,0)  band  of  N2.  The  coherence  matrix  elements  are  normalized  by  dividing  by  the  population  of  level 
G  prior  to  laser  excitation.  The  difference  between  the  central  frequencies  of  the  pump  and  Stokes  lasers  is  2330  cm-1.  The  Raman  frequencies  for  the  (2(2), 
(2(5),  (2(10),  (2(15),  and  (2(20)  transitions  are  2329.8,  2329.4,  2328.0,  2325.8,  and  2322.7  cm-1,  respectively.  The  collisional  dephasing  rate  for  each  Raman 
transition  is  5  X  109  s-1,  corresponding  to  a  Raman  line  width  of  0.053  cm-1.  The  pump  and  Stokes  laser  temporal  pulse  shapes  are  both  Gaussian  with  widths 
of  70  fs  (full  width  at  half  maximum).  The  pump  and  Stokes  pulses  are  overlapped  exactly  in  time.  The  peak  irradiance  for  both  the  pump  and  Stokes  pulses 
is  5X1017  W/m2. 


cited  level  populations  at  the  conclusion  of  the  impulsive 
pump-Stokes  excitation  are  essentially  identical  for  each  of 
the  transitions. 

The  normalized  magnitude  |o£G|/(pGG)°  of  the  induced 
coherence  is  near  the  maximum  possible  value  of  0.5  for  the 
two-level  EG  system.31  As  shown  in  Fig.  2,  the  normalized 


magnitude  |a^G|/(pGG)0  increases  monotonically  during  the 

pump-Stokes  excitation  to  a  value  of  approximately  0.24  for 

all  five  Q-branch  transitions.  The  effect  of  higher  pump  and 

Stokes  irradiances  on  the  induced  coherence  and  excited 

level  population  is  shown  for  the  2(5)  transition  in  Fig.  5. 

The  onset  of  Rabi  beating  in  the  induced  Raman  coherence  is 
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FIG.  3.  Temporal  dependence  of  the  phase  of  the  induced  Raman  coherence 
for  the  0(5),  (2(10),  and  (2(20)  transitions  in  the  fundamental  (1,0)  band  of 
N2.  The  collisional  dephasing  rate  and  the  pump  and  Stokes  pulse  param¬ 
eters  are  the  same  as  given  in  the  caption  of  Fig.  2. 


clearly  evident  at  pump  and  Stokes  laser  irradiance  levels  of 
2  X  1018  W/m2,  as  shown  in  Fig.  5(a).  Although  the  normal¬ 
ized  magnitude  |o£G|/(pGG)°  reaches  a  value  of  0.4  during 
the  pump- Stokes  excitation,  the  normalized  magnitude  of  the 
Raman  coherence  decreases  from  this  peak  value  and  reaches 
a  value  of  0.3  at  the  conclusion  of  the  pump- Stokes  excita¬ 
tion.  At  pump  and  Stokes  laser  irradiance  levels  of 
1019  W/m2,  the  Rabi  beating  in  the  induced  Raman  coher¬ 
ence  is  very  strong  and  exhibits  numerous  strong  oscillations 
within  the  temporal  envelope  of  the  pump  and  Stokes  beams. 
At  the  conclusion  of  the  pump- Stokes  excitation,  the  magni¬ 
tude  of  the  normalized  coherence  is  lower  for  laser  irradiance 
levels  of  1019  W/m2  than  for  laser  irradiance  levels  of  2 
X  1018  W/m2. 

The  normalized  population  of  the  excited  level, 
PeeKpgg)0’  caches  a  value  of  0.7  at  the  conclusion  of  the 
pump- Stokes  excitation  for  laser  irradiance  levels  of  2 
X  1018  W/m2,  as  shown  in  Fig.  5(c).  The  magnitude  of  the 
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FIG.  4.  Temporal  dependence  of  the  excited  state  populations  and  the  nor¬ 
malized  excited  populations  for  the  (2(2),  (2(5),  (2(10),  (2(15),  and  <2(20) 
transitions  in  the  fundamental  (1,0)  Raman  band  of  N2.  The  collisional 
dephasing  rate  and  the  pump  and  Stokes  pulse  parameters  are  the  same  as 
given  in  the  caption  of  Fig.  2. 


coherence  \aEG\  begins  to  decrease  when  the  level  population 
is  inverted,  i.e.,  pEEl (pGG)°>0.5,  as  can  be  seen  by  compar¬ 
ing  Figs.  5(a)  and  5(c).  Rabi  oscillations  in  the  excited  level 
population  are  clearly  evident  for  laser  irradiance  levels  of 
1019  W/m2,  as  shown  in  Fig.  5(d). 

IV.  FEMTOSECOND  CARS  SIGNAL  GENERATION: 
INTERACTION  OF  THE  PROBE  LASER  WITH 
THE  INDUCED  RAMAN  COHERENCE 

The  CARS  signal  results  from  the  scattering  of  the  probe 
beam  from  the  induced  Raman  coherence.  We  have  per¬ 
formed  measurements  of  temperature  and  concentration  in 
room  air  and  gas  cells,1  and  more  recently,  in  flames32  by 
monitoring  the  decay  of  the  femtosecond  CARS  signal  as  a 
function  of  probe  delay  with  respect  to  the  impulsive  pump- 
Stokes  excitation.  The  results  of  a  probe  delay  scan  for  N2 
CARS  in  room  air  is  shown  in  Fig.  6.  Both  the  CARS  signal 
from  the  fundamental  (1,0)  Raman  band  of  N2  and  the  non¬ 
resonant  background  contribute  to  the  observed  four-wave 
mixing  (FWM)  signal.  The  calculated  FWM  signal  is  also 
shown.  The  agreement  between  the  experimental  data  and 
the  DNI  calculations  is  excellent. 

The  calculated  FWM  signal  amplitude  is  proportional  to 
the  sum  of  the  CARS  polarization  amplitude,  as  given  in  Eq. 
(62),  and  the  nonresonant  background  polarization  ampli¬ 
tude, 

ApwM  a  (e4  •  VgkVkg)  +  PXmA i (t)A2(t)A3([) .  (68) 

The  CARS  signal  polarization  amplitude  /mgkrjkg  has  both 
real  and  imaginary  components,  but  the  nonresonant  back¬ 
ground  polarization  amplitude  yS^NRA1(f)A2(f)A3(f)  is  purely 
real  [we  assume  that  the  laser  amplitudes  Ax(t)  are  real  with¬ 
out  loss  of  generality].  The  scaling  parameter  is  adjusted  in 
the  calculations  to  fit  the  experimental  data.  For  the  calcula¬ 
tions  shown  in  Fig.  6,  0.175;  we  are  still  investigating  the 

departure  of  (3  from  the  expected  value  of  1.0.  We  have 
noted  that  the  ratio  of  the  nonresonant  peak  in  the  FWM 
signal  to  the  resonant  signal  does  vary  by  a  factor  of  at  least 
2  from  day  to  day,  and  this  appears  to  be  the  result  of  day- 
to-day  variation  in  laser  pulse  parameters. 

We  performed  a  series  of  DNI  calculations  to  investigate 
the  effect  of  variations  in  the  pump  and  Stokes  laser  irradi- 
ances  on  the  calculated  FWM  signal.  The  calculated  FWM 
signal  (CARS  +  NR),  CARS  signal,  and  pump  irradiance  pro¬ 
file  are  shown  in  Figs.  7(a)-7(e)  for  values  1034,  2.5  X  1034, 
2.5  X  1035,  4X  1036,  and  1038  W2/m4,  respectively,  for  the 
product  ^pump^stokes  °f  Pea^  irradiances  for  the  pump  and 
Stokes  beams.  Note  that  for  the  values  of  1034,  2.5  X  1034, 
and  2.5  X  1035  W2/m4  for  the  pump-Stokes  peak  irradiance 
product,  the  ratio  of  the  peak  in  the  CARS  +  NR  signal  to  the 
CARS  signal  is  nearly  constant.  For  7^mp/^okes=2.5 
X  1035  W2/m4,  the  normalized  excited  level  population 
reaches  a  value  of  approximately  0.07  as  a  result  of  the 
pump-Stokes  excitation,  as  shown  in  Fig.  4.  At  higher  values 
of  /pump-Stokes’  saturation  effects  start  to  become  important. 
As  shown  in  Figs.  7(d)  (7^mp/^okes=4  X  1036  W2/m4)  and 
7(e)  (/pump/stokes=1°38  W2/m4),  the  ratio  of  the  CARS+NR 
signal  peak  to  the  CARS  signal  increases  drastically.  This 

effect  is  also  shown  in  Fig.  8,  where  the  normalized  CARS 
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FIG.  5.  Response  of  the  (2(5)  Raman  transition  to  excitation  at  two  different  irradiance  levels.  The  real  and  imaginary  components  and  the  magnitude  of  the 
induced  Raman  coherence  are  plotted  in  (a)  and  (b)  for  peak  pump  and  Stokes  irradiances  of  2X  1018  and  1019  W/m2,  respectively.  The  normalized  excited 
level  population  is  plotted  in  (c)  and  (d)  for  peak  pump  and  Stokes  irradiances  of  2X  1018  and  1019  W/m2,  respectively.  The  (2(5)  transition  frequency  is 
2329.4  cm-1,  and  the  difference  between  the  central  frequencies  of  the  pump  and  Stokes  lasers  is  2330  cm-1.  All  resonance  and  laser  parameters  are  the  same 
as  listed  in  the  caption  of  Fig.  2  except  for  the  peak  irradiances  for  the  pump  and  Stokes  pulses. 


signal  is  plotted  for  four  different  values  of  fpumpf stokes-  The 
normalized  CARS  signal  shown  in  Fig.  8  is  calculated  by 
dividing  the  CARS  signal  shown  in  Figs.  7(a)  and  7(c)-7(e) 
by  7pump7stokes  and  then  normalizing  the  data  to  the  peak 
value  for  /^mp/^okes=2.5  X  1035  W2/m4  (the  curve  for 
^pumP^Stokes=^-^  ^  1034  \V2/m4  is  not  shown  for  reasons  of 
clarity  because  it  is  nearly  identical  with  the  7pump7stokes 
=  1034  W2/m4  curve).  The  drastic  decrease  in  the  normalized 
CARS  signal  for  /{*mp4,kes=4  X  1036  W2/m4  and 
^pump^Stokes~  1038  W^/m4  is  evident  from  Fig.  8;  for 
^pump^Stokes- W2/m4,  the  CARS  signal  has  decreased  by 
three  orders  of  magnitude  due  to  saturation  effects. 

The  data  shown  in  Fig.  6  were  acquired  using  pump, 
Stokes,  and  probe  laser  pulse  energies  of  10,  100,  and  10  /zJ, 
respectively.  The  pulse  width  for  these  pulses,  measured  us¬ 
ing  an  autocorrelator,  was  approximately  70  fs.  The  esti¬ 
mated  focal  diameter  for  the  pulses  was  50  /zm.  Assuming 
top-hat  spatial  profiles,  the  calculated  peak  irradiance  for 
these  pulses  is  approximately  5  X  1016,  5  X  1017,  and  5 
X  1016  W/m2,  respectively,  indicating  that  the  experimental 
values  of  /pump/stokes  were  ahout  an  order  of  magnitude  below 
the  saturation  threshold  in  our  experiments. 


FIG.  6.  Comparison  of  the  results  from  the  measurement  of  the  FWM  signal 
as  a  function  of  probe  delay  and  DNI  theoretical  calculations  for  room  air. 
For  the  experiment,  the  pump,  Stokes,  and  probe  pulse  energies  were  10, 
100,  and  10  julJ,  respectively.  The  measured  pulse  widths  were  approxi¬ 
mately  70  fs.  For  the  calculations,  the  peak  irradiances  for  the  pump,  Stokes, 
and  probe  beams  were  5  X  1016,  5  X  1017,  and  5  X  1016  W/m2,  respectively, 
corresponding  to  an  estimated  50  jmm  focal  diameter  for  each  beam.  The 
collisional  dephasing  rate  and  the  laser  pulse  parameters  for  the  calculations 
are  the  same  as  given  in  the  caption  of  Fig.  2. 
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FIG.  7.  Calculation  of  the  CARS  signal  from  N2  and  CARS  plus  nonresonant  background  signal  from  room  air.  The  peak  irradiances  for  the  pump,  Stokes, 
and  probe  beams  were  (a)  1017,  1017,  and  1015  W/m2,  respectively;  (b)  5  X  1016,  5  X  1017,  and  1015  W/m2,  respectively;  (c)  5  X  1017,  5  X  1017,  and  1015  W/m2, 
respectively;  (d)  2  X  1018,  2  X  1018,  and  1015  W/m2,  respectively;  and  (e)  1019,  1019,  and  1015  W/m2,  respectively.  The  collisional  dephasing  rate  and  the  laser 
pulse  parameters  for  the  calculations  are  the  same  as  given  in  the  caption  of  Fig.  2. 


V.  CONCLUSIONS  AND  FUTURE  WORK 

We  have  performed  a  theoretical  analysis  of  the  femto¬ 
second  CARS  process  to  support  our  ongoing  experimental 
efforts1,32  to  develop  techniques  for  temperature  and  concen¬ 
tration  measurements.  The  DNI  calculation  methods  that  we 
have  developed  are  ideal  for  the  numerical  modeling  of  the 
interaction  of  femtosecond  laser  radiation  with  both  single¬ 
photon  and  two-photon  (including  Raman)  molecular  reso¬ 
nances.  This  interaction  is  inherently  far  from  steady  state, 
which  is  usually  assumed  for  perturbative  analyses.  The  tem¬ 
poral  pulse  shapes  of  the  lasers  and  the  laser  irradiances  are 
input  parameters  in  the  DNI  numerical  modeling.  The  DNI 
results  should  be  applicable  for  laser  irradiances  less  than  the 


irradiances  required  for  dielectric  breakdown;  for  air  at  stan¬ 
dard  temperature  and  pressure  conditions,  the  breakdown 
threshold  for  810  nm,  110  fs  laser  pulses  was  determined  to 
be  approximately  3  X  1020  W/m2  by  Qin  et  al .33.  We  deter¬ 
mined  that  the  Raman  transitions  are  significantly  saturated 
for  pump  and  Stokes  irradiances  greater  than  1020  W/m2. 

One  aspect  of  the  DNI  modeling  that  bears  further  inves¬ 
tigation  is  the  validity  of  the  rotating  wave  approximation. 
We  have  used  this  approximation  extensively  in  developing 
the  equations  for  the  numerical  analysis.  The  optical  fre¬ 
quency  is  3.748  X  1014  Hz  for  800  nm  laser  radiation,  and 
there  are  approximately  26  complete  optical  cycles  within 
the  70  fs  full  width  at  half  maximum  of  the  laser  pulses. 
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FIG.  8.  Normalized  N2  CARS  signal  from  room  air.  The  CARS  signal  for 
peak  irradiances  of  /pUmp=4tokes=5  X  1017  W/m2  is  the  base  case.  For  each 
curve,  the  calculated  CARS  signal  is  divided  by  the  peak  CARS  signal  for 
the  base  case,  and  by  the  normalized  peak  irradiance  product 
^Lp  ^fokes/2-5  x  1q35-  The  Peak  irradiance  products  /j*m?  /gj,kes  for  each 
curve  are  indicated  in  the  legend.  The  collisional  dephasing  rate  and  the 
laser  pulse  parameters  for  the  calculations  are  the  same  as  given  in  the 
caption  of  Fig.  2. 

Therefore,  it  seems  that  the  rotating  wave  approximation  will 
still  be  valid,  at  least  for  cases  where  saturation  effects  are 
not  significant.  The  Raman  coherence  in  Fig.  5(b)  exhibits 
temporal  structure  with  characteristic  time  of  a  few  tens  of 
femtoseconds.  We  will  examine  this  approximation  in  future 
numerical  studies.  Although  the  equations  for  the  numerical 
analysis  will  be  more  complicated  when  derived  without  this 
approximation,  the  numerical  time  step  for  the  calculations 
discussed  above  was  either  1.0  or  2.0  fs.  The  numerical  time 
step  will  not  have  to  be  lowered  significantly  as  a  result  of 
NOT  using  the  rotating  wave  approximation. 

The  theoretical  work  that  we  have  performed  has  impor¬ 
tant  implications  for  the  development  of  femtosecond  CARS 
as  a  diagnostic  tool  for  gas-phase  media.  First  of  all,  the 
two-photon  Raman  resonance  can  be  excited  very  effectively 
with  the  70  fs  laser  pulses,  even  though  the  frequency  band¬ 
width  of  the  laser  radiation  is  more  than  a  factor  of  1000 
greater  than  the  Raman  line  widths  of  the  N2  2-branch  tran¬ 
sitions.  For  the  femtosecond  CARS  experiments  that  we 
have  performed,  the  irradiance  product  7pump7stokes  within 
an  order  of  magnitude  of  the  value  of  approximately  5 
X  1035  W2/m4,  at  which  Raman  saturation  effects  begin  to 
become  significant.  In  addition,  the  different  excited  Raman 
coherences  are  oscillating  with  the  same  phase,  resulting  in  a 
giant  Raman  coherence,  just  after  the  impulsive  pump- 
Stokes  excitation.  We  had  assumed  that  the  different  transi¬ 
tions  were  oscillating  in  phase,  following  impulsive  pump- 
Stokes  excitation  in  our  previous  work,1  and  our  numerical 
computations  have  confirmed  this,  at  least  for  Fourier- 
transform-limited  pump  and  Stokes  pulses.  The  DNI  calcu¬ 
lations  thus  provide  a  quantitative  framework  for  estimating 
signal  levels  for  femtosecond  CARS  diagnostic  techniques. 

We  will  investigate  the  effect  of  processes  leading  to 
non-Fourier-transform-limited  pulses,  such  as  chirp,  on  the 
impulsive  pump-Stokes  excitation  process  in  future  numeri¬ 


cal  studies.  In  addition,  the  use  of  pulse  shaping  to  selec¬ 
tively  excite  specific  vibrational  modes  and/or  to  discrimi¬ 
nate  against  the  nonresonant  background  has  been 
demonstrated  in  previous  experiments. 5,8-10,34-39  The  DNI 
approach  is  ideally  suited  for  theoretical  studies  of  the  effects 
of  non-Fourier-transform-limited  pulses  on  femtosecond 
CARS  signal  generation  and  for  the  evaluation  of  different 
pulse  shaping  strategies.  Time-dependent  phase,  frequency, 
and  polarization  of  the  input  laser  beams  can  all  be  incorpo¬ 
rated  easily  into  the  DNI  calculations. 

The  calculations  discussed  in  this  paper  were  all  per¬ 
formed  for  parallel,  linear  polarizations  of  the  pump,  Stokes, 
probe,  and  CARS  signal  beams.  In  future  studies,  polariza¬ 
tion  effects  will  be  included  so  that,  for  example,  polariza¬ 
tion  techniques  for  nonresonant  background  suppression  can 
be  investigated.  The  structure  of  the  excited  intermediate  lev¬ 
els  will  be  altered  by  adding  an  effective  (fictitious)  £  lUu 
electronic  level  and  adjusting  the  strengths  of  the 
£  lU-X  and  k  transitions  until  the  correct 

u  <5  M  5 

values  for  both  the  N2  Raman  cross  section  and  depolariza¬ 
tion  ratio  are  obtained. 

Single-laser-shot  CARS  temperature  measurements  us¬ 
ing  a  chirped  pulse  probe  beam  have  been  performed  by 
Lang  and  Motzkus,19  the  chirped  pulse  detection  technique 
was  also  demonstrated  by  Knutsen  et  al.n  We  have  per¬ 
formed  some  preliminary  single-laser- shot  experiments  with 
a  chirped  pulse  probe  beam,  and  the  observed  signal  levels 
are  promising  for  the  acquisition  of  single-shot  spectra  from 
flame  media.  Our  computational  results  indicate  that  for  the 
present  commercial  femtosecond  laser  system  that  we  are 
using,32  the  magnitude  of  the  Raman  coherences  are  close  to 
their  maximum  possible  values  as  a  result  of  the  impulsive 
pump-Stokes  excitation.  The  generated  CARS  signal  can  still 
be  increased  by  increasing  the  probe  beam  irradiance,  how¬ 
ever,  especially  for  a  chirped  pulse  probe  beam.  The  demon¬ 
stration  of  single-shot  femtosecond  CARS  temperature  mea¬ 
surements  from  combustion  media  at  data  rates  of  1  kHz  or 
greater  is  a  major  goal  of  this  research,  and  the  DNI  calcu¬ 
lations  discussed  in  this  paper  are  of  great  value  for  defining 
the  necessary  laser  properties  and  experimental  strategies  for 
these  high-data-rate  temperature  measurements. 
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APPENDIX:  DERIVATION  OF  THE  TIME-DEPENDENT  / 

DENSITY  MATRIX  EQUATIONS  &ke  =  ~  crke[i(coke  -  co2)  +  yke]  -  \%l)age 

n  8 


1.  Density  matrix  elements  for  transition  between 
states  k  in  excited  level  K  and  states  e  in  excited 
level  E 

The  density  matrix  elements  that  describe  the  single  pho¬ 
ton  induced  coherence  between  level  K  and  level  E  are  given 
by 


Pe'e- 


(A5) 


Writing  the  density  matrix  elements  and  radiative  interaction 
terms  in  terms  of  real  and  imaginary  components  and  assum¬ 
ing  steady  state  ( &ke=0 ),  we  obtain 

0  =  -  (°ke  +  [;'((%■  -  m2)  +  7ke ] 


l 

Pke  ~  ~  Pke(i^ke  T/ce)  —  >  (VkgPge  ~  Pkg^ge) 
U  8 


r,  ( V ke ' Pe'e  Pke '  ^ e ' e) 

h  , 


(A6) 


l 

-  >  i^kk'Pk'e  ~  Pkk'  ^k'e)  •  (Al) 

hk’ 

Eliminating  terms  that  are  zero  due  to  a  zero  value  for  the 
electric-dipole-moment  matrix  element  or  very  small  in  mag¬ 
nitude  due  to  the  negligible  populations  of  levels  K  and  S ,  we 
obtain 

Pke  ~  ~  Pke(i^ke  l/ke)  ~~  ^  V kgPge  ~  ^ ke'Pe'e 

8  e’ 

-  7  2  Vkk’Pk’e ■  (A2) 

hk’ 

Substituting  Eqs.  (9)  and  (10)  into  Eq.  (A2),  we  obtain 
&ke  exp(-  i(o2t )  -  i(o2crke  exp(-  i(o2t)  +  rjke  exp(-  io)3t) 

-  i^-i  Vke  exp(-  i(03t) 

=  -  Wke  exP(-  >0J2t)  +  Vke  exP(-  i(03t)](ia)ke  +  yke) 

l  ^ 

-  TZj  Vkg (Tge  exp[+  /(ft)!  -  ft>2)r] 
n  g 

-  7  2  y ke’Pe’e  ~  12  Vkk’^k’e  exP(“  io>2 0  •  (A3) 

h  e’  hk’ 

Multiplying  through  by  exp (+i(o2t)  and  rearranging,  we  ob¬ 
tain 


Solving  for  the  real  and  imaginary  components,  we  obtain 

o  =  (yke{o)ke  -  ft)2)  -  (fkeyke  +  alkge  +  a2ke,e,  (A7) 

^  ^ke ( ^ke  ^ke^ke  fi\kge  Pike’ e^ 

where 

(A8) 

n  8 

(A9) 

Vlke’e-^i^pi’e+^Pe’el 

e' 

(A10) 

/W  =  r2[-v + 

71  8 

(All) 

e' 

(A  12) 

Solving  for  (fke  and  c/ke,  we  obtain 

r  ( filkge  filke ' e)  ( ^ke  ~  ^2)  (^1  kge  ^2ker e)  l^ke 

(coke  -  ft)2)2  + 

(A  13) 

Vke  Vke((Oke  ft)2)  +  filkge  +  $2ke’  e\^  yke  • 

(A  14) 

<?ke  +  Vke  exP[+  i(°J2  ~  «3)?]  “  >  ^2  Vke  exp[+  /(« 2  “  M3)t] 

=  ~  Wke  +  Vke  exP[+  2  ~  M3)t]}[i((x)ke  -  ft)2)  +  Jke] 

~  VkgVge  exp(+  /ft)  1 0 

U  g 

~  lE  y ke’Pe’e  exP(+  *«2?) 
he’ 

-  tS  ykk’Vk’e ■  (A4) 

hk’ 

Substituting  Eqs.  (15)  and  (16)  into  Eq.  (A4)  and  eliminating 
terms  that  oscillate  at  optical  frequencies,  we  obtain 


Multiplying  Eq.  (A3)  through  by  exp (+ia)3t)  and  rearranging, 
we  obtain 

Vke  exp[+  *’(ft>3  -  0J2)?]  -  iu2vke  exp[+  /(ft)3  -  ft)2)r]  +  T)ke 
=  -  {vke  exp[+  /(«3  -  «2 V]  +  Vk,}[i(°Ve  ~  V3)  +  yke ] 

-  “2  VkgVge  exp[+  /(ft)!  -  ft)2  +  ft)3)r] 

U  g 

~  “2  Vke’ Pe’e  exP(+  *«3*) 
he’ 

~  7  2  Vkk’Vk’e  exp[+  /(ft)3  -  ft)2)f].  (A  15) 

fl  7, 
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Substituting  Eqs.  (15)  and  (16)  into  Eq.  (A15)  and  eliminat-  Multiplying  through  by  exp[+/(aq-  co2)t]  and  rearranging, 
ing  terms  that  oscillate  at  optical  frequencies,  we  obtain  we  obtain 


Vke  =  ~  VkelK<»ke  ~  «3 )  +  7ke\  “  7^  ViJ* 


ke’  Pe' 


(A16) 


Writing  Eq.  (A  16)  in  terms  of  real  and  imaginary  compo¬ 
nents  assuming  steady  state  (77^=0),  we  obtain 

0  =  -  ( ■ Vke  +  i  Vke)W°>ke  ~  «3)  +  7ke\ 


){Pe,e  +  iPe')- 


(A17) 


Equating  real  and  imaginary  components  in  Eq.  (A  17),  we 
obtain 


Vrke7ke  ~  VkeWke  ~  «3)  =  ^2  (^ke^Pe'e  +  ^ p[’ ) 


&3ke' i 


(A18) 


rfkeWke  ~  (O3)  +  V'keJke  =  ^2  ("  ^J^P^'e  +  ^  Pe' ) 


~  @3ke'e- 

Solving  Eq.  (A  19)  for  rfke,  we  obtain 
Vke  =  [“  Vke(°>ke  ~  *>3)  +  p3ke'eV7ke- 


(A19) 

(A20) 


Substituting  Eq.  (A20)  into  Eq.  (A18)  and  solving  for  rfke, , 
we  obtain 


Vke  = 


^3ke'  el^ke  @3ke'  e(^ke  ^3) 

Tke  +  Wke  ~  «3)2 


(A21) 


2.  Density  matrix  elements  for  transition  between 
states  e  in  excited  level  E  and  states  g  in  ground 
level  G 


The  density  matrix  elements  that  describe  the  two- 
photon-induced  transitions  between  ground  level  G  and  ex¬ 
cited  level  E  are  given  by 


i 

Peg  ~  ~~  Peg(i^eg  Teg)  —  >  (^eg'Pg'g  —  Peg'Vg'g) 


(Yee'Pe'g  Pee'^e'g) 


~  >  2  ( VekPkg  ~  PekYkg)  •  (A22) 

n  k 

Substituting  using  Eqs.  (8)— (10),  rearranging,  and  eliminat¬ 
ing  terms  that  are  negligible,  we  obtain 

&eg  exp[-  i(Q)\  -  (x)2)t ]  -  i(col  -  (o2)creg  exp[-  i(co1  -  o)2 )t] 

=  -  deg  exp[-  i(o)x  -  o)2)t](iojeg  +  yeg) 

i  ^ 

-  TZj  WekWkg  exP(“  iM\[)  +  Vkg  exP(“ 

U  k 

~  Wek  exp(+  iw2t)  +  Vek  exp(+  i(03t)]Vk g}.  (A23) 


&eg  =  -  (reg{i[o)eg  -  («,  -  ft)2)]  +  yeg} 

~  7  2  Vek{crkg  exp(-  ioj2t) 

n  k 

+  Vkg  exp[-  *(ft>4;  -  ft)i  +  ft)2)f]} 

+  ^2  Wek  exp(+ 
h  k 

+  Vek  exp[+  3  +  ft>l  -  o>2 )t]}Vkg.  (A24) 

Using  the  relation  oj4=  o)1-  qj2  +  o)3,  we  can  rewrite  Eq.  (A24) 


cr 


eg 


=  -  VegpWeg  ~  («>1  -  ft)2)]  +  yeg} 

~  7 2  VekWkg  exp(-  ioj2t)  +  7)kg  exp(-  iu3t)] 


Wek  exP(+  +  Vek  exP(+  i0J4t)]Vk„. 


(A25) 


Substituting  for  the  radiative  interaction  terms  using  Eqs. 
(15)  and  (16)  and  keeping  only  those  terms  that  do  not  os¬ 
cillate  at  optical  frequencies,  we  obtain 


&eg  =  ~  o-eg{i[coeg  -  (to,  -  co2)]  +  yeg} 

-  ^2  ( V%2Wkg  +  V&3)  rjkg  -  c rekV[gl)) ,  (A26) 

n  k 


<Kg  +  Wg  =  ~  (Wg  +  i^egWWeg  ~  («1  ~  "2)]  +  7eg} 

~  ^2  +  W;k2i))(c/kg  +  i(/kg) 

71  k 

+  WtUW^){vrkg  +  irfkg) 

-(ait+ioi*)(V^Ir)  +  iO],  (A27) 


<Kg  =  egWeg  ~  ("1  -  w2)]  -  ^7 eg  +  7 2  V^ek^^kg 

U  k 

+  vif  ]cfkg  +  V^ykg  +  ^rfkg  -  cfekvtgu) 

~WA~Jr)l  (A28) 


&’eg  =  ~  JegWeg  ~  (W1  “  "2)]  “  WgJeg  +  ^2  [“  ^eWWg 

U  k 

+  -  V^r)Vrkg  +  \Wkv)r/kg  +  <krtgr) 

-<Mkgu)l  (A29) 
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3.  Density  matrix  elements  for  coherence  between 
states  e'  in  excited  level  E  and  states  e  in 
excited 
level  E 

The  density  matrix  elements  that  describe  the  coherence 
between  states  e  and  e '  in  excited  level  E ,  where  e±e’ ,  are 
given  by 


i 

Pe'  e  ~  ~  Pe' e(7(x*e' e  Ye'e)  —  ^Ye’  gPge  ~  Pe'g^ge) 


j,  ^Y e’  e"Pe”e  Pe'  e"^e"e) 

k  e" 

l 

—  *  (y e'kPke  ~  Pe'k^ke)  • 

ft  u 


(A30) 


The  radiative  interaction  terms  are  zero  for  many  of  these 
transitions 


4.  Density  matrix  elements  for  coherence  between 
states  g'  in  ground  level  G  and  states  g  in 
ground  level  G 

The  density  matrix  elements  that  describe  the  coherence 
between  states  g  and  gf  in  ground  level  G,  where  g¥=g',  are 
given  by 

i  i 

Pg'g  =  ~  Pg'gd^g'g  +  Tg'g)  -  7^  (Vg'g"Pg"g  ~  Pg’g"Vg"g ) 

g” 

~  (Yg'ePeg  ~  Pg'e^eg) 


h 


(  Vg'kPkg  Pg' kY kg)  • 


(A37) 


The  radiative  interaction  terms  are  zero  for  many  of  these 
transitions 


i  ^ 

Pe' e  ~  ~  Pe' e(i^e' e  1/e'  e)  ~  >  (Ye'kPke  ~  Pe'k^ke)  • 

h  k 


(A31) 


Using  Eq.  (9),  we  obtain 


Pg'g  Pg'g^^g'g +  Tg'g)  t^^Yg'kPkg  Pg'kYkg ) 


(A38) 


Using  Eq.  (8),  we  obtain 


Pe'e  =  -  Pe'eiiUe'e  +  Ve'e)  ~  7  2  [Ve'k(Tke  exp(-  iw2t) 

h  k 


-  cre'k exp(+  ico2t)Vke]. 


(A32) 


Pg'g  =  -  Pg'g(iMg'g  +  7g'g)  -  7  2  [Vg'kP'kg  exP(-  iM\t) 

n  k 


-  a„tk  exp(+  ia>it)Vkg]. 


(A39) 


Substituting  for  the  radiative  interaction  terms  and  neglecting 
terms  that  oscillate  at  optical  frequencies,  we  obtain 


Substituting  for  the  radiative  interaction  terms  and  neglecting 
terms  that  oscillate  at  optical  frequencies,  we  obtain 


Pe'e  =  ~  Pe'e(i<»e'e  +  7e'e)  ~  7  2  [rff  (Tke  ~  de <*V^2)]. 

n  k 


(A33) 


Pg'g  Pg'g^^g'g +  Tg'g)  fi^'[^g,kcrkg  Pg'kYkg  ]• 


(A40) 


Solving  for  the  real  and  imaginary  parts  of  pe'e=Pe’e+ipe>e , 
we  obtain 


Solving  for  the  real  and  imaginary  parts  of  pgfg=prg,g+iplg,g , 
we  obtain 


Pe'e  +  [Pe’e  =  “  ^e' e  +  [Pe')^e'e  +  Je'e) 


Pg’g +  lPg’g  =  ~  (Pg'g +  iPg'gW0**'* +  W 


~^[(Vifkr)  +  iV(;,f))(c/ke  +  ia i) 

+  (A34) 


-  ^2  t(vjlr)  +  ivji0)(t 4 + *<) 

-K^  +  K^)(^lr)  +  <li))],  (A41) 


Pe’e  =  Pe'e°>e’e  ~  Pe'e7e'e  +  0#*r)<4  +  <4 


—  CT  —  (T 

^ e’k^ke  ® e'k*ke  /’ 


(A35) 


=  +  p*vv*  -  p^*y*'* + (v$£Vte + v£*  ^ 

a  k 


g'k  ukg 
k 

^krtgU)-^gr))'  (A42) 


P«'e  =  -  pre’eMe’e  ~  Pe’e7e'e  +  (~  V^oJ*  +  rfl'^ke 

71  k 


+  (T  l/“2r)  —  (T  t/_2ih 

+  CFe'kVke  (Te'kVke  )• 


(A36) 


Pg'g  Pg'g^g'g  Pg'g^g'g^  ^  Vg’k  °ks 


+  -  a^vi-10)-  (A43) 
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5.  Density  matrix  element  for  population  of  states 
e  in  excited  level  E 

The  density  matrix  element  for  the  population  of  state  e 
in  excited  level  E  is  given  by 

Pee  —  ~  r ePee  ^  mePmm  ~  >  2  ( VegPge  PegVge) 

m  n  g 


(A49) 

It  is  not  immediately  obvious  that  the  imaginary  terms  in  Eq. 
(A49)  are  zero.  However,  the  radiative  interaction  terms  are 
described  by  relations  such  as 

V&2)  =  -  \§iek  •  (40  =  -  §0 »fe)*  •  (e2A2T  =  (v£2))* 

(A50) 


(VekPke  Pek^ke)  >  ^^ee'Pe'e  Pee'^e'e)' 
ft  k  ft  , 

K  e 

(A44) 


Simplifying  by  deleting  terms  that  are  zero  or  negligible 
gives  us 


Pee  I" ' ePee  ^  mePmm  y  ( VekPke  PekYke)  • 

Tl  lr 


(A45) 


Substituting  using  Eqs.  (9),  we  obtain 


and 

V&3)  =  - \fiek  ■  (40  =  -  \{»key  •  (Ms)*  =  (vi;3))*. 

(A51) 

Substituting  Eqs.  (A50)  and  (A51)  into  Eq.  (A49),  we  obtain 

Pee  ~  “  T ePee  +  2  Tmepmm  +  “2  + 

m  ™  k 

+  ^2  ( V&3r)  C  +  ^30  C)  •  (A52) 

71  k 


Pee  r ePee  ^  mePmm  >  i ^ke  ^P(  i(02t) 

m  ™  k 

+  7jke  exp(-  i(03t)]  -  \(Tek  exp(+  ico2t) 

+  r]ek  exp(+  i(o3t)]Vke}.  (A46) 

Substituting  for  the  radiative  interaction  terms  using  Eqs. 
(15)  and  (16)  and  eliminating  terms  that  oscillate  at  optical 
frequencies,  we  obtain 

Pee  ~  ~  I" ePee  ^ mePmm  ~  >  2-  \^ek  °"ke  ~  ^ekYke  ] 

m  * 

-  £2  [  v£3)  %,  -  %M;3)] .  (A47) 

h  k 


6.  Density  matrix  element  for  population  of 
state 

q  in  excited  level  G 


The  density  matrix  element  for  the  population  of  state  g 
in  ground  level  G  is  given  by 

Pgg  ~  ~  r gPgg  +  2  ^  mgPmm  ~  >  2  (Ygg'Pg'g  ~  Pgg'^g'g) 
m  ri  „/ 


(V gkPkg  P gkY kg)  y^(VgePeg  Pge^eg)- 


(A53) 


Writing  Eq.  (A47)  in  terms  of  real  and  imaginary  compo¬ 
nents,  we  obtain 

Pee  =  ~  r ePee  +  2  T  mePmm  "  ^2  [(V^  +  iV<f  “>) 
m  n  k 

X  «  +  ,Vb)  -  (<4  +  ioi*)(  vt2r)  +  iV^20)] 

-  ^2  [(V&3r)  +  iV&3,Wb  +  irti  -Wek  +  irfek) 
h  k 

X(vfc3r)  +  ivfc3,))].  (A48) 

Solving  for  pee , 

Pee  —  ~  r ePee  ^ mePmm  ~  >  ^ke  ~  ^ek  rfke 

m  n  k 

-  <y^r) + <kvt2i))  -  ^2  (V^r)v[e  -  v&3,Vfa 

71  A: 

-  ^vi;3r)  +  ^vfc30)  +  ^2  +  v<f'Vfe 

71  A: 

-  <4'4f)  -  ^v<;2r))  +  ^2  (V^L  +  ^I30C 


Simplifying  by  deleting  terms  that  are  zero  or  negligible 
gives  us 

Pgg  ~  ~  ^ ' g Pgg  +  r mgPmm  ~  >  gkP kg  ~  Pgk^kg)  • 

m  ^  /c 

(A54) 

Substituting  using  Eq.  (8),  we  obtain 

Pgg  —  —  ^ g Pgg  r mgPmm  ~  >  2-  {^g^t^/cg  ^P(—  i(0\t) 

m  71  k 

+  rjkg  exp(-  ico4t)]  -  \crgk  exp(+  io)xt) 

+  rjgk  exp(+  i(o4t)]Vkg}.  (A55) 

Substituting  for  the  radiative  interaction  terms  using  Eq.  (15) 
and  eliminating  terms  that  oscillate  at  optical  frequencies,  we 
obtain 

Pgg  —  —  TgPgg  2  r mgPmm  ~  >  2  [^g^  °"A;g  —  ^gk^kg  ]  • 
m  71  k 

(A56) 

Writing  Eq.  (A56)  in  terms  of  real  and  imaginary  compo¬ 
nents,  we  obtain 
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Pgg  =  -  Fgpgg  +  2  TmgPmm  -  ^2  [(V&lr)  +  iV&10) 


X«g  +  i<g)  -  K k  +  KMglr)  +  ivtsli))i 


kg 


(A57) 


Solving  for  p ,  we  obtain 


Pgg  —  +  2-  ^  mg  Pmm  +  >  2  +  ^gk 

m  71  k 


-  (t  V^~1^  -  rrl  l/_lrh  +  -Y  (_  \/+lr)n-r 

^gfc  *  kg  agk  *  kg  )  +  \  'gA:  akg 

71  k 

+ + <^Xlr)  -  <40  •  <A58) 

Again  we  can  use  the  relation  V^J  =  (V^)*  to  eliminate  the 
imaginary  terms  in  Eq.  (A58)  to  obtain 
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There  is  growing  interest  in  the  use  of  short-pulse  lasers  for  coherent  anti- 
Stokes  Raman  scattering  (CARS)  to  minimize  non-resonant  background 
(NRB)  contributions  in  a  variety  of  applications.  Using  time-coincident 
picosecond  (ps)  pump  and  Stokes  beams  and  a  time-delayed  ps  probe 
beam,  we  show  that  a  three  orders  of  magnitude  reduction  in  NRB 
interference  can  be  achieved  in  rich  hydrocarbon-air  flames  while 
preserving  60%  to  80%  of  the  CARS  signal.  This  represents  a  significant 
improvement  in  signal-to-interference  ratio  compared  with  previous 
measurements  in  room  temperature  air  and  is  attributable  to  reduced 
rates  of  collisional  dephasing  and  relaxation  at  flame  temperatures. 
Measurements  within  the  flame  zone  of  a  laminar  flat-flame  burner  are 
used  to  investigate  the  characteristics  of  time-coincident  and  probe- 
delayed  broadband  ps  N2-CARS  spectra  for  C2H4-air  equivalence  ratios 
of  0.5  to  1.2.  Up  to  three  ro- vibrational  bands  of  N2  are  excited  with  each 
laser  shot  using  135  ps  pump  and  106  ps  Stokes  beams,  and  the  CARS 
signal  is  generated  using  a  135  ps  probe  beam  delayed  by  165  ps.  The 
enhanced  signal-to-interference  ratio  achieved  in  the  current  work  is  one 
to  two  orders  of  magnitude  higher  than  that  previously  achieved  using 
polarization-selection  techniques  without  sensitivity  to  the  effects  of 
birefringence  caused  by  density  gradients  or  test  cell  windows.  Moreover, 
the  use  of  a  135  ps  laser  source  in  this  study  enables  frequency  domain 
“broadband”  CARS  with  sufficient  resolution  to  extract  ro-vibrational 
spectral  features  under  various  flame  conditions.  The  effect  of  probe  delay 
and  NRB  suppression  on  characteristics  of  these  broadband  CARS 
spectra  are  investigated,  and  evidence  of  preferential  collisional  dephasing 
and  relaxation  of  different  ro-vibrational  transitions  is  not  detected.  This 
is  a  promising  but  preliminary  result  to  be  investigated  further  in  future 
work. 

Index  Headings:  Coherent  anti-Stokes  Raman  scattering;  CARS;  Picosec¬ 
ond;  Ultrafast;  Non-resonant  background;  Hydrocarbon-air  flames. 


INTRODUCTION 

Coherent  anti-Stokes  Raman  scattering  (CARS)  measure¬ 
ments  of  temperature  and  major- species  number  density  have 
been  demonstrated  in  a  wide  array  of  practical  combusting 
flows,  including  internal  combustion  engines,  jet  engines, 
propellant  burners,  and  industrial  furnaces.1^  The  CARS 
signal,  which  is  obtained  through  stimulated  Raman  pumping 
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and  coherent  scattering,  is  several  orders  of  magnitude  greater 
than  spontaneous  Raman  scattering.  It  is  ideal  for  measure¬ 
ments  in  flames  with  significant  broadband  emission  because 
the  signal  is  coherent  and  can  be  captured  efficiently  using 
offset  detection.  Under  stoichiometric,  fuel-rich,  or  high- 
pressure  conditions,  however,  the  increased  non-resonant 
background  (NRB)  contribution  from  hydrocarbon  species 
can  affect  the  accuracy  of  number-density  measurements  and 
can  lead  to  an  overestimate  of  temperature. 

Because  of  its  impact  on  CARS  spectroscopy,  non¬ 
resonant  susceptibility  has  been  measured  extensively  for 
gaseous  species  commonly  found  in  hydrocarbon-air  flames.2 
Published  uncertainties  are  ±10%  and  are  most  reliable  in 
premixed  flames  and  in  well-mixed  combustion  products 
when  the  reactant  composition  is  known  a  priori.  In  the 
mixing  region  of  diffusion  flames,  the  variation  in  non¬ 
resonant  susceptibility  from  the  oxidizer  to  the  fuel  stream 
can  be  as  high  as  1000%  for  hydrocarbon-air  combustion. 
This  leads  to  a  certain  degree  of  subjectivity  with  regard  to 
CARS  spectral  analysis  and  limits  the  ability  to  extract 
quantitative  information  in  turbulent  flames.  Suppressing  the 
generation  of  NRB,  therefore,  is  highly  advantageous  for 
improving  the  accuracy  and  detection  limit  of  CARS 
measurements. 

Previously,  the  most  effective  means  of  suppressing  the 
NRB  contribution  for  ro-vibrational  CARS  made  use  of  the 
polarization  sensitivity  of  CARS  signals.5-7  The  angular 
separation  in  the  resonant  and  non-resonant  signals  can  be 
optimized  by  selecting  appropriate  pump  and  Stokes  field 
polarizations,  and  an  analyzer  can  be  used  to  collect  the  desired 
signal.  Unfortunately,  this  approach  reduces  the  CARS  signal 
by  at  least  a  factor  of  16  because  the  resonant  signal  decreases 
when  the  pump  and  Stokes  polarizations  are  angularly 
separated.  Manipulation  of  the  polarization-dependent  proper¬ 
ties  of  the  ro-vibrational  CARS  signal  can  improve  detectabil¬ 
ity,  therefore,  but  it  is  not  effective  under  photon-limited 
conditions.2  Non-resonant  background  suppression  based  on 
polarization  selection5,8  may  also  be  problematic  in  high- 
pressure  practical  combustors  because  of  polarization  scram¬ 
bling  from  density  gradients  and  window  birefringence,  where 
the  typical  window  thickness  can  be  three  to  four  inches. 
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Fig.  1.  Schematic  diagram  of  broadband  ps  CARS  system.  Symbols:  (BS)  beam  splitter,  (7/ 2)  half-wave  plate,  (P)  polarizer,  (M)  mirror,  (^)  translation  stage,  and 
(BD)  beam  dump. 


Alternatively,  NRB  suppression  can  be  achieved  using 
ultrashort  (femtosecond  or  picosecond)  pulses  by  delaying  the 
probe  beam  with  respect  to  the  pump  and  Stokes  beams.9-13 
The  objective  of  the  current  work  is  to  investigate  the  use  of 
“broadband”  picosecond  (ps)  CARS  in  hydrocarbon-air 
flames,  which  combines  time  domain  NRB  suppression, 
commonly  employed  in  the  femtosecond  regime,  with  the 
high  spectral  resolution  frequency  domain  approach  of 
nanosecond  CARS.  We  have  recently  demonstrated  ps  N2- 
CARS  measurements  with  high  spectral  resolution  in  room 
air12  and  studied  the  time-resolved  dynamics  of  spectrally 
integrated  resonant  and  non-resonant  signals.13  Previous  data 
obtained  in  room  air  indicate  that  it  is  possible  to  reduce  the 
NRB  signal  by  more  than  three  orders  of  magnitude  with  a 
corresponding  factor  of  three  drop  in  CARS  signal  intensity 
through  appropriate  selection  of  the  CARS  probe  delay. 
However,  it  is  expected  that  temperature  dependent  collisional 
dephasing  and  relaxation  will  significantly  slow  the  rate  of 
CARS  signal  decay  in  combusting  flows,  helping  to  avoid 
significant  losses  in  CARS  signal  with  increasing  probe  delay. 
This  is  advantageous  not  only  for  NRB  suppression  under 
photon-limited  conditions,  but  also  for  enabling  the  use  of  50 
to  200  ps  lasers  to  achieve  broadband  CARS  with  sufficient 
resolution  to  extract  ro- vibrational  spectral  features. 

The  current  measurements  address  two  primary  questions 
with  regard  to  probe-delayed  ps  N2-CARS  spectra  in 


hydrocarbon-air  flames,  including  (1)  the  effect  of  flame 
conditions  on  the  ideal  operating  parameters  for  enhancing 
signal-to-interference  ratio,  and  (2)  the  relative  effect  of  probe 
delay  and  NRB  suppression  on  excited-state  ro -vibrational  N2- 
CARS  spectra,  including  evidence  of  preferential  collisional 
dephasing  and  relaxation  for  various  ro -vibrational  transitions. 
However,  we  do  not  present  absolute  improvements  in 
temperature  accuracy  or  precision,  as  we  show  from  this  work 
that  a  more  advanced,  time-dependent  theoretical  model  is 
required  for  analytical  comparison  with  spectra  from  non-time- 
coincident  N2-CARS  beams.  Other  research  using  ps  CARS 
has  focused  on  solid-state  chemical  reactions  or  shock 
propagation  studies,14-16  neither  of  which  are  directly  useful 
for  this  purpose.  Hence,  the  current  work  focuses  on 
quantitative  measurements  of  signal-to-interference  ratio,  with 
qualitative  observation  of  the  time-dependent  ro-vibrational 
N2-CARS  spectral  features. 

EXPERIMENTAL 

Optical  System.  The  broadband  ps  CARS  experimental 
arrangement  shown  in  Fig.  1  is  described  in  previous 
publications,12,13  and  only  a  brief  summary  is  included  here 
for  reference.  A  fraction  of  the  energy  from  a  10  Hz, 
frequency-doubled,  Nd:YAG  regenerative  amplifier  (Coherent, 
Inc.)  at  532  nm  is  used  to  pump  a  modeless  dye  laser  to 
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Fig.  2.  (a)  Experimental  and  theoretical  broadband  ps  N2-CARS  spectra  at  (|) 

=  0.5  with  time-coincident  beams  and  (b)  temperatures  acquired  from  (|)  =  0.5 
to  1.2  with  time-coincident  beams. 


generate  the  Stokes  beam  at  606  nm.  The  output  of  the  dye 
laser  has  a  full-width  at  half-maximum  (FWHM)  bandwidth  of 
—5  nm,  FWHM  pulse  width  of  106  ps,  and  output  energy  set  to 
800  pJ  (out  of  a  5  mJ  maximum).  The  nearly  transform-limited 
beam  at  532  nm  has  a  FWHM  pulse  width  of  —135  ps  and  is 
split  into  pump  and  probe  beams,  each  with  an  energy  set  to 
150  pJ  (out  of  an  8  mJ  maximum).  The  pump,  probe,  and 
Stokes  beams  are  arranged  in  a  folded  BOXCARS  geometry, 
and  the  temporal  overlap  is  adjusted  using  translation  stages  in 
the  paths  of  the  pump  and  probe  beams.  The  spatial  resolution 


Fig.  3.  CARS  signal  decay  as  a  function  of  probe  delay  in  a  heated  cell. 
Signals  are  normalized  to  the  signal  at  a  probe  delay  of  zero. 


is  estimated  to  be  30  pm  in  the  direction  normal  to  the  beam 
and  1.5  mm  in  the  phase-matching  direction.  The  CARS  signal 
is  dispersed  by  a  1.25  m  spectrometer  (SPEX  1250M)  with  a 
2400  grooves/mm  grating,  and  the  spectrum  is  recorded  using  a 
back-illuminated,  unintensified  2048  X  512  pixel  array  charge- 
coupled  device  (CCD)  camera  with  full  vertical  binning  (Andor 
Technologies  Model  DU  440BU).  Single-shot  CARS  signal 
intensities  recorded  with  this  camera  and  using  the  beam 
energies  stated  above  lead  to  full-scale  signal-to-noise  ratios  of 
at  least  1600:1  and  1000:1  for  the  time-coincident  and  time- 
delayed  configurations,  respectively,  for  all  flame  conditions. 
The  spectral  dispersion  of  the  CARS  signal  is  0.174  cm-1/ 
pixel,  and  the  resolution  of  the  CARS  detection  system  is 
—0.54  cm-1.  This  is  similar  to  the  spectral  resolution  for 
nanosecond  systems,3  indicating  that  the  ps  pump-  and  probe- 
laser  bandwidth  of  —0.12  cm-1  is  sufficient  to  resolve  the  ro- 
vibrational  transitions  under  the  current  flame  conditions. 

Test  Section.  Measurements  are  performed  within  the 
product  zone  at  a  height  12  mm  above  a  flat  C2H4-air  flame 
stabilized  over  a  Hencken  burner.  The  flat  flame  actually 
consists  of  a  series  of  small  diffusion  flames  whose  products 
mix  thoroughly  within  a  few  millimeters  of  the  burner 
surface.17  This  test  configuration  enables  measurements  in  an 
idealized  diffusion  flame  with  well-mixed  products  of  known 
composition  and  non-resonant  susceptibility.  Flow  rates  are 
adjusted  to  match  those  of  previous  temperature  measure¬ 
ments,17  and  the  equivalence  ratio  (c())  is  varied  from  0.5  to  1.2 
to  illustrate  the  relative  effect  of  the  NRB  at  lean  and  rich 
conditions. 

RESULTS  AND  DISCUSSION 

Time-Coincident  Coherent  Anti-Stokes  Raman  Scatter¬ 
ing  Spectra.  A  typical  100-shot-average  N2-CARS  spectrum 
acquired  using  the  ps  laser  system  with  time -coincident  beams 
is  shown  in  Fig.  2a,  along  with  a  theoretical  fit  from  the  Sandia 
CARSFT  code.18  CARSFT  spectra  are  plotted  using  the 

APPLIED  SPECTROSCOPY  348  1137 


Fig.  4.  Comparison  of  time-coincident  and  probe-delayed  experimental  broadband  ps  N2-CARS  spectra  at  (a)  4>  =  0.5  and  (b)  (|)  =  1.2. 


square-root  of  signal  intensity,  which  is  proportional  to  the 
difference  in  number  density  between  coupled  vibrational 
levels.  The  spectrum  in  Fig.  2a  is  quite  similar  to  broadband 
spectra  obtained  using  nanosecond  lasers  with  similar  peak 
intensities,  and  the  measured  flame  temperature  is  within  2%  of 
the  equilibrium  value  predicted  for  <\)  =  0.5.  Hence,  the  laser 
pulse  widths  in  the  current  work  can  be  used  to  generate  high- 
resolution  frequency  domain  CARS  spectra  that  can  be 
analyzed  using  the  steady-state  CARSFT  model  when  the 
pump,  Stokes,  and  probe  beams  are  time  coincident. 

To  illustrate  the  effect  of  NRB  contributions  on  conventional 
CARS  signal  analysis,  Fig.  2b  shows  the  variation  in  ps  CARS 
temperature  measurements  from  (\>  =  0.5  to  1.2  using  time- 
coincident  beams  and  assuming  values  of  the  non-resonant 
susceptibility2  based  on  experimentally  validated  equilibrium 
predictions  of  the  product  composition.17  The  temperature 
accuracy  is  within  50  K  from  c|)  =  0.5  to  0.8,  with  a  temperature 
overshoot  that  increases  from  50  to  250  K  from  §  =  0.9  to  1.2, 
respectively.  Because  the  actual  flame  temperature  does  not 


vary  significantly  in  this  latter  range  of  equivalence  ratios,  it  is 
likely  that  this  overshoot  is  caused  by  the  increased 
contribution  of  the  NRB  from  unbumed  hydrocarbons.19 

During  the  spectral  fitting  process  for  the  data  in  Fig.  2b,  the 
magnitude  of  the  non-resonant  susceptibility  was  scaled  by  up  to 
30%  based  on  the  expected  product  composition  for  rich  C2H4- 
air  combustion.  One  approach  to  improving  temperature 
accuracy  under  rich  conditions  is  to  allow  the  NRB  to  “float” 
during  the  spectral  fitting  process  rather  than  fixing  its  value  to 
match  that  of  the  expected  product  composition.  In  this  case,  the 
non-resonant  susceptibility  of  the  converged  solution  is  —30- 
40%  higher  than  that  expected  from  the  product  composition. 
This  approach  improves  the  temperature  accuracy  by  —20-50  K, 
although  the  measured  temperature  is  still  over  200  K  above  the 
adiabatic  flame  temperature  at  c()  =  1 .2.  Reducing  the  temperature 
overshoot  to  within  100  K  requires  an  additional  150%  increase 
in  the  non-resonant  susceptibility  beyond  that  of  the  converged 
solution,  which  implies  a  priori  knowledge  of  the  flame 
temperature  to  “determine”  the  NRB  level. 


2240  2280  2320 

Raman  Shift  (cm'1) 


Fig.  5.  Experimental  and  theoretical  broadband  ps  N2-CARS  spectra  at  (|)  =  0.91  with  a  probe  delay  of  165  ps. 
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Non-Resonant  Background  Suppression.  As  discussed 
earlier,  the  use  of  polarization  selection  for  reducing  the  NRB 
signals  in  ro-vibrational  CARS  is  problematic  under  photon- 
limited  conditions5-7  and  when  significant  sources  of  birefrin¬ 
gence  are  present  in  the  test  section.  In  the  current  work,  a  five 
orders  of  magnitude  reduction  in  NRB  signal  can  be  achieved 
with  a  probe  delay  of  165  ps,  which  at  room  temperature  is 
accompanied  by  a  factor  of  15  drop  in  CARS  signal  intensity.13 
At  higher  temperatures,  however,  the  resonant  CARS  signal  is 
expected  to  decay  more  slowly  because  of  the  reduced  rate  of 
collisional  dephasing  and  relaxation.20  This  is  illustrated 
clearly  in  Fig.  3,  which  shows  the  normalized  ps  CARS  signal 
decay  as  a  function  of  probe  delay  in  a  heated  cell.  The  decay 
rate  of  the  CARS  signal  at  660  K  is  only  a  factor  of  2.5  rather 
than  a  factor  of  15  for  a  probe  delay  of  165  ps. 

The  results  of  the  temperature  cell  study  indicate  that 
relatively  high  CARS  signal  levels  may  be  maintained  with 
significant  probe  delays  under  flame  conditions.  Normalized, 
100-shot-average  ps  CARS  spectra  collected  in  the  flat  flame 
burner  at  4>  =  0.5  and  1.2  with  time-coincident  beams  and  with 
a  probe-beam  delay  of  165  ps  are  shown  in  Fig.  4.  The  first  two 
ro-vibrational  bands  of  N2  are  visible  at  cj)  =  0.5,  and  up  to  three 
ro-vibrational  bands  are  visible  at  <\)  =  1.2.  Non-resonant- 
background  suppression  while  using  a  time-delayed  probe 
beam  is  most  apparent  along  the  lower  range  of  the  rotational 
transitions  below  2300  cm-1.  Odd-/  rotational  lines  that  are 
obscured  by  non-resonant  contributions  in  the  case  of  time- 
coincident  beams  appear  more  prominent  when  using  a  time- 
delayed  probe  beam. 

The  relative  effect  of  the  NRB  contribution  increases 
dramatically  for  higher  ro-vibrational  bands,  thereby  altering 
the  relative  magnitude  of  rotational  transitions  and  providing  a 
possible  explanation  for  the  temperature  overshoot  shown  in 
Fig.  2b.  The  impact  of  NRB  suppression  on  CARS 
measurements  under  signal  limited  conditions  is  most  evident 
within  the  N2  hot  bands  in  Fig.  4  between  2280  to  2290  cm-1. 
These  plots  enable  one  to  better  distinguish  the  NRB  level  from 
the  baseline  signal.  It  is  possible  to  observe  that  the  signal-to- 
interference  ratio  of  the  probe-delayed  CARS  signal  is 
significantly  higher  than  that  of  the  time-coincident  signal, 
with  a  background  that  approaches  the  limit  of  the  spectral 
resolution  in  the  former  case.  The  CARS-signal  intensities  in 
Figs.  4a  and  4b  are  reduced  by  45%  and  40%,  respectively, 
leading  to  a  five  orders  of  magnitude  drop  in  NRB  signal  while 
retaining  a  significant  fraction  of  the  CARS  signal.  The 
increase  in  signal-to -interference  ratio  for  the  full  range  of 
flame  conditions  is  two  orders  of  magnitude  higher  than  for  the 
use  of  polarization  selection  in  ro-vibrational  CARS.5  In 
addition,  the  suppression  of  NRB  achieved  with  a  time-delayed 
ps  probe  beam  should  have  little  or  no  dependence  on 
polarization  scrambling  due  to  density  gradients  and  window 
birefringence  in  combustors  of  practical  interest. 

The  level  of  improvement  in  signal-to-interference  ratio  is 
obviously  dependent  upon  the  flame  conditions  and  the 
selection  of  laser  pulse  widths  and  probe  delay.  For  the  current 
conditions,  the  selection  of  a  shorter  probe  delay  would  still 
enable  a  three  orders  of  magnitude  reduction  in  NRB  signal 
while  preserving  60%  to  80%  of  the  CARS  signal  intensity.  At 
high  pressures,  collisional  dephasing  rates  will  increase  and  it 
may  be  beneficial  to  use  a  shorter  probe  delay.  In  this  case, 
laser  pulse  widths  on  the  order  of  50  to  80  ps  would  allow 
comparable  NRB  suppression  with  a  reduced  probe-beam 


delay  to  preserve  CARS  signal  intensity.  The  increase  in  laser 
linewidth  would  not  adversely  affect  measurement  resolution 
because  of  the  increase  in  ro-vibrational  linewidths  at  higher 
pressure.  The  preservation  of  CARS  signal  intensity  is 
important  for  signal-limited  conditions,  as  is  often  the  case 
for  single-shot  measurements  in  turbulent  diffusion  flames. 

Broadband  Background-Free  N2  Coherent  Anti-Stokes 
Raman  Scattering  Spectra.  Although  this  work  demonstrates 
effective  NRB  suppression  in  hydrocarbon-air  flames,  it  is 
important  to  determine  whether  the  time  decay  of  the  CARS 
polarization  due  to  collisions  will  significantly  distort  the  ro- 
vibrational  spectra.  It  is  not  entirely  certain,  for  example,  that 
differences  in  the  spectral  profiles  shown  previously  in  Fig.  4  do 
not  stem  from  preferential  collisional  dephasing  and  relaxation 
for  different  ro-vibrational  transitions.  To  address  this  issue,  Fig. 
5  compares  the  experimental  N2-CARS  spectmm  for  a  time  delay 
of  165  ps  with  a  theoretical  spectmm  using  the  CARSFT  code 
assuming  steady-state  conditions  and  zero  NRB  contribution. 
The  theoretical  spectmm  was  obtained  using  the  equilibrium 
flame  temperature  for  an  equivalence  ratio  of  0.91  and  does  not 
include  numerical  fitting  with  the  experimental  data.  However, 
the  ability  of  the  theoretical  spectmm  to  capture  the  overall  ro- 
vibrational  structure  of  the  experimental  data  in  Fig.  5  implies 
that  the  effect  of  collisions  does  not  significantly  distort  the 
relative  intensity  of  the  CARS  signal  for  different  /-levels  and 
vibrational  bands  during  the  first  165  ps  for  atmospheric-pressure 
flames.  There  is  an  apparent  mismatch,  however,  between  the 
experimental  and  theoretical  spectra  near  the  baseline  of  the  N2 
CARS  bandhead.  This  mismatch  is  not  likely  attributable  to  NRB 
suppression  since  the  CARSFT  code  presumes  zero  NRB.  It  may 
be  due,  instead,  to  the  destructive  interference  of  two  or  three 
states  that  are  simultaneously  excited  by  the  near-transform- 
limited  0.12  cm-1  bandwidth  pump  beam  and  the  130  cm-1 
bandwidth  Stokes  beam.  This  mismatch  prevents  successful 
fitting  with  the  steady-state  CARSFT  code  and  indicates  that  a 
more  advanced  theoretical  model,  currently  under  development, 
is  required  to  account  for  the  time-dependent  N2-CARS  signal 
decay. 

CONCLUSION 

The  suppression  of  NRB  in  broadband  ps  N2-CARS  spectra 
has  been  investigated  in  hydrocarbon-air  flames  of  varying 
equivalence  ratio.  Improvements  of  at  least  four  orders  of 
magnitude  in  signal-to-background  ratio  can  be  achieved  by 
delaying  the  135  ps  probe  beam  by  165  ps  with  respect  to  the 
135  ps  pump  and  106  ps  Stokes  beams.  This  strategy,  which 
achieves  greater  NRB  suppression  than  polarization-based 
techniques  while  preserving  a  higher  percentage  of  the  CARS 
signal,  has  the  potential  to  significantly  enhance  the  perfor¬ 
mance  of  CARS  thermometry  in  high-pressure,  turbulent, 
liquid-fueled  combustors  of  practical  interest  by  overcoming 
the  known  limitations  of  nanosecond-based,  time-coincident 
systems.  Use  of  ps,  transform-limited  pulses  also  enables 
frequency-domain  CARS  for  minimizing  bias  errors  due  to 
density  fluctuations.  Future  work  includes  theoretical  analyses 
of  non-resonant-background-free  CARS  spectra,  initially  with 
hydrogen  CARS,  as  well  as  implementation  in  high-pressure 
combustors  of  practical  interest. 
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The  effect  of  collisions  on  the  measured  temperatures  using  time-delayed  ps-CARS  is 
investigated.  In  ps-CARS  the  probe  beam  is  delayed  wrt  the  pump  and  Stokes  beams  in  order  to 
suppress  the  nonresonant  background. 
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collisions;  (270.1670)  Coherent  optical  effects 

Coherent  anti-Stokes  Raman  scattering  (CARS)  measurements  of  nitrogen  and  hydrogen 
molecules  using  conventional  broadband  and  modeless  nanosecond  dye  lasers  have  been  widely 
utilized  for  thermometry  in  gaseous  flows  [1],  A  significant  drawback  of  the  nanosecond  CARS 
approach,  however,  is  interference  of  the  nonresonant  background  (NRB)  signal  with  the 
resonant  CARS  signal.  This  limits  the  applicability,  sensitivity,  and  accuracy  of  nanosecond 
CARS  in  hydrocarbon-rich  environments  due  to  the  high  nonresonant  susceptibility  of 
hydrocarbon  compounds.  The  contribution  from  the  nonresonant  background  signal  is  highest 
when  the  pump  and  probe  beams  are  overlapped  temporally  [2-3].  In  the  picosecond  regime,  it  is 
possible  to  delay  the  probe  beam  temporally  with  respect  to  the  pump  beam  in  order  to  suppress 
the  nonresonant  contribution  to  the  CARS  signal.  It  is  also  possible  to  study  vibrational  energy 
transfer  (VET)  and  rotational  energy  transfer  (RET)  in  non-equilibrium  hypersonic  flows. 

The  time-resolved  dynamics  of  resonant  broadband  picosecond  coherent  anti-Stokes  Raman 
scattering  (CARS)  signals  in  gas-phase  media  are  investigated.  From  our  previous  work  on  N2 
CARS  we  have  found  that,  for  ~135-ps  pump  and  probe  beams  and  ~106-ps  Stokes  beams,  the 
magnitude  of  the  nonresonant  signals  are  decreased  by  more  than  three  orders  of  magnitude 
when  the  probe  beam  is  delayed  by  -110  ps,  whereas  the  resonant  N2  CARS  signal  is  reduced 
only  by  a  factor  of  three  [1],  This  finding  was  significant  for  the  application  of  broadband  ps- 
CARS  in  heavily  sooting  hydrocarbon  flames,  where  it  is  very  difficult  to  estimate  the 
nonresonant  susceptibility  for  the  extraction  of  temperatures  from  experimental  spectra  [2],  The 
other  unique  feature  of  the  picosecond  CARS  system  that  makes  it  ideal  for  fiber  coupling  in 
harsh  environment  application  is  the  requirement  of  only  -200  pJ  of  energy  for  the  pump  and 
probe  beams  as  compared  to  25  mJ  of  energy  per  laser  beam  generally  required  in  nanosecond 
laser-based  CARS. 

However,  there  is  a  fundamental  question  regarding  the  distortion  of  the  time-delayed 
spectrum  that  needs  to  be  resolved  before  ps-CARS  could  be  used  for  temperature 
measurements.  Does  the  time-delayed  spectrum  get  distorted  enough  during  the  first  200  ps, 
because  of  the  variation  of  relaxation  rates  for  different  transitions  that  constitute  the  spectrum, 
to  yield  a  completely  different  temperature?  The  time  for  which  spectral  distortion  could  be 
negligible  will  depend  on  the  relevant  pressure.  The  current  work  focuses  on  answering  this 
question  by  analyzing  the  time-delayed  spectrum  of  H2  molecule  for  various  pressures  and 
temperatures.  The  rotational  lines  of  H2  molecule  are  well  separated  thus  would  allow 
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investigating  the  J-dependent  relaxation  rates  and  thereby  the  temperature  evaluated  from  the 
resultant  time-delayed  spectrum. 

Measurements  were  performed  in  an  atmospheric-pressure,  near-adiabatic  hydrogen-air 
flame  stabilized  over  a  Hencken  burner.  Temperature  was  varied  by  changing  the  equivalence 
ratio  ((())  of  the  flame  (equivalence  ratio  is  defined  as  the  ratio  of  actual  fuel-to-air  over  fuel-to-air 


- y  =  6027.9  +  2439.6X  R=  0.99996 

- y  =  5730.2  +  2470.4X  R=  0.99995 

- y  =  5182.1  +  2486.8X  R=  0.99993 

- y  =  4690.1  +  2557.5X  R=  0.99993 

- y  =  4059.9  + 261 8.7x  R=  0.99991 


Fig.  1:  H2  CARS  spectra  in  a  nearly  adiabatic  laboratory  flame  at  an  equivalence  ratio  of  1.2.  (a)  Probe  beam  is 
temporally  overlapped  with  the  pump  and  Stokes  beams  and  (b)  probe  was  delayed  by  200  ps  wrt  the  pump  and 
Stokes  beams. 

for  the  stoichiometric  condition).  Time-delayed  CARS  spectra  are  acquired  by  delaying  the 
probe  beam  wrt  the  pump  and  Stokes  beams.  The  CARS  spectra  of  H2  for  4>  =  1.2  acquired  at  ti¬ 
ps  delay  and  200-ps  delay  are  shown  in  Fig.  1.  The  Q-branch  transitions  of 

v  -  1  — >  v"  =  0  vibrational  band  shown  in  Fig.  1  are 
used  to  extract  temperatures  using  Boltzmann  plot. 
The  main  purpose  of  this  work  is  to  find  out  whether 
the  temperature  extracted  from  0-ps  delayed 
spectrum  is  significantly  different  from  the 
temperature  extracted  from  200-ps  delayed 
spectrum.  Moreover,  we  also  would  like  to  know 
what  the  optimum  delay  between  the  probe  and  the 
excitation  beams  is  that  introduces  minimum 
uncertainty  along  with  significant  nonresonant 
background  signal  reduction.  The  extracted 
temperature  will  be  significantly  different  if  the 
dephasing  and  relaxation  rate  of  each  Q-branch 
transitions  significantly  differs  from  each  other.  The 
Boltzmann  plots  of  H2  CARS  spectra  for  different 
probe  delays  wrt  the  pump  and  Stokes  beams  are 
shown  in  Fig.  2.  Q(l)  to  Q(7)  transitions  of  H2 
molecule  in  the  v  —  1  — >  v"  =  0  vibrational  band 
are  used  to  extract  the  temperature.  The  slope  of  the 
Boltzmann  plot  yields  the  temperature  based  on  the 
equilibrium  assumption.  As  shown  in  Fig.  2,  the  values  of  the  temperatures  extracted  from  time- 


ln(P) 

Fig.  2:  Boltzmann  plots  of  H2  CARS 
spectra  for  different  probe  delays  wrt  the 
pump  and  Stokes  beams. 
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delayed  spectra  are  changing  with  the  probe  delay.  This  showed  that  if  the  probe  beam  is 
delayed  by  200  ps,  there  will  be  a  7%  variation  in  the  value  of  the  reported  temperature  as 
compared  to  the  temporally  overlapped  condition,  typical  in  ns  CARS.  However,  one  needs  not 
to  use  a  200  ps  time  delay  to  suppress  the  nonresonant  background.  For  100-ps  time-delay  the 
temperature  variation  is  less  than  2%  with  more  than  three  order-of-magnitudes  nonresonant 
signal  reduction  [2], 

In  order  to  understand  the  underlying  physics  of  the  change  in  temperature  with  the  probe 
delay  the  relaxation  rates  of  each  Q-branch  transitions  are  measured.  Time-resolved  CARS 
signal  of  Q-branch  transitions  for  the  flame  condition  reported  here  is  shown  in  Fig.  3.  These 


Fig.  3:  Temporal  evolution  of  the  Q-branch  transitions  of  H2  molecule  for  an  equivalence  ratio  of  1.2. 


plots  reveal  the  dephasing  and  relaxation  rates  of  each  rotational  level  (J).  It  is  evident  that  for 
the  extreme  case,  the  coherence  decay  rates  of  Q(l)  and  Q(7)  vary  by  -27%.  However,  for  most 
of  the  transitions  the  coherence  decay  rates  vary  by  less  than  10%  wrt  each  other.  The  variation 
of  the  Q(l)  and  Q(7)  rates  may  also  be  affected  by  low  signal -to-noise  ratio. 

This  research  will  pave  the  way  for  the  application  of  ps-CARS  in  harsh  chemically  reacting 
flows  and  will  also  allow  assigning  an  upper  bound  on  temperature  measurement  accuracy  for 
time-delayed  CARS  spectra. 
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under  Contract  No.  F33615-03-D-2329. 
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Fs-laser-based  time-resolved  coherent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy  of 
nitrogen  is  used  to  measure  temperature  at  1  kHz.  The  first  few  ps  of  the  time-resolved  CARS 
signal  are  free  of  collisions  for  pressures  up  to  20  bar. 
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CARS  spectroscopy  is  widely  used  for  temperature  and  major-species-concentration 
measurements  in  reacting  flows  and  plasmas  [1],  Because  of  the  phase-matching  requirement 
and  laser-like  nature  of  the  signal,  CARS  is  ideally  suited  for  reacting  flows  with  significant 
background  emission  because  the  CARS  signal  can  be  easily  isolated  spectrally,  spatially,  and 
temporally  from  the  flame  emission.  The  technique  also  provides  spatially  and  temporally 
resolved  information  with  high  accuracy. 

Time-resolved  fs-CARS  has  been  used  for  the  first  time  by  Leonhardt  et  al.  to  study  the 
molecular  beat  phenomena  in  liquid  phase  benzene,  cyclohexane,  and  pyridine  [2],  Hayden  and 
Chandler  [3]  first  used  fs-CARS  for  investigating  the  molecular  vibrational  dynamics  of  ground- 
state  gas-phase  benzene  and  1,3,5-hexatriene.  The  use  of  fs  laser  systems  for  CARS 
spectroscopy  has  three  significant  potential  advantages:  (1)  reduction  or  elimination  of  the 
nonresonant  contribution  to  the  CARS  signal  when  the  probe  beam  is  delayed  with  respect  to  the 
pump  beam,  (2)  reduction  or  elimination  of  the  effects  of  collisions  on  the  CARS  signal,  thereby 


(a) 


ns  laser-based 
Raman  excitation 


(b) 


fs  laser-based 
Raman  excitation 


532  run 


Figure  1.  Raman  excitation  scheme  for  gas-phase  N2  molecule  using  (a)  ns-laser-based 
multiplex  CARS  and  (b)  fs  pump  and  Stokes  lasers. 
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reducing  modeling  uncertainty  and  increasing  signal-to-noise  ratio,  and  (3)  the  capability  of 
generating  signals  at  rates  of  1  kHz  or  greater.  The  reduction  or  elimination  of  the  nonresonant 
background  and  collisional  effects  will  greatly  simplify  the  modeling  of  CARS  spectra  and 
improve  accuracy  by  eliminating  the  need  for  information  concerning  Raman  linewidths  [4-5], 
Schematic  diagrams  of  the  Raman-excitation  processes  with  ns  and  fs  lasers  are  shown  in 
Fig.  1 .  In  CARS,  the  wavelengths  of  the  pump  and  Stokes  beams  are  chosen  such  that  the  pump- 
Stokes  frequency  difference  matches  a  Raman  resonance  frequency  of  the  molecule.  For  the 
nitrogen  molecule,  the  Raman  resonance  frequency  for  the  v"  =  0  to  v'  =  1  band  is 
approximately  2330  cm1.  This  excitation  process  creates  a  Raman  coherence  in  the  medium, 
resulting  in  a  shifted  signal  when  the  medium  is  probed  by  another  laser  beam.  In  multiplex 
CARS  using  ns  lasers,  a  narrowband  pump  beam  and  a  broadband  Stokes  beam  are  employed  for 
simultaneous  excitation  of  numerous  transitions  in  the  ro-vibrational  Raman  band  of  the 
molecule.  As  shown  in  Fig.  1(a),  in  ns-CARS  each  pair  of  pump  and  Stokes  frequencies  is 
resonant  with  only  one  transition.  For  fs-CARS,  however,  multiple  pump-Stokes  pairs 
contribute  to  the  excitation  of  the  same  transition,  thereby  creating  a  significant  Raman 
coherence  in  the  medium  [6-7]  despite  the  large  frequency  bandwidths  of  the  pump  and  Stokes 
beams.  Numerous  Raman  transitions  are  excited  with  the  same  phase  when  the  pump  and  Stokes 
beams  are  nearly  Fourier  transform-limited.  This  in-phase  impulsive  excitation  creates  a  very 
large  coherence  in  the  medium,  which  then  decays  as  a  result  of  the  slight  frequency  differences 
between  the  neighboring  transitions.  This  decay  rate  can  be  used  to  determine  the  temperature 

[4]- 

Time-resolved  fs-CARS  signals  of  nitrogen  as  a  function  of  probe-pulse  delay  with  respect  to 
the  pump  pulse  at  various  equivalence  ratios  are  shown  in  Fig.  2.  The  decay  of  the  Raman 
coherence  during  the  first  few  ps  after  the  initial  impulsive  excitation  by  the  nearly  transform- 
limited  pump  and  Stokes  laser  pulses  is  the  focus  of  our  experiments.  The  effects  of  collisions 
on  this  time  scale  are  not  important  for  pressures  less  than  20  bar.  It  is  evident  from  the  figure 
that  the  rate  at  which  the  signal  decays  increases  with  flame  equivalence  ratio  and  temperature. 
The  signal  decays  faster  with  increasing  temperature  because  of  the  contributions  of  more 

transitions  over  a  wider  frequency  range  to  the  initial 
Raman  coherence.  This  results  from  redistribution  of  the 
population  to  higher  energy  levels  with  increasing 
temperature.  The  spectrally  broad,  nearly  transform-limited 
pump  and  Stokes  pulses  simultaneously  excite  all  the 
transitions  accessible  within  the  bandwidth  of  the  lasers. 
The  resulting  coherence  decays  thereafter  as  a  result  of  the 
slight  frequency  mismatches  between  neighboring 
transitions.  The  signal  reaches  a  maximum  value  at  a  probe 
delay  of  zero  because  of  the  contribution  from  both 
resonant  and  nonresonant  signals.  In  Fig.  2  all  signals  were 
normalized  to  a  peak  intensity  of  100  at  time  zero.  The 
oscillatory  behavior  of  the  signal  is  qualitatively  similar  for 
temperatures  in  the  range  1600  -  2400  K.  The  characteristic 
frequency  of  the  oscillations  observed  in  Fig.  2  is 
approximately  900  GHz,  which  corresponds  to  the  beat 
frequency  between  the  v’  =  1  — »  v"  =  0  and  v1  =  2  — »  v"  =  1 
vibrational  bands  and  also  between  the  v'  =  2  — »  v"  =  1  and  v'  =  3— »v"  =  2  vibrational  bands. 


Probe  Delay  (ps) 


Figure  2.  Time-resolved  fs-CARS 
signal  for  various  equivalence 
ratios  (((>). 
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Single-shot  temperature  measurements  were  performed  by  chirping  the  -75  fs  probe  pulse  to 
~2.4  ps  and  capturing  the  resulting  signal  with  an  unintensified  CCD  camera.  Time-resolved 
CARS  signals  were  generated  because  of  the  interaction  of  the  coherence,  established  by  the 
pump  and  Stokes  beams,  with  the  chirped  probe  beam,  where  the  time-delay  is  encoded  in  the 
wavelengths  of  the  probe  beam.  The  signal  that  is  dispersed  with  a  0.3-m  spectrometer  and 
recorded  with  the  CCD  camera  is  the  Fourier  transform  of  the  time-resolved  CARS  signal.  The 
acquisition  rate  of  the  camera  prevented  us  from  taking  data  at  1  kHz;  5-shot  averaged  data  are 
shown  in  Fig.  3.  Figure  3(a)  and  3(b)  show  the  chirped  CARS  signal  of  N2  at  a  flame 
temperature  of  -1500  K  when  the  probe  beam  was  temporally  coincident  with  the  excitation 
beams  and  the  probe  beam  was  temporally  delayed  wrt  the  excitation  beams  by  3  ps, 
respectively.  The  oscillation  due  to  the  beating  between  the  various  vibrational  modes  is  clearly 
evident  in  Fig.  3(b).  The  signal-to-noise  ratio  of  the  5-shot  averaged  spectrum  clearly  displays 
the  potential  of  this  technique  for  single-shot  temperature  measurements  at  1  kHz  at  flame 
temperatures.  We  are  currently  evaluating  other  cameras  for  acquisition  of  single-shot  spectra. 


Pixel  Pixel 

Fig.  3:  5 -shot  averaged  chirped  N2  CARS  signals  acquired  in  an  atmospheric -pressure,  near-adiabatic,  hydrogen-air  diffusion  flame  for  an 
equivalence  ratio  of  0.5.  (a)  The  probe  beam  is  time  coincident  with  the  excitation  beams  and  (b)  the  probe  beam  is  delayed  3-ps  wrt  the 

excitation  beams. 

Current  research  activities  in  our  laboratory  are  designed  to  address  these  key  issues:  (1) 
single-shot  temperature  measurements  at  rates  of  1  kHz  or  greater  using  a  spectrally  chirped 
probe  pulse,  (2)  influence  of  other  molecules  excited  by  the  broadband  fs-laser  pulses  on 
measurements  of  temperature  and  species  concentrations,  and  (3)  concentration  measurements  of 
minor  species  such  as  C2H2,  C6H6,  and  other  flame  molecules  and  radicals  using  shaped  laser 
pulses. 

Funding  for  this  research  was  provided  by  the  Air  Force  Office  of  Scientific  Research;  by  the  Air  Force 
Research  Laboratory,  Propulsion  Directorate,  Wright-Patterson  Air  Force  Base  under  Contract  No.  F33615-03-D- 
2329;  and  by  the  National  Science  Foundation,  Combustion  and  Plasma  Program  under  Award  No.  0413623-CTS. 
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Abstract:  The  insensitivity  of  ERE-CARS  signal  to  collisional  quenching  is  investigated.  It  is 
observed  that  the  strong  laser  pulse  helps  in  keeping  both  the  excited-state  population  and  the 
ground-state  coherence  reasonably  high,  even  with  significant  quenching. 
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Spectroscopic  measurement  of  a  target  species  in  a  high-pressure  combustor  environment  is  strongly  affected  by 
collisions  of  this  species  with  other  molecules  present  in  the  combustor.  One  of  the  major  effects  of  such  collisions 
is  electronic  quenching,  which  is  the  decay  of  the  excited-electronic-state  population  to  unwanted  molecular  states. 
Such  quenching  leads  to  major  limitations  in  the  current  state-of-art  technique  that  is  based  on  laser-induced 
fluorescence  (LIF),  causing  the  signal  to  drop  by  a  few  orders  of  magnitude  [1].  On  the  other  hand,  coherent  anti- 
Stokes  Raman  scattering  (CARS)  has  been  used  increasingly  as  a  very  common  laser  diagnostics  technique  for 
measuring  the  temperature  and  concentration  of  the  major  species  [2-3].  The  recent  development  of  electronic- 
resonance-enhanced  CARS  (ERE-CARS)  [4],  where  one  or  more  of  the  applied  lasers  in  CARS  is  tuned  to  an 
electronic  transition,  has  lead  to  resonant  enhancement  of  the  CARS  signal,  allowing  the  ERE-CARS  technique  to 
be  used  also  for  spectroscopic  measurement  of  minor  species  [5].  Recently,  it  has  been  demonstrated  that  unlike  the 
LIF  signal,  the  ERE-CARS  signal  of  nitric  oxide  (NO)  in  a  mixture  of  C02/02/N2  is  unaffected  by  the  strong 
electronic  quenching  that  is  caused  by  the  gas  mixtures  [1]. 

It  is  intriguing  that  although  both  the  ERE-CARS  and  the  LIF  signals  are  obtained  from  the  emitted  radiation  via 
de-excitation  of  the  excited  state,  LIF  turns  out  to  be  extremely  sensitive  to  excited  electronic  quenching,  whereas 
the  ERE-CARS  signal  is  not  affected  by  it.  In  this  paper,  we  present  a  theoretical  investigation  of  the  insensitivity 
of  ERE-CARS  to  strong  electronic  quenching,  as  opposed  to  the  strong  drop  of  the  LIF  signal. 


Fig.  1.  Model  schemes  to  compare  the  effect  of  electronic  quenching  on  the  diagnostic  signal  via  (a)  CARS  and  (b)  LIF  method.  Electronic 
quenching  is  modeled  by  an  incoherent  decay  yq  to  a  fictitious  state  |a)  that  represents  all  of  the  molecular  states  those  are  not  of  interest.  The 
applied  fields  are  denoted  by  1-3,  and  the  CARS  signal  in  (a)  is  represented  by  4.  The  ground-state  mixing  rates  are  denoted  by  Tj  and  r/,  and 
the  coherence  dephasing  is  represented  by  Ybc.  Detuning  of  the  lasers  from  their  respective  transitions  are  given  by  5  and  A. 

To  understand  the  effect  of  quenching  on  ERE-CARS  and  LIF,  we  have  devised  a  new  model  scheme  that 
incorporates  all  of  the  prime  physical  processes  involved  in  the  experiment  on  NO  [1].  We  consider  a  three-level 
scheme  [see  Fig.  1(a)],  where  the  excited  state  |a)  corresponds  to  the  v  =  0  vibrational  state  in  the  A2E+  electronic 
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state  of  NO,  and  the  states  |b)  and  |c)  represent  the  v  =  0,  1  states  of  the  ground  electronic  state  X2n.  We  introduce  a 
fictitious  state  |a)  that  takes  into  account  all  physical  processes  that  are  unaccounted  for  in  the  simplified  three-level 
model.  The  state  |a)  accounts  for  electronic  quenching  from  the  excited  electronic  state  to  unwanted  states  via 
radiative  or  non-radiative  transitions  occurring  as  a  result  of  the  mixing  of  the  ground-state  population  due  to 
collision  with  other  molecules.  Note  that,  unlike  in  [1],  we  do  not  consider  any  rotational  transitions  in  this 
calculation  since  this  will  add  no  new  physics  to  the  current  investigation.  The  corresponding  scheme  for  LIF  is 
shown  in  Fig.  1(b).  The  symbols  used  in  the  figure  are  described  in  the  figure  caption. 

To  describe  the  molecular  dynamics,  we  derive  a  density  matrix  equation  for  the  above  model  scheme 

dp  i 

- = - [H ,  p\  +  spontaneous  decay,  quenching  and  dephasing  terms  (1) 

dt  fi 

Where,  p  represents  the  density  matrix  and  H  is  the  Hamiltonian  of  the  molecule  +  laser-molecule  interaction.  The 
density  matrix  elements  pq  represent  population  of  the  zth  state  if  i  =j  and  coherence  between  states  i  and  j  for  i  ^  j. 
We  use  the  following  approximations  to  derive  the  dynamic  equations  for  the  density  matrix  elements: 

a.  To  separate  various  polarizations  that  are  oscillating  at  different  frequencies,  we  make  the  transformations 

Pab  ->  CTab  Exp[-iv2t]  +  7Jab  Exp [-iV3t], 

Pac  ->  crac  Exp[-z  Vi  t ]  +  rjac  Exp[-z  v4t\,  (2) 

and  pbc  ~^<Jbc  Exp[-z(vi-v2>]. 

Here,  Vj  represents  the  frequencies  of  the  input  fields  (j — >1  to  3)  and  the  CARS  signal  field  (j  =  4). 

b.  We  assume  that  detuning  of  the  fields  1  and  2  to  be  very  large  compared  to  the  energy  separation  between 
the  states  |b)  and  |c),  i.e.,  5  »  (Eb  -  Ec)/h.  We  use  the  well  known  rotating  wave  approximation  to 
eliminate  highly  oscillating  terms  such  as  Ql5t. 

Furthermore,  we  use  Maxwell-Bloch  equations  to  describe  the  propagation  of  the  CARS/LIF  signal  through  the 
medium.  However,  because  of  the  limited  scope  of  this  short  paper,  we  present  only  the  results  of  the  atomic 
evolution  that  essentially  capture  the  physics  of  the  quenching  effect  on  both  the  ERE-CARS  and  the  LIF  signals. 

Below,  we  present  the  results  of  the  numerical  calculation  for  both  the  CARS  and  the  LIF  configurations.  It  is 
well  known  that  the  LIF  signal  is  proportional  to  the  excited-state  population  paa,  whereas  the  CARS  signal  depends 
on  the  magnitude  of  the  ground-state  coherence  |pbc|.  We  present  the  time  evolution  of  the  excited-state  population 
in  Fig.  2  for  both  the  CARS  and  the  LIF  configurations  and  that  of  the  ground-state  coherence  for  the  CARS 
configuration  in  Fig.  3.  We  have  used  all  the  parameters  close  to  their  experimental  [1]  values,  except  that  here  we 
consider  a  continuous -wave  laser  as  opposed  to  the  nanosecond  laser  used  in  the  above  experiment  for  purposes  of 
describing  our  objective  easily  and  effectively.  A  detailed  calculation  with  nanosecond  laser  pulses  will  be  published 
elsewhere.  To  permit  a  good  comparison,  all  of  the  parameters  are  scaled  with  spontaneous  decay  rate  y  of  the 
excited-state  A2Z+  of  NO.  The  quenching  rate  yq  changes  significantly  with  the  composition  of  the  gas  mixture 
C02/02/N2.  For  our  numerical  calculation,  we  considered  three  different  values:  yq  =  y,  lOy,  and  lOOy. 


yt  Tft 

Fig.  2.  Insensitivity  of  excited-state  population  in  CARS  configuration  (a)  compared  to  that  in  LIF  configuration  (b).  The  population  changes  only 
a  few  percent  in  the  CARS  configuration  with  an  increase  in  yq,  but  in  the  LIF  configuration,  the  population  is  depleted  by  several  orders  of 
magnitude.  The  x-axis  represents  real  time  scaled  with  the  excited  state  decay  time  y"1. 
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Fig.  3.  Ground-state  coherence  in  CARS  configuration.  Most  strikingly,  the  magnitude  of  the  coherence  in  the  long  time  limit  increases  with  the 
excited-state  quenching  rate.  The  x-axis  represents  real  time  scaled  with  the  excited  state  decay  time  y"1 2 3 4. 

In  the  CARS  configuration,  the  Rabi  frequencies  [given  as  d-E/h  (d  and  Et  representing  dipole  moment  and  electric 
fields,  respectively)]  corresponding  to  the  pump  and  Stokes  fields  [fields  1  and  2  in  Fig.  1(a)]  are  taken  to  be  lOOOy, 
and  the  probe  is  considered  to  have  an  order  of  magnitude  less  intensity  than  1  and  2.  The  detuning  of  fields  1  and  2 
from  the  excited  transition  is  8  =  5T05y.  The  electronic-quenching  rates  are  assumed  to  affect  equally  to  the  decay 
rates  from  |a)  to  |b)  and  |c).  The  ground-state  vibrational  population  redistribution  rates  Tj  and  Tj  and  also  the 
coherence  dephasing  rate  ybc,  are  taken  to  be  Tj  =  Tj  =  ybc  =  yq/2.  It  clearly  shown  in  Fig.  2(a)  that  in  the  CARS 
configuration,  the  excited-state  population  is  not  depleted  significantly  with  an  increase  in  quenching  rate  and  also 
survives  for  a  longer  period  of  time.  Furthermore,  larger  yq  accelerates  the  process  of  reaching  a  steady  value  with 
increasing  yq,  and  also  corresponding  large  rate  of  population  redistribution  help  to  overcome  the  strong  Rabi 
flopping  caused  by  the  probe  field,  which  resonantly  transfers  population  between  states  |b)  and  |a).  However,  in 
Fig.  2(b),  in  the  LIF  configuration,  the  excited-state  population  is  strongly  depleted  by  a  few  orders  of  magnitude 
with  an  increase  in  yq.  The  Rabi  frequency  of  the  LIF  pumping  field  is  taken  to  be  y  to  avoid  saturation  and 
detuning  is  8=0. 

In  Fig.  3,  we  present  the  evolution  of  the  ground-state  coherence  for  different  yq  values.  For  small  yq,  the  strong 
Rabi  flopping  due  to  the  reasonably  strong  probe  field  dominates  during  the  initial  period  of  pbc  and  attains  a  steady- 
state  value  later.  For  larger  yq  =  y,  the  initial  Rabi  flopping  is  reduced.  However,  we  find  a  striking  and  unexpected 
result— for  larger  yq  the  steady-state  values  of  pbc  are  higher  than  that  for  yq=  y.  We  confirmed  this  result  with  our 
extensive  numerical  checks,  including  those  with  our  independent  numerical  program  for  the  steady- state  values. 
We  understand  this  result  to  be  a  combined  effect  of  the  strong  coherent  pumping  ability  and  the  electronic 
quenching  associated  with  strong  ground-state  population  redistribution.  However,  further  increase  in  yq  results  in  a 
sharp  decrease  in  the  steady  state  of  pbc  when  quenching  dominates  the  re -pumping  fields  (result  not  shown  in  Fig. 
3).  Note  that  “no”  spatial  propagation  is  considered  here.  However,  the  time  evolution  of  paa  and  pbc,  presented 
here  enhances  the  understanding  of  the  observed  insensitivity  of  the  CARS  signal  to  the  electronic  quenching  rate. 

In  summary,  we  have  shown  explicitly  that  the  excited-state  population  and  the  ground-state  coherence  in  a 
CARS  configuration  are  not  affected  strongly  by  the  excited-state  electronic  quenching.  In  fact,  strikingly,  in  the 
long  time  limit,  we  observed  an  increase  in  the  magnitude  of  ground  state  coherence  with  yq  up  to  a  certain  value. 
This  is  attributed  to  our  ability  to  re-pump  strongly  the  excited  state  in  the  CARS  configuration.  On  the  other  hand, 
the  LIF  configuration  suffers  from  very  large  depletion  of  the  excited-state  population  with  an  increase  in  yq.  That  is 
because,  larger  re-pumping  field  cannot  be  used  in  LIF  where  the  transition  quickly  saturates,  even  with  a  much 
weaker  field. 
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Abstract:  The  use  of  femtosecond  lasers  for  coherent  anti-Stokes  Raman  scattering 

measurements  in  gases  is  reviewed.  Coupling  of  femtosecond  laser  radiation  with  gas-phase 
resonances,  determination  of  temperature  from  frequency- spread  dephasing,  and  single-shot 
measurements  are  discussed. 
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Introduction 

The  use  of  femtosecond  lasers  for  coherent  anti-Stokes  Raman  spectroscopy  (CARS)  of  molecules  in  the  gas  phase 
offers  some  significant  potential  advantages  compared  with  nanosecond  (ns)  CARS;  i.e.,  CARS  as  usually 
performed  with  ns  pump  and  Stokes  lasers.  These  potential  advantages  include  (1)  the  capability  of  performing  real¬ 
time  temperature  and  species  measurements  at  data  rates  significantly  greater  than  1  kHz  and  (2)  the  absence  of  any 
effect  of  collisions  in  the  determination  of  temperature  and  concentration  from  the  fs  CARS  signal.  We  have 
performed  recently  experiments  demonstrating  the  capability  of  measuring  temperature  and  concentration  from  the 
dependence  of  fs  CARS  signal  as  a  function  of  probe  delay  after  impulsive  pump-Stokes  excitation  [1,2].  The 
acquisition  of  strong  CARS  signals  from  gas-phase  species  using  fs  lasers  would  at  first  glance  seem  to  be  quite 
difficult.  For  room  air  conditions,  typical  Raman  line  widths  are  0.1  cm"1  while  the  frequency  bandwidth  of  a 
Fourier-transform-limited  100-fs  laser  pulse  is  150  cm'1.  However,  there  are  numerous  frequency  pairs  within  the 
spectral  envelopes  of  the  pump  and  Stokes  lasers  that  can  contribute  to  the  excitation  of  the  Raman  resonance,  which 
is  a  two-photon  transition.  Consequently,  the  excitation  of  gas-phase  Raman  resonances  is  quite  efficient,  as 
discussed  detail  by  Lucht  et  al.  [3]. 

Several  fs  CARS  experiments  have  been  reported  in  the  literature,  e.g.  [4,5].  In  the  majority  of  these  studies,  the 
signal  is  obtained  by  scanning  the  time  delay  of  the  probe  beam  with  respect  to  the  pump  and  Stokes  beams,  which 
typically  are  timed  to  arrive  simultaneously  at  the  probe  volume.  The  probe  signal  as  a  function  of  time  is  then 
typically  Fourier  analyzed  to  determine  spectroscopic  parameters,  collision  broadening  parameters,  etc.  In  our 
experiments  [1,2],  temperature  and  species  concentration  were  determined  from  the  decay  of  the  CARS  signal  in  the 
first  few  picoseconds  (ps)  after  the  impulsive  pump-Stokes  Raman  pumping.  The  CARS  signal  in  these  initial  few 
ps  is  much  stronger  because  the  Raman  transitions  contribute  coherently  because  they  are  excited  with  the  same 
phase  by  the  impulsive  pump-Stokes  excitation.  After  a  few  ps  they  begin  oscillate  out  of  phase  due  to  the 
differences  in  the  transition  frequencies  of  the  various  Raman  resonances;  we  refer  to  this  phenomenon  as 
frequency- spread  dephasing.  The  frequency- spread  dephasing  time  decreases  with  temperature  because  the 
frequency  spread  of  transitions  that  contribute  to  the  Raman  coherence  increases  with  increasing  temperature. 

The  potential  for  real-time  measurements  at  frequencies  of  interest  in  turbulent  flames  is  the  result  of  the  recent 
commercial  availability  of  fs  laser  systems  with  pulse  energies  of  up  to  a  few  mJ  and  with  repetition  rates  of  up  to 
20  kHz,  and  the  expected  availability  of  commercial  systems  in  the  near  future  with  repetition  rates  approaching  1 00 
kHz.  If  techniques  for  acquiring  single-pulse  temperatures  and  concentrations  can  be  developed,  time  series 
measurements  can  be  performed  in  turbulent  flames  and  flows  at  data  rates  that  are  comparable  to  or  greater  than 
turbulent  fluctuation  frequencies.  We  have  performed  some  initial  fs  CARS  experiments  with  a  chirped  probe  beam 
as  illustrated  in  Fig.  1.  To  perform  single-pulse  fs-CARS  measurements,  the  probe  pulse  is  chirped  by  directing  it 
through  a  30-cm  length  of  heavy  flint  glass  as  discussed  by  [6].  The  chirped  probe  pulse  length  is  approximately  2 
picoseconds  (ps).  The  central  wavelength  of  the  probe  beam  decreases  during  the  laser  pulse  due  to  dispersion  in 
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the  flint  glass  rod.  Consequently,  the 
wavelength  of  the  fs-CARS  signal  beam  also 
decreases  as  a  function  of  time  with  respect  to 
the  beginning  of  the  probe  pulse.  The  fs-CARS 
signal  beam  is  directed  into  a  spectrometer  and 
the  spectrum  is  recorded  for  each  laser  shot  on 
a  charge-coupled  device  (CCD)  camera.  The 
temporal  behavior  of  the  Raman  coherence  can 
then  be  determined  from  the  spectrum  of  the  fs- 
CARS  signal.  The  chirped  probe  pulse  allows 
us  to  map  the  temporal  behavior  of  the  Raman 
coherence  into  the  spectrum  of  the  CARS 
signal.  The  time  delay  between  the  chirped 
probe  pulse  and  the  pump  and  Stokes  beams  is 
adjusted  using  the  same  mechanical  stage  that 
is  used  for  the  scanned  probe  beam 
experiments.  Chirped  probe  experiments  were 
performed  for  room  temperature  nitrogen  and 
for  mixtures  of  nitrogen  and  carbon  monoxide.  For  each  setting  of  the  mechanical  translation  stage,  a  spectrum 
from  pure  argon  was  also  recorded;  pure  argon  has  a  purely  nonlinear  response.  Measurements  were  also  performed 
in  flames  stabilized  on  a  near-adiabatic  burner.  In  these  initial  experiments,  the  spectra  were  not  collected  on  a 
single-shot  basis  due  to  the  limited  readout  rate  of  the  CCD  camera.  However,  excellent  signal-to-noise  ratios  were 
observed  for  five-shot  averaged  spectra  from  flames,  and  the  acquisition  of  single-shot  spectra  will  be  demonstrated 
in  the  near  future. 

The  experimental  results  were  modeled  by  solving  the  time-dependent  density  matrix  equations  using  the  direct 
numerical  integration  (DNI)  techniques  discussed  in  Ref.  3.  The  pump  and  Stokes  pulses  are  modeled  as  Fourier- 
transform-limited  70  fs  pulses.  The  probe  beam  is  modeled  as  a  linearly  chirped  pulse  with  a  3-ps  Gaussian 
envelope  for  the  electric-field  amplitude.  The  time-dependent  electric  field  of  the  CARS  signal  field  is  calculated 
using  the  DNI  code  for  specified  temperature  and  nitrogen  concentration.  However,  in  the  experiment  the  CARS 
signal  is  detected  using  a  spectrometer.  In  the  theoretical  modeling,  the  CARS  spectrum  is  calculated  by  performing 
a  Fourier  transform  on  the  time-dependent  CARS  signal  from  the  DNI  solution  of  the  density  matrix  equations.  Our 
initial  results  show  good  agreement  between  experimental  and  theoretical  chirped  probe  fs  CARS  spectra.  More 
detailed  characterization  of  the  properties  of  the  chirped  probe  pulse  may  be  required  to  obtain  better  agreement 
between  theory  and  experiment.  The  comparison  of  theory  and  experiment  will  be  discussed  in  detail  during  the 
presentation. 
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A  theory  is  developed  for  three-laser  electronic-resonance-enhanced  (ERE)  coherent  anti- Stokes 
Raman  scattering  (CARS)  spectroscopy  of  nitric  oxide  (NO).  A  vibrational  g-branch  Raman 
polarization  is  excited  in  the  NO  molecule  by  the  frequency  difference  between  visible  Raman  pump 
and  Stokes  beams.  An  ultraviolet  probe  beam  is  scattered  from  the  induced  Raman  polarization  to 
produce  an  ultraviolet  ERE-CARS  signal.  The  frequency  of  the  ultraviolet  probe  beam  is  selected 
to  be  in  electronic  resonance  with  rotational  transitions  in  the  A  22+<—  X  2I1  (1,0)  band  of  NO.  This 
choice  results  in  a  resonance  between  the  frequency  of  the  ERE-CARS  signal  and  transitions  in  the 
(0,0)  band.  The  theoretical  model  for  ERE-CARS  NO  spectra  has  been  developed  in  the  perturbative 
limit.  Comparisons  to  experimental  spectra  are  presented  where  either  the  probe  laser  was  scanned 
with  fixed  Stokes  frequency  or  the  Stokes  laser  was  scanned  with  fixed  probe  frequency.  At 
atmospheric  pressure  and  an  NO  concentration  of  100  ppm,  good  agreement  is  found  between 
theoretical  and  experimental  spectral  peak  locations  and  relative  intensities  for  both  types  of  spectra. 
Factors  relating  to  saturation  in  the  experiments  are  discussed,  including  implications  for  the 
theoretical  predictions.  ©  2008  American  Institute  of  Physics.  [DOI:  10.1063/1.2909554] 


I.  INTRODUCTION 

Electronic-resonance-enhanced  (ERE)  coherent  anti- 
Stokes  Raman  scattering  (CARS)  spectra  of  nitric  oxide 
(NO)  have  been  investigated  theoretically  and  experimen¬ 
tally  by  employing  a  three-laser  or  dual-pump  CARS 
method.1  This  paper  explores  the  details  and  capabilities  of  a 
developed  theory  for  the  ERE-CARS  process.  With  increased 
attention  on  combustion  emissions  and  pollutant  formation2 
and  the  use  of  NO  tracers  in  flowfield  mixing  studies,3  the 
need  has  arisen  for  a  diagnostic  technique  capable  of  probing 
low  number  density  levels  (—10  ppm)  of  radical  species 
such  as  NO.  Moreover,  strong  interest  exists  in  studying  ther¬ 
mally  generated  NO  in  hypersonic  flowfields,  as  knowledge 
of  NO  concentration  at  elevated  temperature  levels  would 
provide  insight  into  the  reaction  rates  required  for  modeling 
these  flowfields.4  Beyond  the  effects  on  the  flowfield,  NO 
formation  has  been  demonstrated  as  an  excellent  flowfield 
tracer  in  hypersonic  flows.5  Finally,  developments  in  the  area 
of  national  security  have  prompted  a  need  for  techniques  that 
not  only  can  detect  minor  species,  pollutants,  and  toxins  but 
that  can  do  so  rapidly.6,7  ERE-CARS  is  a  possible  solution  to 
these  problems,  as  it  is  capable  of  probing  low  molecular 
number  density  levels  on  a  relatively  short  time  scale.  These 
advantages  have  generated  recent  interest  in  the  ERE-CARS 
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technique  for  other  molecules8  and  is  the  reason  why  we 
have  focused  our  efforts  at  this  time  on  adapting  the  ERE- 
CARS  method  for  NO. 

Figure  1  represents  the  energy-level  diagram  for  the 
three-laser  process  utilized  in  this  CARS  method.  Visible 
Raman  pump  and  Stokes  beams  induce  a  Raman  transition 
through  a  virtual  state  that  is  far  from  resonance  with  the 
A2S+^X2n  electronic  transition  of  NO.  The  third  laser 
beam,  termed  the  ultraviolet  “probe”  beam,  has  a  frequency 
that  probes  the  Raman  resonance  through  the  first  excited 
electronic  state  of  NO.  Usually,  this  third  beam  is  termed  a 
“pump”  beam.  This  nomenclature  arose  in  the  CARS  litera¬ 
ture  because,  in  most  CARS  experiments,  the  a)1  and  a>3 
beams  are  produced  from  the  same  laser  beam,  i.e.,  coi  =  co3 , 
and  each  beam  serves  as  a  probe  for  the  Raman  polarization 
pumped  by  the  other.  However,  for  the  case  shown  in  Fig.  1, 
the  co3  beam  does  not  participate  in  the  generation  of  a  Ra¬ 
man  polarization  in  the  medium  and  is  thus  referred  to  as  the 
probe  beam.  In  this  manner,  the  CARS  method  employed  in 
this  study  is  a  modified  version  of  the  dual-pump  CARS 
process  previously  investigated  for  the  simultaneous  detec¬ 
tion  of  two  species.9,10 

Typically,  the  application  of  CARS  for  minor  species 
detection  and  measurement  is  limited  by  coherent  interfer¬ 
ence  of  the  nonresonant  background  and  the  CARS  signal 
from  the  Raman  resonance  of  interest.  The  inherent  nonreso¬ 
nant  background  susceptibility  from  major  species,  such  as 
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FIG.  1.  CARS  energy-level  diagram  including  electronic  resonances. 

diatomic  nitrogen  (N2),  dominates  the  susceptibility  when 
the  Raman  species  is  present  in  low  concentration.  This 
problem  is  magnified  for  molecules  such  as  NO  that  possess 
relatively  weak  Raman  cross-sections,  resulting  in  an  addi¬ 
tional  reduction  in  signal  level  compared  to  N2.n  The  use  of 
polarization  techniques  to  suppress  the  nonresonant  back¬ 
ground  has  been  demonstrated;  however,  the  application  of 
such  techniques  results  in  a  reduction  in  signal  strength  by  at 
least  a  factor  of  16. 12  Therefore,  polarization  techniques  are 
beneficial,  but  increases  in  the  Raman  resonant  signal 
strength  must  be  performed  simultaneously. 

Since  the  late  1970’s,  a  few  groups  have  investigated  the 
potential  of  ERE-CARS  for  minor  species  measurements  in 
flames  or  plasmas.13  The  term  electronic-resonance- 
enhanced  is  used  to  indicate  that  the  frequency  of  the  pump, 
probe,  and/or  Stokes  beam  are  tuned  near  resonance  with  an 
electronic  transition  of  the  molecule.  The  electronic  reso¬ 
nance  can  increase  the  resonant  CARS  signal  considerably, 
minimizing  concerns  associated  with  the  nonresonant  back¬ 
ground.  The  current  technique  differs  from  previous  ERE- 
CARS  investigations14-16  in  that  the  frequency  of  the  Raman 
pump  (a^)  and  ultraviolet  probe  (co3)  beams  are  well  sepa¬ 
rated.  As  a  result,  the  Raman  process  and  electronic  process 
are,  in  a  sense,  uncoupled. 

In  the  past,  the  pump,  Stokes,  and  probe  beam  frequen¬ 
cies  were  all  in  or  near  electronic  resonance,  a  case  termed 
“triple  resonance.”17,18  Triple  resonance  spectra  are  difficult 
to  interpret,  because  weaker  double  resonances  appear  near 
the  major  peaks.19  In  almost  all  of  these  investigations,  the 
intensity  of  any  ultraviolet  beam  is  restricted  so  as  to  main¬ 
tain  both  Raman  and  electronic  transitions  within  the  pertur¬ 
bative  regime,  i.e.,  so  that  laser-induced  population  transfer 
is  negligible  for  both  the  Raman  and  electronic  transitions. 
However,  the  intensities  of  the  visible  pump  and  Stokes 
beams  in  this  experiment  are  high  enough  that  stimulated 
Raman  pumping  is  expected  to  be  a  significant  effect,  and 
the  Raman  polarization  that  is  established  in  the  medium  by 
the  visible  pump  and  Stokes  beams  is  close  to  the  maximum 
that  can  be  attained  without  saturating  the  transition.  The  use 
of  visible  pump  and  Stokes  beams  simplifies  the  experimen¬ 


tal  implementation  and  theoretical  treatment  of  ERE-CARS 
without  sacrificing  detection  sensitivity.  Additional  benefits 
of  Raman  excitation  with  visible  beams  are  that  it  permits 
easier  interpretation  of  the  features  in  the  spectra  and  more 
transitions  can  be  probed  simultaneously. 

Other  techniques,  such  as  laser-induced  fluorescence 
(LIF),  degenerate  four- wave  mixing  (DFWM),  and  laser- 
induced  polarization  spectroscopy  (PS)  have  proven  useful 
for  probing  minor  species;  however,  ERE-CARS  has  advan¬ 
tages  over  these  techniques  when  the  medium  is  at  high  pres¬ 
sure  or  when  multiple  species  are  present.  For  instance,  to 
interpret  an  experimental  LIF  spectrum  for  concentration 
measurements,  the  collision  partners  must  be  identified.2 
DFWM  can  be  independent  of  quenching  rates,  but  it  loses 
sensitivity  compared  to  ERE-CARS  at  increased  pressure 
levels.21  Similar  to  DFWM,  PS  can  also  be  affected  by  col¬ 
lision  rates.13  Hence,  ERE-CARS  is  a  preferable  technique  at 
high  pressure  or  when  quenching  is  problematic. 

Additionally,  at  elevated  temperatures  and/or  pressures, 
the  LIF  or  DFWM  spectra  of  various  species  can  overlap, 
resulting  in  uncertainty  as  to  which  molecule  is  being 
probed.  ’  As  implemented  in  these  experiments,  ERE- 
CARS  has  enhanced  selectivity  compared  to  LIF  and 
DFWM  because  of  the  requirement  for  simultaneous  Raman 
and  electronic  resonance  for  signal  generation.  This  benefit 
in  conjunction  with  minimized  effects  owing  to  pressure  and 
varying  collision  partners  make  ERE-CARS  a  very  attractive 
prospect. 

II.  EXPERIMENTAL  SYSTEM 

The  experimental  system  for  NO  ERE-CARS  measure¬ 
ments  is  shown  schematically  in  Fig.  2.  A  Q- switched 
Nd: yttrium  aluminum  garnet  (YAG)  laser  (Continuum  9010) 
with  a  repetition  rate  of  10  Hz  and  a  pulse  duration  of  ap¬ 
proximately  7  ns  was  used  to  pump  a  narrowband,  tunable 
dye  laser  (Lumonics),  with  Rhodamine  610  dye  as  the  lasing 
medium.  The  dye  laser  output  was  centered  near  590  nm 
with  a  frequency  bandwidth  of  approximately  0.08  cm-1  and 
supplied  the  source  for  the  Stokes  beam  (w2).  The  532  nm 
pump  beam  (oq)  for  the  CARS  process  was  generated  using 
a  second  injection-seeded,  (2-switched  Nd:YAG  laser 
(Spectra-Physics  290-10).  A  narrowband  dye  laser  (Con¬ 
tinuum  ND6000)  was  also  pumped  using  this  532  nm  output 
to  produce  tunable  radiation  in  the  vicinity  of  704  nm;  the 
laser  dye  used  here  was  LDS  698.  This  radiation  was  mixed 
with  the  355  nm  third-harmonic  output  of  the  injection- 
seeded  Nd:YAG  laser  to  generate  the  probe  beam  (a>3)  near 
236  nm.  A  feedback-controlled  frequency  conversion  system 
(INRAD  Autotracker  III)  with  a  /3-BBO  nonlinear  crystal 
was  used  for  the  sum- frequency-mixing  process.  The  full- 
width  at  half-maximum  (FWHM)  frequency  bandwidth  of 
the  single-axial-mode  pump  beam  (co1  =  532  nm)  was 
0.003  cm-1  while  the  bandwidth  of  the  ultraviolet  probe 
beam  (a>3  =  236  nm)  was  approximately  0.1  cm-1. 

A  three-dimensional  phase-matching  scheme  was  em¬ 
ployed  to  generate  the  ultraviolet,  226  nm  ERE-CARS  sig- 
nal.  The  BOXCARS  geometry  is  slightly  modified  from  the 
case  of  CARS  performed  with  all  visible  beams.  The  patterns 
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FIG.  2.  Experimental  system  for  the 
NO  ERE-CARS  system. 


of  the  three  laser  beams  on  the  focusing  lens  and  of  the  laser 
beams  and  the  CARS  signal  beam  on  the  collimating  lens  are 
shown  in  Fig.  3.  As  a  consequence  of  the  large  difference  in 
momentum  of  the  ultraviolet  and  visible  photons  interacting 
in  the  CARS  process,  the  ultraviolet  probe  beam  is  much 
closer  to  the  axis  joining  the  centers  of  the  input  and  output 
lenses  than  the  visible  pump  and  Stokes  beams.  The  ultravio¬ 
let  CARS  signal  beam  is  also  generated  much  closer  to  this 
axis. 

During  a  typical  experiment,  pulse  energies  of  5  mJ 
were  used  for  the  visible  pump  and  Stokes  beams.  The  maxi¬ 
mum  pulse  energy  of  the  ultraviolet  probe  beam  was 
0.25  mJ.  The  beams  were  focused  at  the  probe  volume  and 
recollimated  after  interaction,  along  with  the  ERE-CARS 
signal,  using  a  pair  of  500  mm,  focal-length  lenses.  At  this 
point,  beam  dumps  were  used  to  capture  the  visible  pump 
and  Stokes  beams.  A  joulemeter  (Molectron  J3-05)  moni¬ 
tored  the  pulse  energy  of  the  ultraviolet  probe  beam  after 
interaction.  Four  215  nm  dielectric  mirrors,  designed  to  be 
used  at  45°  incidence,  and  a  set  of  apertures  filtered  the  ERE- 
CARS  signal.  By  utilizing  the  215  nm  mirrors  at  0°  inci¬ 
dence,  a  low-pass  filter  is  formed  that  transmits  70%  at 
226  nm  but  only  1%  at  236  nm,  thereby  significantly  reduc¬ 
ing  background  interference  from  the  ultraviolet  probe  beam. 
The  ERE-CARS  signal  was  further  isolated  by  a  1  m  spec¬ 
trometer  (SPEX).  The  resulting  signal  intensity  was  collected 
using  a  solar-blind-photomultiplier  tube  (Hamamatsu  R166) 


Focusing  Lens  Collimating  Lens 


and  oscilloscope  (Tektronix  TDS5054B).  The  joulemeter  and 
photomultiplier  output  were  recorded  on  a  shot-by-shot  basis 
during  which  time  either  the  Stokes-  or  the  probe-beam  fre¬ 
quency  was  scanned  under  computer  control. 

In  addition  to  interference  caused  by  scattered  back¬ 
ground  from  the  ultraviolet  probe  beam,  the  ERE-CARS  sig¬ 
nal  contained  significant  contributions  from  the  nonresonant 
four-wave-mixing  background  signal,  as  discussed  earlier. 
Therefore,  once  the  ERE-CARS  signal  was  located  and  an 
optimal  system  alignment  was  obtained,  a  polarization 
technique1  was  utilized  to  suppress  the  nonresonant  back¬ 
ground.  This  polarization  arrangement  is  demonstrated  in 
Fig.  4.  The  ultraviolet  probe  beam  was  vertically  polarized, 
while  the  axes  of  the  visible  pump  and  Stokes  beams  were 
rotated  60°  to  the  vertical.  This  generates  an  almost  vertically 
polarized  ERE-CARS  signal,  and  at  the  same  time,  caused 
the  polarization  of  the  nonresonant  background  to  be  rotated 
30°  to  the  vertical.  To  take  advantage  of  this  technique,  an 
a-BBO  analyzer  was  placed  in  the  signal  channel  such  that 
the  transmission  axis  was  perpendicular  to  the  nonresonant 


FIG.  4.  Polarization  arrangement  for  ERE-CARS  detection. 
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(a)  Raman  Shift  (cm'1) 


(b)  Raman  Shift  (cm'1) 


(c) 


Raman  Shift  (cm-1)  (d) 


Raman  Shift  (cm-1) 


FIG.  5.  Experimental  NO  ERE- CARS 
spectra  demonstrating  electronic  reso¬ 
nance  enhancement  at  room  tempera¬ 
ture  and  subatmospheric  pressure  for 
the  following  conditions  (a)  ca3 
=42  140.75  cm"1  and  1%  NO,  (b)  w3 
=42  194.09  cm"1  and  1%  NO,  (c)  w3 
=42  337.00  cm-1  and  1000  ppm  NO, 
and  (d)  ca3 =42  342.92  cm-1  and 
1000  ppm  NO. 


background  polarization.  This  significantly  reduced  the  non¬ 
resonant  background  signal.  While  this  diminishes  the  ERE- 
CARS  signal  as  well,  the  overall  effect  is  a  considerable 
increase  in  signal-to-noise  ratio  (SNR). 

III.  EXPERIMENTAL  DEMONSTRATION  OF 
ELECTRONIC  RESONANCE  ENHANCEMENT 

The  initial  NO  ERE-CARS  experiments  were  performed 
with  a  room- temperature,  subatmospheric  mixture  of  1%  NO 
in  a  buffer  gas  of  N2  (10  000  ppm).  The  NO  ERE-CARS 
spectrum  shown  in  Fig.  5(a)  was  recorded  by  scanning  the 
Stokes  dye  laser  beam  with  a  fixed  ultraviolet  probe-beam 
frequency  <u3  of  42  140.75  cm-1  (237.3  nm).  For  this  probe 
frequency,  there  is  some  electronic  resonance  enhancement, 
but  the  probe  frequency  is  below  the  electronic  transition 
frequency  for  the  (vb=l  and  vd=0)  vibrational  band.  The 
spectrum  shown  in  Fig.  5(b)  was  recorded  by  scanning  the 
Stokes  dye  laser  beam  with  a  fixed  ultraviolet  probe-beam 
frequency  closer  to  resonance  (42  194.09  cm-1  or  237.0  nm). 
The  enhancement  upon  electronic  resonance  is  clearly  evi¬ 
dent. 

The  ERE-CARS  signal  frequency  is  readily  absorbed 
by  1%  NO.  Therefore,  as  the  frequency  <u3  is  scanned  further 
into  electronic  resonance,  the  NO  concentration  in  the  gas 
cell  was  decreased  by  a  factor  of  10  to  1000  ppm.  The  re¬ 
sults  of  this  change  are  shown  in  Fig.  5(c),  which  represents 
a  spectrum  recorded  for  a  fixed  ultraviolet  probe-beam  fre¬ 
quency  of  42  337.00  cm-1  (236.2  nm).  The  spectrum  shown 
in  Fig.  5(c)  was  acquired  with  all  beams  vertically  polarized. 
The  Stokes  beam  was  blocked  at  the  beginning  of  the  scan 
for  a  Raman  shift  range  of  1871.1-1871.6  cm-1;  hence,  the 


increase  in  signal  level  at  1871.6  cm-1  is  due  to  the  nonreso¬ 
nant  background.  For  subsequent  recording  of  ERE-CARS 
spectra,  the  polarization  scheme  shown  in  Fig.  4  was  used  to 
suppress  the  nonresonant  background.  A  typical  spectrum  re¬ 
corded  with  polarization  suppression  is  shown  in  Fig.  5(d) 
for  1000  ppm  NO  and  a  fixed  probe-beam  frequency  of 
42  342.9  cm"1. 

IV.  PERTURBATIVE  THEORY  FOR  ERE-CARS 

Theoretical  studies  of  the  third-order  polarization  sus¬ 
ceptibility  in  the  perturbative  limit  (low  input  laser  powers) 
have  been  previously  developed  and  tested  for 
ERE-CARS. 18,25-28  Bloembergen  et  al.25  and  Oudar  and 
Shen26  both  performed  a  perturbation  expansion  of  the  den¬ 
sity  matrix  for  the  system.  Eesley27  employed  Hellwarth  dia¬ 
grams  as  a  basis  for  the  derivation,  and  Druet  et  al .28  used  a 
time-ordered  diagrammatic  approach.  A  review  of  these 
theories  is  found  in  Attal-Tretout  et  al.  Line  strength  cal¬ 
culations  for  various  Hund’s  coupling  cases  for  OH,  C2, 
CH,19  and  for  I2  (Ref.  29)  have  also  been  performed.  While 
significant  work  has  been  done  to  model  the  aforementioned 
molecular  species,  applying  these  models  to  NO  requires 
some  additional  considerations.  Because  NO  is  closer  to  a 
pure  Hund’s  case  (a),  the  satellite  branches  in  the  absorption 
spectrum  are  much  stronger  for  higher  values  of  the  rota¬ 
tional  quantum  number  J  as  opposed  to  OH.19  This  intro¬ 
duces  new  transitions  into  the  spectrum,  which  must  be  ac¬ 
counted  for  in  the  model. 

The  form  of  the  polarization  susceptibility  modeled  here 

is  derived  from  the  general  third-order  susceptibility  given 

by  Prior  for  all  four- wave  mixing  processes.30  The  double- 
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FIG.  6.  Double-sided  Feynman  dia¬ 
grams  for  the  ERE-CARS  process  cor¬ 
responding  to  the  following  terms  in 
Prior:  (Ref.  30)  (a)  3,  (b)  4,  (c)  21,  (d) 
24,  (e)  9,  (f)  10,  (g)  39,  and  (h)  42. 


sided  Feynman  diagrams  concerning  Raman  resonances  be¬ 
tween  levels  a  and  b  (see  Fig.  1)  are  displayed  in  Fig.  6. 
These  diagrams  are  similar  to  previous  time-ordered 
diagrams;14  however,  this  presentation  accounts  for  nonde¬ 
generate  pump  beams.  In  particular,  Figs.  6(b),  6(d),  6(e), 
and  6(g)  correspond  to  Figs.  1(a),  1(b),  2(a),  and  2(b)  in  Attal 
et  al.,u  respectively.  Assuming  levels  c  and  d  are  initially 
unpopulated,  the  diagrams  of  Fig.  6  result  in  a  reduction  of 
the  general  form  as  follows  (in  units  of  m2/V2) 
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where  N  is  the  total  population  being  probed,  e0  is  the  per¬ 
mittivity  of  free  space,  h  is  Planck’s  constant,  pf)  is  the 
fractional  population  of  the  state  i,  o)^  is  defined  as  (£)• 
-Ej)/h  with  Et  being  the  energy  associated  with  state  i,  cok  is 
the  frequency  of  laser  beam  k ,  T^  is  the  dephasing  rate  for 
the  electric  dipole  transition  between  states  i  and  y,  and  jmkij 
is  defined  as 


E'kij  ek  ’  E'ij  >  (^) 

where  is  the  dipole  matrix  element  for  the  transition  i 
— > y,  and  ek  is  the  normalized  polarization  vector  for  laser 


beam  k.  The  form  of  Eq.  (1)  is  in  agreement  with  others  in 
the  literature.  The  remaining  susceptibility  terms  not  shown 
in  Eq.  (1)  arise  from  Raman  resonances  between  levels  other 
than  a  and  b  and  one-  and  two-photon  transitions.  These 
excluded  terms  are  small  in  magnitude,  largely  frequency- 

independent  as  compared  to  the  terms  shown,  and  can  be 

28 

accounted  for  in  Anr>  the  nonresonant  susceptibility. 

Considering  the  case  shown  in  Fig.  1,  it  is  evident  that 
(ocb  =  coca-(ol  +  co2  and  coca ,  cocb  >  col ,  co2.  Therefore,  Eq.  (1) 
can  be  reduced  to 


^CARs(w4:«b- 

N 


-  Anr  + 


x2 


4t7S0^3  a 


1 


G)ha-(oj\-G)2)-iTha 

^4da^3bd  .  ^3da^4bd 


M da  ~  -  iT  da  Udb  +  C04  +  iT, 


db 


X 


c  ^  bb  \Vcb+*»  1  <°ca-Ml 


■-  (3) 


The  final  summation  in  brackets  has  the  form  of  a  spontane¬ 
ous  Raman  cross-section  (in  units  of  m2/sr)  for  excitation  at 
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Equation  (3)  can  then  be  recast  as 
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FIG.  7.  Energy-level  diagram  of  the  ERE-CARS  pro¬ 
cess  for  the  X  2Il3/2  ground  electronic  state  of  NO. 
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resulting  from  this  electronic  resonance  enables  the  detection 
of  weak  Raman  transitions  of  molecules  such  as  NO,  even  at 
low  concentrations.  Improvements  in  the  detection  limit  on 
the  order  of  102-108  can  be  achieved.28  In  addition,  species 
selectivity  for  the  CARS  process  is  strengthened  by  this  elec¬ 
tronic  resonance.  For  the  standard  CARS  process,  the  Raman 
resonance  criterion  is 
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da 
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where  c  is  the  speed  of  light.  Observing  for  the  electronic 
resonance  case  in  Fig.  1  that  (oda~  w4,  the  second  term  in  the 
second  line  of  Eq.  (5)  is  nonresonant  and  can  be  absorbed 
into  Anr-  Rearranging,  Eq.  (5)  now  becomes 
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This  equation  is  employed  in  modeling  the  ERE-CARS  spec¬ 
tra  presented  herein.  To  compare  the  theoretical  spectra  with 
the  acquired  data,  convolutions  must  be  performed  to  ac¬ 
count  for  the  finite  laser  linewidths  used  in  the  experiment. 
Three  convolutions  were  conducted:  One  each  for  the  pump, 
the  Stokes,  and  the  probe  beams.  Gaussian  profiles  were  as¬ 
sumed  for  each  laser  beam.  The  third  convolution  is  unique 
to  this  ERE-CARS  process,  and  has  not  been  applied  in  pre¬ 
vious  models,  in  which  a  convolution  for  the  Stokes  beam  is 
typically  applied.32  Once  the  convolutions  are  completed,  the 
magnitude  of  the  complex  susceptibility  can  be  compared  to 
the  data. 

As  seen  from  Fig.  1,  if  co3  is  tuned  into  resonance  with 
cobd ,  then  co4  will  be  resonant  with  coda.  The  enhancement 


0)1-w2  =  0Jba.  (7) 

For  the  ERE-CARS  process  under  consideration  in  this 
study,  the  electronic  resonance  criterion  is 


(04  =  (0da.  (8) 

The  extra  selectivity  provided  by  two  resonance  require¬ 
ments  can  eliminate  interferences  from  overlapping  spectra 
of  molecules,  such  as  the  A^X  fluorescence  band  of  NO 
with  the  Schumann-Runge  system  of  02.22 

Equation  (6)  is  now  considered  in  light  of  the  specific 
energy-level  diagram  for  the  H3/2  ground  state  of  NO  shown 
in  Fig.  7.  A  similar  schematic  could  be  presented  for  the 
X2Um  state.  Only  the  Raman  Q-branch  was  probed  during 
the  experiments;  therefore,  the  S-  and  O-branches  are  not 
included  in  the  diagram.  For  the  case  under  consideration  in 
Fig.  7,  vd=0.  In  accordance  with  the  selection  rules  for  Ra¬ 
man  transitions,  two  distinct  Raman  Q-branch  transitions  can 
occur,  corresponding  to  either  parity  of  the  lower  rotational 
levels.  To  distinguish  between  parity  levels,  the  transitions 
starting  from  negative  parity  ground  states  are  shown  with 
solid  lines,  whereas  those  that  originate  from  positive  parity 
states  are  shown  with  dashed  lines.  The  Raman  transition 
occurs  through  a  virtual  state,  as  only  the  ultraviolet  probe 
beam  is  in  electronic  resonance.  Once  the  molecule  is  excited 
to  its  first  vibrational  level  (vb=l  ,Jb),  three  electronic  tran¬ 
sitions  can  couple  the  molecule  to  the  A  2X  state  for  a  spe¬ 
cific  rotational  level  and  parity.  Each  of  the  electronic  tran¬ 
sitions  is  matched  with  a  corresponding  electronic  transition 
that  returns  the  molecule  to  the  ground  state.  The  large  dif- 
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ference  in  frequency  between  the  pump  and  probe-beams 
separates  the  Raman  process  from  the  electronic  process; 
thus,  the  enhancement  of  the  Raman  process  is  well  defined, 
which  assists  in  reducing  the  complexity  of  the  model. 

To  apply  the  model,  the  Raman  cross-section  was  calcu¬ 
lated  from  values  provided  by  Schrotter  and  Klockner.11  The 
same  cross-section  was  used  for  both  electronic  ground  states 
of  NO,  as  a  previous  study  of  NO  CARS  determined  the 
values  to  be  essentially  the  same.33  Resonance  effects  be¬ 
tween  co4  and  coda  were  evaluated  using  the  dipole  matrix 
elements  /m3bd  and  jm4da.  These  matrix  elements  were  calcu¬ 
lated  following  the  formulae  in  Hilborn34  incorporating  spec¬ 
troscopic  data  from  LIFBASE.35  The  spontaneous  emission 
coefficient  A2 1,  used  to  calculate  the  matrix  elements,  was 
divided  by  a  factor  of  three  to  account  for  isotropic  emission 
and  the  fact  that  the  Zeeman  effect  was  not  explicitly  taken 
into  account,  as  used  previously  by  Siegman.36  The  Raman 
shift  ( (x)ba )  was  based  on  the  constants  of  Huber  and 
Herzberg  and  of  Laane  and  Kiefer.  The  electronic  transi¬ 
tion  frequencies  coda  were  taken  from  LIFBASE.35 

The  Raman  linewidths  (cm-1)  Tba  (FWHM)  were  ob- 

39 

tained  from  Doerk  et  al.  as  follows 


where  ^ref  =  298  K  and  Rref=l  atm.  The  electronic  transition 
linewidth  T da  was  calculated  from  a  combination  of  the  Dop¬ 
pler  and  collisional  widths.  The  collisional  width  was  ap¬ 
proximated  as 

rdfl>c=o.6P,  do) 

where  T da  c  has  units  of  cm-1  and  P  has  units  of  atm.  The 
above  relation  is  an  approximation  to  the  work  of  Chang  et 
al .40  and  is  in  agreement  with  other  studies  in  the 
literature.20,41  The  Doppler  width  for  the  electronic  reso¬ 
nance  transitions  is  based  on  the  standard  theory13  and  at 
room  temperature  is  approximately41  Yda,D= 0-1  cm  l.  The 
total  linewidth  was  then  approximated  by 

V/a  =  Vr^+r^,.  (ii) 


V.  DEFINITION  OF  AN  EFFECTIVE  INTERMEDIATE 
RAMAN  LEVEL 


To  address  the  contribution  to  the  susceptibility  in  Eq. 
(6)  from  the  numerous  excited  electronic  states  of  NO,  we 
define  an  effective  electronic  level  for  the  calculations.  We 
use  the  general  transition  polarizability  to  determine  the 
characteristics  of  the  effective  electronic  level.  The  transition 
polarizability  can  be  related  to  the  Raman  cross-section  of 
Eq.  (4)  by 


w2  7 — T2- 

XI L  (4'^s0)2c4^ 


(12) 


Therefore,  the  transition  polarizability  is  found  to  be 


( azz)ab 


X 


/  P'lcbP'lac  +  P'lcbP'lac 

\  h(ojch  +  w,)  h((oca-(Oi) 


2 


(13) 


The  summation  over  c  includes  only  the  possible  intermedi¬ 
ate  states  that  have  single-photon  allowed  transitions  with 
both  states  a  and  b.  The  polarizability  for  a  transition  be¬ 
tween  an  initial  rotational  level  A  and  final  rotational  level  B 
is  found  by  summing  over  all  possible  Zeeman  states  a  and 
b , 


(  0izz)AB 


(2jA+i)t; 


P'lcbP'lac 

H<»cb  +  wl) 


P'2cbM'lac 

U(oca  -  0>l) 


(14) 


In  general,  the  Raman  cross-section  or  transition  polar¬ 
izability  cannot  be  calculated  directly,  especially  for  mol¬ 
ecules  such  as  NO  which  possesses  numerous  excited  levels 
that  are  connected  with  the  X  2U  ground  state  through  single¬ 
photon  transitions.  In  addition,  many  vibrational  levels  in 
each  of  these  electronic  levels  are  connected  with  the  v"=0 
and  v"=  1  vibrational  levels  in  the  X2U  state  by  transitions 
with  significant  oscillator  strengths.  Beyond  the  sheer  num¬ 
ber  of  transitions  that  would  have  to  be  accounted  for,  the 
oscillator  strengths  for  most  of  these  transitions  are  not  well 
known.  This  is  especially  the  case  for  electronic  levels  above 
the  E  2S+  level  of  NO. 

Consequently,  we  chose  one  effective  electronic  level 
(C  2n),  aside  from  the  A  2X+  state,  to  act  as  an  intermediate 
level  in  the  Raman  transition  by  representing  all  of  the  non¬ 
resonant  excited  electronic  levels.  The  oscillator  strengths, 
and  thus  the  dipole  matrix  elements,  of  the  (0,0)  and  (0,1) 
bands  in  the  C2n^X2n  electronic  manifold  were  artifi¬ 
cially  enhanced  so  as  to  obtain  the  literature  value11  of  the 
transition  polarizability  for  the  fundamental  (1,0)  band  of  the 
2-branch  of  NO  in  the  X  2n  state.  In  particular,  the  values  of 
the  dipole  matrix  elements  for  this  band  were  increased  by  a 
factor  of  2.2  from  the  values  of  Luque  and  Crosley.35  The 
calculation  for  Eq.  (14)  was  performed  by  summing  only 
over  states  c  in  the  v  =  0  vibration-rotation  bands  of  the  A  2S+ 
and  C  2n  levels. 


VI.  ENHANCEMENT  FACTOR 


Because  a  primary  advantage  of  employing  ERE-CARS 
over  CARS  is  the  enhancement  in  signal  level,  a  parameter 
that  quantifies  this  increase  was  developed  as  part  of  the 
study.  The  resulting  enhancement  factor  or  S(a)4)  is  defined 
as 


S(a)4)  = 


^CARs(^4:^Q~  ^2^3) 

*cars((2wi  -  <*>2) (02,(0^)  9 


(15) 


where  the  denominator  represents  the  degenerate  pump- 
beam  case  (Oi  =  o)3.  The  enhancement  factor  is  used  to  evalu¬ 
ate  the  reduction  in  detection  limit  resulting  from  electronic 
resonance  enhancement.  This  factor  is  proportional  to  the 
increase  in  CARS  susceptibility  and  thus  inversely  propor¬ 
tional  to  the  NO  detection  limit.  The  CARS  signal  is  propor¬ 
tional  to  the  square  of  the  enhancement  factor. 
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FIG.  8.  (Color)  Comparison  of  theo¬ 
retical  (black  line)  and  experimental 
(red  line)  ERE-CARS  spectra  gener¬ 
ated  for  a  pressure  of  1.0  atm,  a  con¬ 
centration  of  100  ppm  NO,  and  for 
Raman  shifts  and  Raman  transitions  of 

(a)  1875.95  cm'1,  0i(2.5), 

(b)  1875.82  cm”1,  gi(3.5), 

(c)  1875.66  cm-1,  0i(4.5), 

(d)  1875.00  cm"1,  Qi(7.5), 

(e)  1874.02  cm-1,  0i(lO.5),  and 

(f)  1872.74  cm-1,  Qi(13.5). 


VII.  RESULTS 

During  the  experiments,  either  the  Stokes  or  the  ultravio¬ 
let  probe-beam  frequency  was  scanned  to  produce  a  CARS 
spectrum.  These  two  spectrum  types  were  acquired  experi¬ 
mentally  and  theoretically  modeled  and  are  referred  to  as 
“Stokes  scans”  or  “probe  scans”  to  indicate  which  laser  beam 
was  tuned  across  the  spectrum.  Because  the  spectral  features 
of  these  scan  types  differ,  the  results  will  be  covered  in  sepa¬ 
rate  sections. 

For  clarity,  a  notation  is  introduced  here,  similar  to  that 
found  in  the  literature,  to  denote  the  overall  ERE-CARS 
transition.  The  notation  begins  by  listing  the  Raman  transi¬ 
tion  with  a  subscript  [1  for  Um  and  2  for  H3/2  (Ref.  42)]  to 
indicate  the  IT  state  of  the  molecule.  The  final  electronic 
transition  is  identified  next  following  the  notation  of 
Mavrodineanu  and  Boiteux.43  The  value  of  Ja  in  the  ground 
state  is  then  listed  in  parentheses.  Therefore,  processes  in¬ 
volving  transitions  on  the  far  right  and  second  from  far  right 
in  Fig.  7  would  be  denoted  by  Q2R2(2.5)  and  Q2P Qn( 2.5), 
respectively. 


A.  Results  for  probe  scans 

Figure  8  shows  comparisons  between  theoretical  and  ex¬ 
perimental  spectra  for  six  atmospheric  probe-scan  cases.  For 
these  scans,  the  probe  frequency  was  tuned  over  the  approxi¬ 
mate  range  of  42  280-42  400  cm-1  (236.5-237.0  nm).  The 
spectra  encompass  fixed  Stokes  frequencies  that  correlate  to 
Raman  shifts  between  1872.74  and  1875.95  cm-1.  The  data 
were  acquired  at  room  temperature  using  a  concentration  of 
100  ppm  NO  in  N2. 

As  shown  in  Fig.  8,  good  agreement  exists  between  the 
theoretical  and  experimental  spectra  for  all  fixed  Raman 
shifts.  Spectral  peak  locations  and  relative  intensities  are 
well  represented.  While  a  good  match  generally  occurs  in 
line  widths,  we  should  note  that  the  theoretical  spectra  were 
generated  using  Stokes  and  probe  linewidths  of  0.08  and 
1.0  cm-1,  respectively.  This  probe  linewidth  is  wider  than 
that  estimated  experimentally.  The  enhanced  linewidth  indi¬ 
cates  the  presence  of  saturation  in  the  electronic  process  b 
—>d  (see  Fig.  7)  and  highlights  the  necessity  of  a  triple  con¬ 
volution  in  generating  the  theoretical  spectra.  These  results 
confirm  that  the  model  is  capable  of  calculating  theoretical 
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(C) 

FIG.  9.  (Color)  Comparison  of  theoretical  (black  line)  and  experimental  (red 
line)  ERE-CARS  spectra  generated  for  a  pressure  of  1.0  atm,  a  concentra¬ 
tion  of  100  ppm  NO,  and  for  Raman  shifts  and  Raman  transitions  of  (a) 
1875.95  cm-1,  £1(2.5)/g2(1.5),  (b)  1875.82  cm'1,  Q{(3.5)/ Q2(l.5),  and  (c) 
1875.00  cm”1,  Qtf  .5)1  Q2{6.5). 

spectra  in  good  agreement  with  experimental  spectra,  and, 
more  importantly,  that  the  essential  physics  of  the  ERE- 
CARS  process  are  captured  by  the  model. 

Figure  9  displays  three  probe- scan  cases  over  an  ex¬ 
tended  probe-frequency  range.  These  three  cases  correspond 
to  those  shown  in  Figs.  8(a),  8(b),  and  8(d).  By  expanding 
the  scale,  the  spectra  now  encompass  resonances  in  the  H3/2 
ground  state.  The  amplitude  variation  between  the  spectra  of 
Figs.  8  and  9  occurs  because  the  frequency  difference 
c ol-(x)2  is  in  resonance  with  different  rotational  levels.  For 
the  expanded  spectra,  the  nl/2  transitions  correspond  to  the 
peaks  on  the  righthand  side  of  each  spectrum  and  the  H3/2 
transitions  are  on  the  lefthand  side.  As  an  example,  the  major 
peaks  in  Fig.  9(a)  are  marked  and  correspond  to  the  follow¬ 
ing  transitions  from  left  to  right:  Q2P2{\.5)  +  QiQi  2(1-5), 
GiGi(2.5)  +  G1eJP21(2.5),  and  Gi*i(2.5)  +  G*G2i(2.5).  Simi- 
lar  transitions  occur  in  Figs.  9(b)  and  9(c),  with  the  transition 
Q\P\  appearing  in  Fig.  9(c)  for  /]  =7.5. 


The  relative  intensities  within  a  given  IT  state  are  gener¬ 
ally  predicted  with  good  accuracy.  However,  the  relative  in¬ 
tensities  between  n  states,  i.e.,  on  the  right  and  left  sides  of 
the  spectra,  are  not  in  complete  agreement  with  the  experi¬ 
mental  spectra.  This  is  primarily  due  to  a  decrease  in  probe- 
beam  power  during  the  scan,  which  arises  from  the  short 
lifetime  of  the  EDS 69 8  laser  dye  employed  in  the  experi¬ 
ments.  The  experimental  spectra  were  normalized  by  divid¬ 
ing  by  the  measured  probe-beam  power,  but  this  procedure 
might  not  be  the  most  accurate  normalization  approach  if  the 
electronic  resonance  was  saturated.  In  addition,  the  two  n 
states  may  not  have  the  same  Raman  cross-section,  as  as¬ 
sumed  for  our  calculations. 

The  enhancement  factor  associated  with  each  spectrum 
in  Fig.  8  is  shown  in  Fig.  10.  Because  of  the  isolated  elec¬ 
tronic  resonances  that  dominate  each  spectrum,  the  spectral 
behavior  of  the  enhancement  factor  is  very  similar  to  its  cor¬ 
responding  spectrum.  As  can  be  seen  from  Fig.  10,  the  elec¬ 
tronic  resonance  for  the  ERE-CARS  process  provides  an  en¬ 
hancement  in  signal  strength  by  a  factor  of  approximately 
1000  compared  to  a  typical  CARS  process.  This  significant 
enhancement  permits  the  CARS  signal  to  be  detected  above 
the  nonresonant  background. 

B.  Results  for  Stokes  scans 

Figure  11  displays  comparisons  between  theoretical  and 
experimental  spectra  for  three  atmospheric  Stokes-scan 
cases.  The  experimental  spectra  were  acquired  by  scanning 
the  Stokes  frequency  over  a  Raman  shift  range  of 
1872.5-1877.5  cm-1  for  three  different  fixed  ultraviolet 
probe-beam  frequencies.  The  experimental  spectra  were  ob¬ 
tained  for  the  same  diagnostic  conditions  as  for  the  probe- 
scan  spectra  shown  in  Fig.  8  (1.0  atm  and  100  ppm  NO).  The 
theoretical  spectra  were  generated  using  a  smaller  probe- 
beam  linewidth  (0.08  cm-1)  and  an  identical  Stokes-beam 
line  width.  This  behavior  indicates  that  the  effects  of  satura¬ 
tion  occurring  in  the  electronic  process  are  not  significant  for 
Stokes-scan  spectra.  As  the  probe-beam  frequency  is  fixed, 
the  convolution  with  the  Stokes  beam  linewidth  becomes  the 
dominant  factor  in  determining  the  shape  of  the  Stokes-scan 
spectra. 

The  theoretical  spectra  in  Fig.  11  are  in  good  agreement 
with  the  experimental  results.  Because  of  the  numerous 
2-branch  transitions  probed  and  the  three  possible  electronic 
transitions  at  or  near  resonance  for  each  case  (see  Fig.  7),  the 
Stokes  scans  include  a  greater  number  of  enhanced  transi¬ 
tions  as  compared  to  the  probe  scans.  These  transitions  over¬ 
lap  and  interfere,  and  thus  appear  as  a  single  wide  peak.  This 
merging  results  from  the  frequency  spacing  of  the  NO 
2-branch  Raman  lines,  which  is  far  less  than  the  frequency 
spacing  of  the  electronic  transitions,  and  the  use  of  visible 
pump  and  Stokes  beams.  Similar  to  the  probe  scans,  the 
spectral  shape  of  the  experimental  Stokes  scans  changes  as 
the  ultraviolet  probe-beam  frequency  is  varied.  The  modeled 
spectra  capture  these  spectral  changes  well  for  all  cases. 

The  behavior  of  the  Stokes-scan  spectra  can  be  ex¬ 
plained  by  considering  the  dominant  transitions  as  the  probe 
frequency  is  changed  for  each  scan.  Only  transitions  arising 


Downloaded  19  Jun  2008  to  198.30.120.36.  Redistribution  subject  to  AIP  license  or  copyright;  see  http://jcp.aip.org/jcp/copyright.jsp 


174308-10  Kuehner  etal. 


J.  Chem.  Phys.  128,  174308  (2008) 


FIG.  10.  Enhancement  factor  for  a 
pressure  of  1.0  atm,  a  concentration  of 
100  ppm  NO,  and  for  Raman  shifts  of 
(a)  1875.95  cm"1,  (b)  1875.82  cnr1, 
(c)  1875.66  cm-1,  (d)  1875.00  cm-1, 
(e)  1874.02  cnr1,  and  (f) 

1872.74  cm”1. 


from  the  nl/2  state  are  probed  using  these  diagnostic  param¬ 
eters.  Starting  with  Fig.  11(a),  the  ERE-CARS  process  is  in 
strong  resonance  with  the  Q\Q\  and  the  Q®P  21  transitions 
for  J- 1.5 -5. 5,  with  the  dominant  peak  occurring  for  J 
=  4.5.  As  the  probe  beam  is  shifted  to  higher  frequencies, 
these  resonances  move  to  higher  values  of  /,  with  a  maxi¬ 
mum  intensity  occurring  at  J=1.5  and  a  shift  to  the  left  of  the 
dominant  peak,  as  shown  in  Fig.  11(b).  Simultaneously,  a 
new  set  of  resonances  appears  on  the  righthand  side  of  the 
spectrum,  corresponding  to  Q\R\  and  Q*Q2\  for  J- 1-5 
-2.5.  These  two  sets  of  resonances  continue  to  shift  to  the 
left  as  the  probe  frequency  rises,  as  displayed  in  Fig.  11(c), 
with  the  maximum  intensity  occurring  for  /=10.5  and  J 
=4.5  for  the  left  and  right  peaks,  respectively. 

The  spectral  response  of  NO  is  clearly  detectable  over 
the  nonresonant  background  even  at  this  low  concentration 
and  the  model  is  capable  of  predicting  the  spectrum  for  these 
thermodynamic  conditions  for  both  types  of  scans.  The  SNR 
for  the  spectra  shown  in  Figs.  8  and  11  is  approximately  10, 
and  as  such,  the  detection  limit  is  estimated  to  be  less  than 
10  ppm.  In  comparison,  using  polarization  CARS,  Pott  et 
al ,44  report  a  detection  limit  of  200  ppm  with  a  SNR  of  ap¬ 
proximately  unity. 


Figure  12  displays  the  enhancement  factors  correspond¬ 
ing  to  the  Stokes  scan  spectra  shown  in  Fig.  11.  As  with  the 
probe  scans,  the  spectral  shape  of  the  enhancement  factor  is 
similar  to  the  corresponding  spectrum.  Moreover,  the  en¬ 
hancement  magnitude  is  similar  to  that  of  the  probe  scans, 
near  a  factor  of  1000. 

VIII.  CONCLUSIONS 

In  conclusion,  the  ERE-CARS  process  has  been  demon¬ 
strated  both  experimentally  and  theoretically  for  NO.  The 
good  agreement  between  the  experimental  and  theoretical 
spectra  for  both  the  probe  and  Stokes  scans  highlights  the 
capabilities  of  the  theoretical  model  developed  and  described 
in  this  paper.  The  predicted  line  positions  match  closely  with 
those  of  the  transitions  in  the  experimental  spectra.  The  rela¬ 
tive  intensities  corresponding  to  each  IT  state  are  approxi¬ 
mately  correct,  and  good  comparisons  occurred  between 
spectra  encompassing  both  IT  states.  This  theory  comple¬ 
ments  the  sensitivity  of  the  experimental  setup,  which  was 
able  to  obtain  NO  spectra  for  a  concentration  of  100  ppm  at 
a  SNR  of  10.  This  low  detection  limit  makes  the  technique 
viable  for  many  practical  applications.  In  addition,  the  en- 
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FIG.  11.  (Color)  Comparison  of  theoretical  (black  line)  and  experimental 
(red  line)  ERE-CARS  spectra  for  a  pressure  of  1.0  atm,  a  concentration  of 
100  ppm,  and  probe  frequencies  of  (a)  42  322.61  cm-1,  (b)  42  330.41  cm-1, 
and  (c)  42  343.00  cm"1. 


FIG.  12.  Enhancement  factor  for  a  pressure  of  1.0  atm,  a  concentration  of 
100  ppm,  and  probe  frequencies  of  (a)  42  322.61  cm-1,  (b)  42  330.41  cm-1, 
and  (c)  42  343.00  cm"1. 


hancement  factor  illustrates  the  advantages  of  employing 
ERE-CARS  over  the  degenerate  pump-beam  case. 

Another  advantage  of  ERE-CARS  is  increased  species 
selectivity.  This  feature  can  be  demonstrated  from  the  results 
presented  for  both  the  probe  and  Stokes  scans.  As  shown  in 
Fig.  8,  only  a  few  dominant  transitions  occur  for  each  con¬ 
figuration  of  probe  and  Stokes  frequencies.  While  an  in¬ 
creased  number  of  transitions  occur  for  the  Stokes- scan  spec¬ 
tra  (Fig.  11),  it  is  clear  from  all  cases  that  not  all  Raman 
2-branch  transitions  can  be  probed  and  enhanced  simulta¬ 
neously.  Therefore,  if  the  entire  range  of  transitions  for  one 
molecule  cannot  be  satisfied  completely,  it  is  very  unlikely 
that  the  probe  and  Stokes  frequencies  chosen  will  satisfy  the 
selection  criteria  for  two  molecules  simultaneously.  This 
benefit  of  ERE-CARS  is  just  as  important  as  the  enhance¬ 
ment  in  signal  strength,  because  a  strong  signal  arising  from 
multiple  species  can  be  just  as  difficult  to  analyze  as  a  weak, 
indiscernible  signal. 
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Abstract 

Optical  measurement  techniques  are  powerful  tools  for  the  detailed 
study  of  combustion  chemistry  and  physics.  Although  traditional 
combustion  diagnostics  based  on  continuous-wave  and  nanosecond- 
pulsed  lasers  continue  to  dominate  fundamental  combustion  stud¬ 
ies  and  applications  in  reacting  flows,  revolutionary  advances  in  the 
science  and  engineering  of  ultrafast  (picosecond-  and  femtosecond- 
pulsed)  lasers  are  driving  the  enhancement  of  existing  diagnostic 
techniques  and  enabling  the  development  of  new  measurement  ap¬ 
proaches.  The  ultrashort  pulses  afforded  by  these  new  laser  systems 
provide  unprecedented  temporal  resolution  for  studies  of  chemical 
kinetics  and  dynamics,  freedom  from  collisional-quenching  effects, 
and  tremendous  peak  powers  for  broad  spectral  coverage  and  non¬ 
linear  signal  generation.  The  high  pulse-repetition  rates  of  ultra¬ 
fast  oscillators  and  amplifiers  allow  previously  unachievable  data- 
acquisition  bandwidths  for  the  study  of  turbulence  and  combustion 
instabilities.  We  review  applications  of  ultrafast  lasers  for  optical 
measurements  in  combusting  flows  and  sprays,  emphasizing  recent 
achievements  and  future  opportunities. 
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1.  INTRODUCTION 


CARS:  coherent 
anti -Stokes  Raman 
scattering 

RFWM:  resonant 
four- wave  mixing 


Propulsion  systems  represent  a  substantial  fraction  of  the  cost,  weight,  and  complexity 
of  aircraft  and  spacecraft.  The  vast  majority  of  these  propulsion  systems  are  powered 
through  fuel  combustion;  therefore,  the  detailed  study  of  fundamental  combustion 
phenomena  has  emerged  as  a  highly  relevant  and  important  field  of  endeavor.  To¬ 
day’s  combustion  scientists  and  engineers  devote  much  of  their  work  to  improving 
propulsion-system  performance  while  simultaneously  reducing  pollutant  emissions. 
Increasing  the  affordability,  maintainability,  and  reliability  of  these  critical  propulsion 
systems  is  a  major  driver  of  activity  as  well. 

Although  our  efforts  in  the  Combustion  and  Laser  Diagnostics  Research  Complex 
at  Wright-Patterson  Air  Force  Base  are  focused  primarily  on  combustion  phenomena 
associated  with  air-breathing  and  rocket  propulsion,  a  host  of  other  applications  drive 
advances  in  combustion  science  as  well.  These  include  internal-combustion  engines, 
land-  and  sea-based  power  generation,  industrial  processing,  combustion-based  syn¬ 
thesis,  waste  incineration,  and  fire  safety,  for  example.  Clean,  efficient  combustion 
technologies  and  alternative  fuels  (e.g.,  Fischer-Tropsch  fuels  and  biofuels)  are  crit¬ 
ical  for  meeting  current  and  future  energy  demands  while  reducing  our  dependence 
on  fossil  fuels  and  minimizing  such  environmental  impacts  as  smog,  particulates,  acid 
rain,  greenhouse  gases,  and  global  warming. 

Advanced  measurement  techniques  that  exploit  lasers  and  optics  have  become 
well-established  tools  for  characterizing  combusting  flows  (1-4).  Such  noninvasive 
measurement  approaches  are  often  ideally  suited  for  visualizing  complex  reacting 
flows  and  quantifying  key  chemical-species  concentrations,  temperature,  and  fluid- 
dynamic  parameters.  The  fundamental  information  these  techniques  provide  is  essen¬ 
tial  for  achieving  a  detailed  understanding  of  the  chemistry  and  physics  of  combustion 
processes. 

Many  successful  optical  measurements  achieved  to  date  in  combusting  flows  have 
been  based  on  the  use  of  conventional  continuous-wave  and  nanosecond-pulsed 
laser  systems,  including  Q-switched  Nd:YAG  lasers,  excimer  lasers,  and  associated 
YAG-  and  excimer-pumped  dye  lasers.  These  systems  have  been  the  workhorses  in 
most  experiments  involving  such  optical  measurement  techniques  as  planar  laser- 
induced  fluorescence,  particle-image  velocimetry,  laser-induced  incandescence,  co¬ 
herent  anti-Stokes  Raman  scattering  (CARS)  spectroscopy,  and  resonant  four-wave 
mixing  (RFWM).  These  laser  systems  afford  high  pulse  energies  required  for  sheet 
lighting  in  planar  techniques  and  for  nonlinear  interactions  such  as  those  in  CARS 
and  RFWM.  They  also  provide  the  relatively  narrow  spectral  bandwidths  required 
for  spectroscopic  studies  of  key  gas-phase  combustion  species  (e.g.,  OH,  CH,  NO, 
and  CO). 

Although  the  impact  of  continuous-wave  and  nanosecond-pulsed  lasers  systems 
on  the  modern  science  of  combustion  measurements  is  undeniable,  continuing 
revolutionary  advances  in  the  science  and  engineering  of  ultrafast  lasers  (i.e., 
picosecond-  and  femtosecond-pulsed  lasers)  (5-8)  have  enhanced  the  capabilities  and 
utility  of  existing  combustion-diagnostic  techniques  while  enabling  the  development 
and  application  of  new  measurement  methodologies  previously  unachievable.  Early 
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practitioners  pioneered  ultrafast  combustion  measurements  based  on  modelocked 
argon-ion  and  Nd:YAG  lasers  with  synchronously  pumped  dye  lasers,  but  the  ad¬ 
vent  of  modelocked  titanium: sapphire  (Ti:sapphire)  oscillators  and  amplifier  systems 
based  on  regenerative  and  multipass  configurations  and  chirped-pulse  amplification 
has  changed  the  landscape  dramatically,  accelerating  the  development  and  application 
of  new  ultrafast  laser-based  combustion  diagnostics. 

Regardless  of  the  architecture,  two  key  features  of  ultrafast  lasers  are  responsi¬ 
ble  for  the  tremendous  utility  they  afford  for  combustion  measurements:  ultrashort 
pulses  and  high  pulse-repetition  rates.  Myriad  beneficial  characteristics  stem  from 
the  ultrashort  picosecond  and  femtosecond  pulses  delivered  by  modern  ultrafast  laser 
systems.  These  advantages  of  ultrashort  pulses  are  realized  in  terms  of  the  time  reso¬ 
lution  achievable  and  the  temporal  duration  of  the  optical  combustion  measurements. 
In  addition,  ultrashort  pulses  enable  tremendous  instantaneous  power  from  laser  sys¬ 
tems  of  moderate  to  low  average  power. 

The  time  resolution  afforded  by  ultrafast  laser  systems  has  been  exploited  to  study 
the  kinetics  and  dynamics  of  combustion  chemistry  and  energy- transfer  processes.  In¬ 
vestigators  have  used  separation  in  time  of  various  pump  and  probe  pulses  to  discrim¬ 
inate  against  nonresonant  background  signals,  enhancing  measurement  sensitivity 
and  selectivity  and  enabling  the  determination  of  key  minor-species  concentrations. 
Because  of  the  ultrashort  duration  of  some  of  these  measurements,  signals  can  be 
acquired  that  are  largely  free  of  collisional  and  pressure  effects.  This  key  feature  of 
ultrafast  combustion  measurements  addresses  one  of  the  major  limitations  of  con¬ 
ventional  nanosecond-pulsed  diagnostics,  and  it  enables  quantitative  measurements 
of  parameters  such  as  number  densities  and  temperature  in  high-pressure,  turbu¬ 
lent  flames  characteristic  of  most  practical  combustion  devices.  In  these  systems  the 
collisional-quenching  environment  is  typically  highly  inhomogeneous  and  rapidly 
changing  in  both  space  and  time. 

The  instantaneous  power  from  these  ultrafast  laser  systems  has  been  exploited 
to  drive  many  desirable  nonlinear  phenomena.  Researchers  have  utilized  such  non- 
linearities  to  expand  the  spectral  coverage  available  from  these  laser  systems  and  to 
achieve  various  novel  higher-order  signals  based  on  multiple-wave  mixing.  Ampli¬ 
fied  Ti:sapphire-based  systems  can  deliver  usable  radiation  throughout  an  impressive 
spectral  region  across  the  ultraviolet  (UV),  visible,  and  infrared.  Through  continuing 
advances  involving  laser-matter  interactions  and  higher-order  harmonic  generation, 
extreme  UV  radiation  and  X-rays  can  be  produced  for  diagnostic  applications.  At 
the  opposite  end  of  the  spectrum,  terahertz  radiation  has  been  generated  using  ultra¬ 
fast  lasers  and  applied  to  combustion  measurements.  Nonlinear  signal  generation  in 
combusting  flows  has  been  explored  with  ultrafast  lasers  and  wave-mixing  techniques 
that  include  polarization  spectroscopy  (PS),  CARS,  and  RFWM  (described  in  detail 
below). 

Many  ultrafast  laser  systems  deliver  very  high  pulse-repetition  rates.  Modelocked 
oscillators  feature  repetition  rates  of  the  order  ~  100  GHz,  and  commercially  available 
amplifiers  deliver  pulses  at  rates  up  to  1-300  kHz.  Fluctuation  timescales  of  the  order 
1-100  ps  characterize  the  high-pressure,  turbulent  combustion  environments  found 
in  most  practical  devices.  Although  conventional  10-Hz,  nanosecond-pulsed  laser 
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LIF:  laser-induced 
fluorescence 

systems  can  be  used  to  study  these  turbulent  combustion  environments,  they  provide 
only  probability  density  functions  for  combustion  parameters  and  cannot  capture 
time  correlations  describing  fluctuating  turbulent  combustion.  Investigators  have 
used  measurements  based  on  high-repetition-rate,  ultrafast  laser  systems,  conversely, 
to  capture  probability  density  functions,  as  well  as  time  series,  time  correlations, 
and  power  spectral  densities  (PSDs)  describing  the  frequency  content  of  turbulent 
phenomena  of  interest. 

In  the  sections  below,  we  review  the  advantages  of  ultrafast  laser  systems  for  optical 
combustion  measurements  with  special  emphasis  on  applications  involving  ultrafast 
laser-induced  fluorescence  (LIF),  linear  pump/probe  techniques,  time-gated  ballistic 
imaging,  ultrafast  CARS  spectroscopy,  and  resonant  and  Raman  PS  and  wave  mix¬ 
ing.  Advances  stemming  from  the  ultrashort  pulses  and  high  pulse-repetition  rates 
provided  by  ultrafast  lasers  are  evident  throughout  these  applications. 

2.  ULTRAFAST  LASER-INDUCED  FLUORESCENCE 

LIF  has  been  used  extensively  for  measurements  of  minor-species  concentrations  and 
gas  temperature  in  reacting  and  nonreacting  flows  (1-4).  Measurements  of  minor 
species  are  important  for  understanding  flame  chemistry  and  validating  models  of  ig¬ 
nition,  heat  release,  flame  propagation,  pollutant  formation,  and  flame  extinction.  The 
availability  of  picosecond  lasers  for  time-resolved  LIF  has  played  a  critical  role  in  the 
study  of  energy-transfer  processes,  in  extending  LIF  measurements  to  the  deep  UV, 
and  in  improving  the  quantitative  nature  of  LIF  in  unknown  quenching  environments. 

The  quantitative  interpretation  of  LIF  signals  requires  detailed  knowledge  of 
molecular  energy-transfer  processes  such  as  electronic  quenching,  rotational  energy 
transfer  (RET),  and  vibrational  energy  transfer.  One  can  easily  investigate  these  pro¬ 
cesses,  which  compete  with  the  radiative  decay  of  the  excited  state,  at  low  pressures 
using  nanosecond  lasers  (9).  At  atmospheric  pressure,  however,  transfer  rates  must  be 
measured  with  picosecond  resolution  given  gas  collision  rates  that  yield  fluorescence 
lifetimes  of  the  order  1  ns. 

A  typical  setup  for  OH  LIF  comprises  a  chirped-pulse  amplified  Ti:sapphire 
laser  system  (1.5-ps  pulse  width,  0.5  mj  per  pulse)  that  is  frequency  tripled  to  the 
UV  near  284  nm  (1-ps  pulse  width,  20  pj  per  pulse)  (10).  Other  investigators  have 
used  a  Raman-excimer  laser  in  combination  with  stimulated  Brillouin  scattering 
(11),  passive  and  active  modelocking  in  combination  with  stimulated  Brillouin 
scattering  (12),  or  regenerative  amplification  with  or  without  a  distributed-feedback 
dye  laser  (13,  14)  to  achieve  ~100-ps  pulses  with  sufficient  spectral  resolution  (of  the 
order  0.5  cm-1  at  atmospheric  pressure)  to  isolate  individual  rotational  transitions. 
Another  advantage  of  picosecond  lasers  is  the  ability  to  access  species  such  as  H 
atoms  (12),  O  atoms  (15,  16),  CO  (17),  and  NO  (18)  through  two-photon  excitation. 
Typical  detection  schemes  include  fast  photomultiplier  tubes,  streak  cameras,  and 
fast-gated  optical  imagers  for  time-resolved  studies  of  collisional  quenching,  RET, 
and  vibrational  energy  transfer  (9-18). 

In  addition  to  fundamental  studies  of  energy-transfer  processes  for  LIF,  ultrafast 
lasers  have  also  been  applied  for  quantitative  measurements  in  flames  of  practical 
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interest.  In  particular,  a  number  of  researchers  have  used  fluorescence  lifetimes 
for  quantitative  measurements  of  minor-species  concentrations  in  flames  in  which 
the  temperature  and  colliding-species  concentrations  may  be  unknown.  These  life¬ 
times,  which  are  largely  dominated  by  collisional  quenching  for  atmospheric-pressure 
flames,  are  typically  of  the  order  ~  1-3  ns  and  require  the  use  of  a  picosecond  laser  for 
sufficient  time  resolution.  Application  of  this  approach  is  particularly  important  in 
unsteady,  turbulent  flames.  Studies  have  been  performed  for  vortex/flame  interactions 
(19)  and  two-dimensional  imaging  (20)  using  picosecond  LIF  with  streak  cameras. 
In  turbulent  flames,  it  is  also  desirable  to  compute  the  PSD  to  analyze  the  frequency 
content  of  number-density  fluctuations.  To  obtain  longer  time  series  for  PSD  mea¬ 
surements  of  minor  species,  one  can  employ  a  picosecond  Ti:sapphire  oscillator  along 
with  a  multichannel  photon-counting  system  for  on-the-fly  quenching  corrections 
based  on  fluorescence-lifetime  measurements  (21,  22).  This  eliminates  uncertainties 
due  to  the  variation  of  temperature  and  colliding-species  concentrations  in  turbulent 
flames.  Time-series  measurements  have  been  made  for  CH  (23)  and  OH  (24),  as  well 
as  OH  and  temperature  (25).  Figure  1  shows  a  schematic  of  the  optics  layout  and 
time-gating  approach  for  the  latter,  and  Figure  2  shows  typical  time-resolved  OH 
and  temperature  measurements  in  a  vortex/flame  burner. 

Picosecond  lasers  have  been  instrumental  in  improving  our  understanding  of 
molecular  energy-transfer  processes  in  LIF.  In  addition,  picosecond  LIF  has  proven 
to  be  useful  in  turbulent  flames  in  which  LIF  signals  are  influenced  by  local  variations 
in  the  rate  of  collisional  quenching. 


Fluorescence  time  gating 


Bin  1  1  Bin  2  1  Bin  3 

Rayleigh  scattering  time  gating 


Figure  1 

Optical  layout  {left panel)  and  time-gating  diagram  {right panel)  for  simultaneous  Rayleigh 
scattering  and  lifetime-corrected  OH  laser-induced  fluorescence.  Bins  1-3  integrate  over 
3. 5 -ns  bins  to  detect  Rayleigh  scattering  and  resolve  fluorescence  lifetime  assuming  single 
exponential  decay.  Abbreviations  used:  DFR,  double  Fresnel  rhomb;  H10,  0.1-m 
monochromator;  LI,  1-m  lens;  L2,  20-cm  lens;  L3,  20-cm  lens;  L4,  15-cm  lens;  PMT, 
photomultiplier  tube.  Figure  reprinted  with  permission  from  Reference  25.  Copyright  2007, 
Optical  Society  of  America. 
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Figure  2 
Simultaneous 
measurements  of 
temperature  and  lifetime- 
corrected  OH  laser- 
induced  fluorescence 
during  vortex/flame 
interaction. 
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3.  LINEAR  PUMP/PROBE  TECHNIQUES 

A  number  of  groups  have  developed  and  applied  linear  pump/probe  techniques  to 
measure  absolute  number  densities  of  key  species  as  well  as  temperature  in  com¬ 
busting  flows.  These  techniques  are  linear  in  the  sense  that  the  combustion  analyte 
under  study  interacts  linearly  with  the  pump  beam  (i.e.,  a  one-photon  pump-analyte 
interaction)  and  linearly  with  the  probe  beam  (i.e.,  a  one-photon  probe-analyte  in¬ 
teraction).  Typically  in  these  experiments,  the  pump  beam  interacts  with  the  analyte 
in  a  linear,  one-photon  absorption  process,  transferring  some  population  from  the 
ground  electronic  state  to  an  excited  electronic  state,  thereby  creating  a  transient 
hole  in  the  ground-state  population  and  a  transient  excited-state  population.  The 
probe  beam  subsequently  interacts  with  this  transient  population  distribution  through 
one  or  more  of  three  processes,  based  in  large  part  on  the  spectral  characteristics  of  the 
probe  beam.  A  probe  beam  spectrally  resonant  with  ground-state  absorption  features 
of  the  analyte  experiences  a  transient  reduction  in  absorption  upon  interaction  with 
the  pump-modified  population  distribution.  This  is  manifested  as  a  transient  gain 
in  the  transmitted  intensity  of  the  probe  beam.  A  probe  beam  spectrally  resonant 
with  emission  features  of  the  analyte  experiences  a  transient  enhancement  through 
stimulated  emission  upon  interaction  with  the  pump-modified  population  distribu¬ 
tion.  This  is  also  manifested  as  a  transient  gain  in  the  transmitted  intensity  of  the 
probe  beam.  A  probe  beam  spectrally  resonant  with  excited-state  absorption  features 
of  the  analyte  experiences  a  transient  increase  in  absorption  upon  interaction  with  the 
pump-modified  population  distribution.  This  is  manifested  as  a  transient  bleach  in  the 
transmitted  intensity  of  the  probe  beam.  As  the  redistribution  of  population  induced 
by  the  pump  beam  relaxes  in  time,  so  too  do  the  transient  phenomena  associated  with 
the  probe-beam  transmission. 

In  practice  investigators  often  observe  these  transient  phenomena  experimentally 
by  modulating  the  pump-beam  intensity.  This  modulation  is  transferred  from  the 
pump  beam  to  the  analyte  population  distribution  and  thereby  onto  the  probe  beam. 
Lock-in  detection  of  the  transmitted  probe  beam  reveals  the  extent  of  modulation 
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transfer  from  the  pump  beam  to  the  probe  beam,  and  the  lock-in  signal  scales  linearly 
with  the  analyte  concentration.  The  time  delay  between  the  pump  and  probe  beams 
can  be  adjusted  to  explore  the  temporal  characteristics  of  the  population-relaxation 
dynamics. 

Lytle  and  coworkers  (26, 27)  developed  and  applied  an  ingenious  scheme  for  scan¬ 
ning  the  pump/probe  delay  and  exploring  the  temporal  evolution  of  the  population 
relaxation  using  a  technique  they  termed  asynchronous  optical  sampling  (ASOPS). 
In  ASOPS,  two  separate  laser  oscillators  are  used — one  for  the  pump  beam  and  one 
for  the  probe  beam.  The  optical  cavities  of  the  two  oscillators  are  adjusted  to  slightly 
different  lengths  such  that  the  two  oscillators  operate  at  slightly  different  pulse- 
repetition  rates.  This  difference  in  pulse-repetition  rates  is  manifested  as  a  repetitive 
phase  walkout  between  the  pump  and  probe  pulses  that  repeats  at  A f  the  differ¬ 
ence  between  the  two  pulse-repetition  rates.  A  no-moving-parts  pump/probe  delay 
is  achieved  without  the  need  for  an  optomechanical  delay  line  (see  Figure  3). 

The  ASOPS  technique  complements  the  LIF  techniques  described  in  Section  2 
above  and  similar  to  those  techniques  can  be  used  to  measure  absolute  number  den¬ 
sities  and  explore  the  detailed,  time-evolving  collisional-quenching  environments 
in  turbulent  combustion  through  the  determination  of  the  population  lifetime  de¬ 
cay.  Fiechtner  and  coworkers  (28-3 1)  applied  ASOPS  to  the  measurement  of  atomic 
sodium  and  OH  in  various  laboratory  flames.  They  developed  rate-equation  models 
to  extract  quantitative  number  densities  and  collisional-quenching  rates  from  these 
ASOPS  experiments  (30,  32). 

Fiechtner  &  Linne  (33)  pursued  a  simplified  pump/probe  arrangement  with  a 
fixed  pump/probe  delay  rather  than  a  scanning  delay.  Although  this  approach  does 
not  reveal  the  temporal  evolution  of  population  relaxation,  it  can  be  configured  to 
yield  measurements  of  absolute  number  densities  of  key  chemical  species  free  from  the 
effects  of  collisional  quenching,  provided  the  fixed  pump/probe  delay  is  set  such  that 
the  probe  beam  interacts  with  the  pump-modified  analyte  on  a  timescale  that  is  short 
with  respect  to  the  collisional  timescale.  In  this  fashion,  Settersten  and  coworkers 
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ASOPS:  asynchronous 
optical  sampling 


Figure  3 

Conceptual  asynchronous 
optical  sampling  timing 
diagram  depicting 
{a)  excited-state  population 
and  ( b )  probe-beam 
intensity  upon  stimulated 
emission.  Pump  pulses  are 
indicated  in  blue,  and  probe 
pulses  are  indicated  in  red. 
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THz-TDS:  terahertz 
time-domain  spectroscopy 


(34,  35)  achieved  measurements  of  potassium  and  other  species  in  various  laboratory 
flames  and  modeled  the  characteristics  of  the  pump/probe  signal  using  rate  equations 
and  density-matrix  equations  (34-37).  By  forming  the  pump  beam  into  a  laser  light 
sheet  and  crossing  that  pump-beam  sheet  with  an  upcollimated  probe  beam  in  a 
premixed  methane-air  flame  maintained  on  a  Meeker- type  burner,  Linne  et  al.  (3  8) 
achieved  ultrafast  linear  pump/probe  two-dimensional  imaging  of  potassium  seeded 
into  the  flame. 

Advances  in  ultrafast  laser  systems  have  driven  tremendous  innovations  in  sens¬ 
ing  with  terahertz  radiation  (39).  We  can  also  consider  terahertz  time-domain  spec¬ 
troscopy  (THz-TDS)  as  a  linear  pump/probe  technique,  although  the  pump  and 
probe  interactions  differ  from  those  discussed  above.  In  the  pump/probe  experi¬ 
ments  described  above,  the  pump  and  probe  beams  interact  directly  with  the  analyte; 
however,  the  pump  and  probe  beams  serve  different  purposes  in  THz-TDS.  In  these 
experiments,  the  pump  beam  from  a  femtosecond-pulsed  laser  interacts  with  a  target 
material  to  generate  broadband  terahertz  radiation,  either  through  photoconduction 
in  a  biased  semiconductor  (e.g.,  low- temperature-grown  GaAs)  or  through  optical 
rectification  (a  process  described  in  detail  in  Reference  39)  in  a  nonlinear  medium. 
When  the  pulsed  terahertz  radiation  generated  in  this  fashion  is  transmitted  through 
an  absorbing  analyte,  the  spectral  and  temporal  characteristics  of  the  terahertz  pulse 
are  modified  through  linear  absorption  processes.  The  probe  beam  is  utilized  for  time¬ 
gated  detection  of  the  transmitted  terahertz  pulse,  either  through  photoconductive 
or  electro-optic  sampling.  By  scanning  the  pump/probe  delay,  one  can  capture  the 
temporal  characteristics  of  the  transmitted  terahertz  pulse,  and  the  Fourier  transfor¬ 
mation  of  that  pulse  yields  its  frequency-resolved  transmission  spectrum  from  which 
terahertz  absorption  features  of  the  analyte  are  determined. 

Cheville  &  Grishchkowsky  (40,  41)  measured  species  concentrations  and  tem¬ 
perature  in  premixed  propane-air  flames  with  THz-TDS  techniques  based  on  a  tra¬ 
ditional  optomechanical  scanning  delay  line  for  variation  of  the  pump/probe  delay. 
Brown  et  al.  (42)  adopted  the  ASOPS  scheme  described  above  for  H20-vapor  mea¬ 
surements  with  a  no-moving-parts  pump/probe  delay.  The  potential  for  future  ap¬ 
plications  of  THz-TDS  in  combustion  is  promising.  The  terahertz  spectral  region 
is  rich  in  absorption  features  of  interest  for  the  quantification  of  key  combustion 
species  (especially  H20)  and  temperature.  Furthermore,  hydrocarbon  fuels  and  car¬ 
bonaceous  soot  exhibit  little  or  no  absorption  in  this  spectral  region,  suggesting  that 
THz-TDS  should  be  an  ideal  technique  for  measurements  in  liquid-hydrocarbon- 
fueled,  highly  sooting  combustion  environments  such  as  those  characteristic  of  most 
practical  devices. 


4.  TIME-GATED  BALLISTIC  IMAGING 

As  light  propagates  through  a  turbid  medium,  its  direction,  polarization,  and  phase 
are  altered  owing  to  gradients  in  the  index  of  refraction.  Diffuse  photons  pass  through 
the  sample  volume  with  significant  multiple  scattering  events  and  emerge  with  a  shift 
in  location  and  direction.  This  is  shown  schematically  in  Figure  4 a  and  leads  to 
the  blurring  of  internal  features  within  the  medium.  Snake  photons  are  altered  to  a 
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Figure  4 

Conceptual  picture  of  (a)  ballistic,  snake,  and  diffuse  photons;  ( b )  time  trace  of  signal  on 
detector;  and  ( c )  optical  layout  for  time-gated  ballistic-photon  imaging.  Abbreviations:  GP, 
Gian  polarizer;  ICCD,  intensified  charge-coupled  device  camera;  M,  mirror;  OKE,  optical 
Kerr  effect;  TFP,  thin  film  polarizer;  WP,  half-wave  plate. 

lesser  degree  as  they  propagate  with  relatively  few  scattering  events,  whereas  ballistic 
photons  pass  through  without  deviation  and  maintain  their  direction  of  propagation, 
polarization,  and  phase. 

Interest  in  utilizing  ballistic  photons  for  imaging  applications  is  driven  by  the 
possibility  that  one  could  use  visible  and  infrared  light  sources  to  image  turbid  media 
without  the  need  for  ionizing  radiation  or  synchrotron  sources.  The  general  approach 
is  to  separate  ballistic  or  snake  photons  from  diffuse  photons  using  differences  in 
direction,  polarization,  coherence,  or  temporal  properties  of  the  light  passing  through 
the  medium.  It  is  possible,  for  example,  to  employ  a  spatial  filter  to  reduce  photons 
that  have  lost  collimation  or  confocal  properties  after  exiting  the  sample  volume  (43 , 
44).  Polarization  gating  involves  the  use  of  an  analyzer  rather  than  a  spatial  filter  (45, 
46),  whereas  coherence  gating  can  be  accomplished  using  nonlinear  mixing  processes 
(e.g.,  second-harmonic  generation  or  holography)  to  discriminate  against  scattered 
photons  (47-50). 
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In  many  cases,  spatial  filtering  and  polarization  gating  may  not  provide  sufficient 
discrimination  against  diffuse  photons,  whereas  coherence  gating  may  be  too  restric¬ 
tive  in  that  it  can  eliminate  all  but  the  ballistic  photons.  For  unsteady  multiphase  flows, 
it  is  often  necessary  to  use  both  snake  and  ballistic  photons  to  have  sufficient  signal 
levels  for  instantaneous  two-dimensional  imaging  of  transient  mixing  processes.  One 
approach,  enabled  by  the  availability  of  ultrafast  lasers,  is  to  distinguish  photons  based 
on  passage  time  through  the  turbid  medium.  A  femtosecond  laser  beam  that  under¬ 
goes  significant  scattering  exits  with  longer  pulse  width  (order  picosecond)  because 
diffuse  photons  travel  a  longer  path  through  the  sample  volume.  This  longer  path  is 
shown  schematically  in  Figure  4 a  along  with  a  conceptual  view  in  Figure  4 b  of  short 
time  gating  to  discriminate  against  diffuse  photons. 

Early  work  on  time-domain  photon  discrimination  demonstrated  that  one  could 
use  picosecond  lasers  to  achieve  gate  widths  on  the  order  of  7-10  ps  using  an  optical 
Kerr-effect  (OKE)  time  gate  consisting  of  a  CS2  cell  placed  between  a  pair  of  crossed 
polarizers  (51-53).  Birefringence  with  a  short  relaxation  time  is  induced  in  the  CS2 
upon  excitation  with  an  ultrafast  laser  pulse,  allowing  light  to  pass  through  the  crossed 
polarizers  through  adjustment  of  a  translation  stage  to  vary  the  time  delay  between  the 
imaging  and  gating  beams.  Investigators  have  used  this  approach  for  discriminating 
against  diffuse  photons  in  a  number  of  applications  (54,  55).  With  the  availability  of 
amplified  femtosecond  laser  systems,  it  has  become  possible  to  achieve  time  gates  as 
short  as  2  ps  with  high  transmission  efficiency  (56-60). 

Figure  4c  shows  an  example  of  the  optical  setup  for  time-gated  ballistic  imaging. 
The  linearly  polarized  1  mj  per  pulse  output  of  a  1  kHz  repetition  rate  Thsapphire 
amplifier  with  80-fs  pulse  width  is  split  90%  and  10%  into  gating  and  imaging  beams, 
respectively,  using  a  wave  plate-polarizer  combination.  The  imaging  path  includes 
a  Gian  polarizer,  a  half-wave  plate,  and  a  beam-expanding  telescope.  After  passing 
through  a  dense  spray,  the  imaging  beam  is  weakly  focused  through  the  OKE  gate, 
then  spatially  filtered,  and  relay  imaged  directly  into  an  intensified  charge-coupled 
device  camera.  The  gating  beam  passes  through  a  half-wave  plate  and  a  mechanical 
time-delay  stage  before  arriving  at  the  1-cm-thick,  2.5-cm-diameter  CS2  cell.  The 
induced  birefringence  across  the  imaging  beam  is  kept  fairly  constant  within  the  CS2 
cell  because  the  imaging  beam  is  relatively  small  (<500- pm  diameter)  and  passes 
through  the  centroid  of  the  relatively  large  gating  beam  (~6-mm  diameter).  The 
transmission  efficiency  of  the  OKE  gate  is  ~30%  when  activated  by  the  80-fs  laser 
pulse,  which  is  sufficient  for  signal-to-leakage  ratios  of  ~20:1.  This  arrangement 
allows  instantaneous  two-dimensional  imaging  of  turbid  media,  in  this  case  a  liquid 
spray.  Laser  sources  with  repetition  rates  as  high  as  10  kHz  with  1  mj  per  pulse  are 
now  available  and  will  enable  ballistic  imaging  at  unprecedented  data  rates. 

This  approach  has  been  used  for  measurements  of  liquid  breakup  phenomena  in 
diesel  sprays  (58),  liquid  jets  in  gaseous  crossflow  (59),  and  coaxial  rocket  injectors. 
Figure  5  shows  an  example  of  coaxial  rocket  injectors,  comparing  a  rocket  spray 
shadowgram  with  and  without  time  gating.  Internal  structures  that  were  previously 
not  visible  due  to  diffuse  scattering  are  revealed  with  the  use  of  ultrafast  time  gat¬ 
ing.  This  has  implications  for  the  study  of  liquid  jet  breakup  and  gas-liquid  mixing 
processes  in  multiphase  reacting  flows. 
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Figure  5 

Sample  images  of  rocket  spray  (a)  without  ultrafast  time  gate  and  ( b )  with  ultrafast  time  gate. 
Flow  is  from  top  to  bottom. 

Advances  in  ultrafast  laser  technology  have  led  to  significant  growth  in  the  imple¬ 
mentation  of  time-gated  ballistic-imaging  systems  for  visualizing  hidden  structures 
in  optically  dense  media.  A  number  of  innovations  such  as  two-color  ballistic  imaging 
(59)  and  dual-pulse  ballistic  imaging  for  velocimetry  (60)  have  also  been  demonstrated 
recently.  Future  work  could  involve  the  use  of  three  or  more  consecutive  pulses  to 
acquire  the  acceleration  of  interfacial  regions  as  well  as  velocity  within  dense  media. 
Finally,  efforts  are  underway  to  use  Monte  Carlo  simulations  to  predict  the  prop¬ 
erties  of  ultrafast  laser-light  propagation  through  scattering  media  (61),  including 
implementation  for  cases  with  inhomogeneously  distributed  scatterers. 


5.  ULTRAFAST  COHERENT  ANTI-STOKES  RAMAN 
SCATTERING  SPECTROSCOPY 

CARS  spectroscopy  is  widely  used  for  temperature  and  major-species-concentration 
measurements  in  reacting  flows  and  plasmas  (1-3).  Because  of  the  phase-matching 
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Figure  6 

Energy-level  diagram  for  coherent  anti-Stokes  Raman  scattering  signal-generation  process, 
where  a  and  b  denote  ground  and  excited  levels  of  molecule,  respectively,  and  cuv  corresponds 
to  vibrational  frequency  of  molecule.  Here  v’  and  J'  refer  to  excited-state  vibrational  and 
rotational  quantum  number,  respectively,  and  v"  and  J"  refer  to  ground-state  vibrational  and 
rotational  quantum  number,  respectively. 

requirement  and  laser-like  nature  of  the  signal,  CARS  is  ideally  suited  for  reacting 
flows  with  significant  background  emission  because  one  can  easily  isolate  the  CARS 
signal  spectrally,  spatially,  and  temporally  from  the  flame  emission.  The  technique 
also  provides  spatially  and  temporally  resolved  information  with  high  accuracy. 

An  energy-level  diagram  for  the  CARS  signal-generation  process  is  shown  in 
Figure  6.  In  CARS  the  wavelengths  of  the  pump  and  Stokes  beams  are  chosen 
to  excite  either  the  vibrational  or  rotational  transitions  of  the  molecule.  We  can 
also  describe  this  excitation  process  as  creating  coherence  in  the  medium  with  a 
pump-Stokes  pair  after  which  the  coherence  evolves  according  to  the  interaction  of 
the  molecules  with  the  surrounding  medium.  When  a  probe  beam  interacts  with 
the  excited  molecules,  it  is  scattered  at  an  anti-Stokes-shifted  frequency  to  yield 
the  CARS  signal. 

Until  recently  most  of  the  CARS  work  in  reacting  flows  was  performed  using 
nanosecond  lasers  to  determine  gas  temperature  and  the  concentrations  of  major 
species  such  as  N2,  O2,  CO2,  CO,  H2,  and  H20  (1,  62-65).  Electronic-resonance- 
enhanced  CARS  using  nanosecond  lasers  has  also  been  demonstrated  for  deter¬ 
mining  the  concentration  of  flame  radicals  such  as  OH,  NO,  and  C2H2  (66-68). 
Traditional  nanosecond  CARS  uses  a  narrowband  (~0.001  cm-1)  transform-limited 
pump  laser  and  a  broadband  (~150  cm-1)  Stokes  laser  to  excite  the  entire  rovi- 
brational  manifold  of  the  molecule  (Figure  la).  For  example,  a  narrowband  laser 
at  532  nm  and  a  broadband  laser  at  ~607  nm  excite  the  rovibrational  energy  lev¬ 
els  of  N2,  which  is  typically  targeted  for  temperature  measurements  because  of  its 
abundance  in  air-fed  reacting  flows.  The  band  head  of  the  v'=  1  — ►  v"=  0  tran¬ 
sition  in  the  ground  electronic  state  falls  at  ~2330  cm-1.  As  shown  in  Figure  7#, 
only  one  pump-Stokes  pair  contributes  to  the  excitation  of  the  coherence  for  a  par¬ 
ticular  transition.  However,  nanosecond  CARS  has  several  disadvantages  that  chal¬ 
lenge  its  application  in  high-pressure,  turbulent  reacting  flows:  (a)  interference  of  the 
nonresonant  background  signal  with  the  resonant  signal,  which  affects  the  accuracy 
and  sensitivity  of  the  measurements,  especially  for  hydrocarbon-fueled  combustion 
(1,  69);  (b)  the  low  repetition  rates  of  the  lasers  used,  which  complicate  efforts  to 
study  the  temporal  characteristics  of  turbulent  flames  and  explore  combustion  insta¬ 
bilities;  and  (c)  the  need  to  understand  the  collisional  environment  and  associated 
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Figure  7 

Raman  excitation  scheme  for  gas-phase  N2  using  (a)  nanosecond  laser-based  multiplex 
coherent  anti-Stokes  Raman  scattering  and  (b)  femtosecond  pump  and  Stokes  lasers. 

dephasing  and  relaxation  processes  for  quantitative  interpretation  of  the  CARS 
signal. 

The  use  of  ultrafast  lasers  to  address  these  issues  in  reacting  flows  has  been  the  sub¬ 
ject  of  continuing  research  activities  in  the  Air  Force  Research  Laboratory’s  Combus¬ 
tion  and  Laser  Diagnostics  Research  Complex  at  Wright-Patterson  Air  Force  Base. 
In  picosecond  or  femtosecond  CARS,  nonresonant  background  signals  are  observed 
only  when  all  three  laser  beams  are  temporally  and  spatially  coincident.  These  non¬ 
resonant  interferences  can  be  suppressed  by  delaying  the  probe  beam  with  respect  to 
the  Raman-excitation  beams.  Roy  et  al.  (69)  performed  picosecond  multiplex  CARS 
experiments  with  the  probe  beam  delayed  by  ~150  ps  with  respect  to  the  Raman- 
excitation  beams.  In  this  arrangement,  the  nonresonant  background  signal  is  reduced 
by  more  than  three  orders  of  magnitude,  whereas  the  resonant  signal  is  reduced  by 
only  a  factor  of  three  to  yield  a  tremendous  improvement  in  signal-to-noise  ratio. 
However,  in  picosecond  CARS,  the  quantitative  interpretation  of  the  signal  still  re¬ 
quires  some  knowledge  of  the  collisional  physics,  and  the  repetition  rate  of  the  lasers 
used  in  these  particular  experiments  is  only  of  the  order  10-20  Hz. 

Femtosecond  CARS  spectroscopy  has  the  potential  to  overcome  the  problems  as¬ 
sociated  with  nanosecond  CARS  for  combustion  applications,  as  evidenced  by  recent 
studies  of  femtosecond  CARS  in  noncombusting  environments  (70-75).  When  two 
femtosecond  laser  pulses  are  used  to  create  coherence  in  the  medium  (as  in  the  case  of 
CARS),  the  ground  and  excited  states  are  coupled  efficiently  because  of  the  availabil¬ 
ity  of  a  large  number  of  pump-Stokes  pairs  within  the  bandwidth  of  the  laser  pulses 
contributing  to  the  excitation  of  the  same  coherence  (Figure  7  b)  (7  5).  Figure  7  shows 
pump-Stokes  pairs  for  the  excitation  of  N2  in  the  ground  electronic  state,  as  men¬ 
tioned  above.  This  specific  feature  of  femtosecond  laser-based  Raman  excitation, 
along  with  the  suppression  of  the  nonresonant  background  using  a  delayed  probe 
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beam,  holds  the  potential  for  making  the  femtosecond  CARS  technique  suitable  for 
detecting  minor  species  in  reacting  flows.  Moreover,  femtosecond  CARS  allows  mea¬ 
surements  to  be  made  at  rates  of  1  kHz  or  greater  and  time-resolved  CARS  signals  to 
be  acquired  over  a  time  period  that  is  short  with  respect  to  the  collisional  timescale, 
thereby  eliminating  the  need  to  understand  collisional  broadening,  line  narrowing, 
and  other  dephasing  and  relaxation  processes  due  to  collisions. 

Dantus  et  al.  (76)  eloquently  describe  the  excitation  of  vibrational  and  rotational 
coherences  by  femtosecond  lasers  and  the  subsequent  decay  of  these  coherences  either 
through  frequency-spread  dephasing  or  loss  of  alignment.  Initially  it  was  anticipated 
that  the  large  bandwidths  characteristic  of  femtosecond  lasers  would  be  problem¬ 
atic  for  molecular  spectroscopy  in  reacting  flows  because  of  the  associated  lack  of 
selectivity  (broadband  excitation  of  many  transitions  of  one  or  more  molecules)  and 
relatively  inefficient  coupling  of  these  spectrally  broad  pulses  to  individual  transitions 
as  compared  with  coupling  of  narrowband  nanosecond  pulses  more  closely  matched 
to  the  line  width  of  these  transitions.  However,  the  excitation  process  depicted  in 
Figure  7 b  and  recent  research  activities  in  this  field  have  shown  that  the  bandwidth 
of  femtosecond  lasers  is  actually  an  advantage  rather  than  a  hindrance. 

In  1987  femtosecond  CARS  was  first  used  to  study  molecular  beat  phenomena 
in  liquid-phase  benzene,  cyclohexane,  and  pyridine  (77);  subsequently,  Hayden  & 
Chandler  (78)  demonstrated  its  application  to  the  investigation  of  gas-phase  molec¬ 
ular  dynamics.  Lang  et  al.  (71)  focused  their  work  with  femtosecond  CARS  on  deter¬ 
mining  the  molecular  parameters  and  gas-phase  temperature  from  the  time-resolved 
oscillatory  pattern  of  the  Raman  coherence  following  pump-Stokes  excitation  of  H2. 
They  determined  those  parameters  from  the  width  and  relative  heights  of  the  co¬ 
herence  recurrence  peaks.  The  measurement  of  temperature  from  these  peaks  at 
~320  ps,  as  described  by  Lang  et  al.  (70),  requires  a  detailed  understanding  of  the  col¬ 
lisional  dephasing  and  relaxation  physics  of  the  probe  molecule  within  its  surrounding 
environment.  Researchers  have  also  used  femtosecond  CARS  to  make  measurements 
in  dense  media  to  investigate  RET  processes  (72),  to  determine  the  concentrations  of 
ortho-  and  j^ra-deuterium  (79),  and  to  measure  single-shot  temperature  by  probing 
H2  using  a  chirped  probe  pulse  (80).  The  technique  has  also  been  used  for  microscopy 
(81),  the  selective  control  of  molecular  structure  (82),  detection  of  bacterial  spores 
(83),  and  investigation  of  the  ground-  and  excited-state  dynamics  of  molecules  (84). 

The  focus  of  our  efforts  is  the  application  of  time-resolved  femtosecond  CARS 
for  temperature  measurements  in  high-temperature  flames,  based  on  the  frequency- 
spread  dephasing  rate  after  the  initial  impulsive  excitation  of  the  Raman  coherence 
in  N2  by  femtosecond  pump  and  Stokes  beams.  After  the  initial  excitation,  all  in- 
phase  Raman  coherences  excited  by  the  nearly  transform-limited  laser  pulses  begin 
to  oscillate  out  of  phase  with  respect  to  each  other  as  a  result  of  slight  differences 
in  their  frequencies.  Because  of  the  frequency  differences  between  the  neighbor¬ 
ing  transitions,  the  resulting  coherence  begins  to  dephase;  the  dephasing  rate  de¬ 
pends  on  temperature  only  and  is  completely  insensitive  to  collisions  (73).  Figure  8 
shows  time-resolved  femtosecond  CARS  signals  during  the  first  few  picoseconds 
after  the  initial  impulsive  excitation  as  a  function  of  temperature.  The  coherence 
dephases  at  a  faster  rate  with  increasing  temperature  as  a  result  of  the  contribution 
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from  many  energy  levels;  higher  rotational  and  vibrational  levels  are  populated  with 
increasing  temperature  according  to  the  Boltzmann  distribution.  Roy  and  colleagues 
(73-74)  reported  detailed  theoretical  and  experimental  results  related  to  this  concept 
and  discussed  the  application  of  this  technique  in  reacting  flows  (75).  They  found 
the  estimated  absolute  accuracy  and  precision  of  the  measurement  technique  to  be 
±40  K  and  ±50  K,  respectively,  over  the  temperature  range  1500-2500  K  (75). 
Figure  9  illustrates  the  temporal  evolution  of  time-resolved  femtosecond  CARS  sig¬ 
nals  during  the  first  few  picoseconds  after  the  initial  excitation  as  a  function  of  pres¬ 
sure.  It  is  evident  from  Figure  9  that  the  coherence  dephasing  rate  during  the  first 
few  picoseconds  is  insensitive  to  collisions.  However,  collisions  begin  to  influence 
the  dephasing  rates  when  the  pressure  is  increased  beyond  20  bar  (72).  We  have 
designed  current  research  activities  in  our  laboratory  to  address  these  key  issues: 
(a)  single-shot  temperature  measurements  at  rates  of  1  kHz  or  greater  using  a 
spectrally  chirped  probe  pulse,  ( b )  the  influence  of  other  molecules  excited  by  the 
broadband  femtosecond  laser  pulses  on  measurements  of  temperature  and  species 
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Figure  8 

Temperature-dependent 
time-resolved  femtosecond 
coherent  anti-Stokes  Raman 
scattering  signal  ofN2  (73). 


Figure  9 

Pressure  dependence  of 
time-resolved  N2 
femtosecond  coherent 
anti-Stokes  Raman 
scattering  signal  during  first 
few  picoseconds  after 
impulsive  excitation  of  the 
coherence. 
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concentrations,  and  (c)  concentration  measurements  of  minor  species  such  as  C2H2, 
C6H6,  and  other  flame  molecules  and  radicals  using  shaped  laser  pulses. 

6.  RESONANT  AND  RAMAN-INDUCED  POLARIZATION 
SPECTROSCOPY  AND  WAVE  MIXING 

PS  has  emerged  as  a  valuable  spectroscopic  tool  for  measuring  the  concentrations  of 
minor  species  such  as  OH,  CH,  and  NH  in  reacting  flows  (1-3,  85-88)  and  plasmas 
(89).  PS  is  a  nonlinear  pump/probe  technique  in  which  the  probe  beam  is  linearly 
polarized  prior  to  interacting  with  the  medium  of  interest.  PS  uses  either  a  circularly 
or  a  linearly  polarized  pump  beam  for  selective  pumping  of  the  population  from  the 
ground  to  the  excited  states;  in  the  latter  case,  the  pump-beam  polarization  is  rotated 
45°  with  respect  to  the  probe-beam  polarization.  Because  of  the  anisotropy  induced  by 
the  pump  beam,  the  probe-beam  polarization  becomes  slightly  elliptical  or  slightly 
rotated  while  passing  through  the  medium.  As  a  consequence,  some  of  the  probe 
beam  leaks  through  a  polarization  analyzer  whose  transmission  axis  is  orthogonal  to 
the  original  probe-beam  polarization;  this  leakage  is  the  PS  signal.  To  illustrate  the 
introduction  of  anisotropy  by  selective  pumping,  Figure  10  shows  an  energy-level 
diagram  of  the  Pi  (2)  transition  of  OH.  A  linearly  polarized  pump  beam  couples  the 
AM  =  0  transitions,  and  a  right  or  left  circularly  polarized  pump  beam  couples  either 
the  AM  =  +1  or  the  AM  =  -1  transitions,  respectively. 

Two  distinct  advantages  of  using  ultrafast  lasers  for  PS  are  (a)  the  reduction  in 
collisional  dependence  and  (b)  the  determination  of  the  state-specific  rotational, 
orientation,  and  alignment  relaxation  rates  from  time-resolved  measurements.  Roy 
and  colleagues  (86,  91)  showed  that  when  using  an  ultrafast  laser  (laser  pulse  width 
tl  <  tc  characteristic  collision  time),  the  collision-rate  dependence  of  the  PS  sig¬ 
nal  is  significantly  decreased  as  compared  with  that  in  the  long-pulse  laser  case 
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Figure  10 

Energy-level  diagram  for  Zeeman  state  structure  of  Pi  (2)  transition.  Allowed  AM  =  0 
transitions  are  indicated  by  dashed  arrows;  AM  =  ±  1  transitions  are  indicated  by  solid 
arrows.  J  and  M  represent  rotational  and  projection  quantum  numbers,  respectively.  Strengths 
and  phases  of  transitions  are  indicated  by  numerical  value  of  x  or  z  components  of  geometry- 
dependent  part  of  the  dipole  matrix  element  (90).  Figure  redrawn  from  Reference  91. 
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(tl  >  Tc)  for  a  nonsaturating  pump  beam.  For  a  saturating  pump  beam,  the  pi¬ 
cosecond  PS  signal  is  nearly  independent  of  collisions  (91). 

The  polarization-dependent  selective  pumping  shown  in  Figure  10  creates  var¬ 
ious  types  of  anisotropies  such  as  orientation  and  alignment  in  the  medium  with 
relaxation  rates  due  to  elastic  (Mj  changing)  and  inelastic  RET  collisions  that  can  sig¬ 
nificantly  affect  the  resulting  PS  signal  and  signals  associated  with  other  laser  tech¬ 
niques  that  exploit  laser-induced  anisotropy.  Orientation,  which  describes  the  net 
helicity  or  spin  of  the  system,  and  alignment,  which  describes  the  spatial  distribution 
of  angular  momentum,  are  proportional  to  the  dipole  and  quadrupole  moments  of 
the  angular  momentum  distributions,  respectively  (92).  To  illustrate  the  anisotropies 
created  by  the  pump  laser,  Figure  1 1  shows  the  population  distribution  in  the  excited 
Zeeman  states  for  the  Pi  (8)  transition  of  OH.  Figure  11#  shows  the  oriented  distri¬ 
bution  of  the  excited-state  population  when  pumped  by  a  right  circularly  polarized 
beam,  whereas  Figure  1 1#  shows  the  aligned  distribution  when  pumped  by  a  linearly 
polarized  beam.  The  population  distribution  is  shown  for  a  time  at  which  the  100-ps 
(full  width  at  half-maximum)  pump  laser  reaches  the  peak  intensity  of  5  x  1 09  W  m-2 
and  was  calculated  using  the  density-matrix  numerical  code  described  by  Roy  et  al. 
(91). 

The  use  of  picosecond  lasers  enables  experimental  investigation  of  the  rates  at 
which  these  anisotropies  are  destroyed  in  collisional  environments.  Dreizler  and  col¬ 
leagues  (93,  94)  used  PS  and  RFWM  to  determine  the  population,  orientation,  and 
alignment  relaxation  rates  of  OH  in  reacting  flows.  The  RFWM  technique,  in  which 
the  two  pump  photons  originate  from  two  different  pump  beams,  is  similar  to  PS, 
in  which  both  pump  photons  originate  from  the  same  pump  beam.  Unlike  PS,  the 
RFWM  technique  allows  measurements  of  the  population,  orientation,  and  align¬ 
ment  relaxation  rates  independently  through  the  control  of  polarization  settings  for 

a  b 


Figure  11 

Population  distribution  in  excited  Zeeman  states  for  Pi  (8)  transition  pumped  by  (a)  right  circu¬ 
larly  polarized  beam  and  ( b )  linearly  polarized  beam.  pgg  is  ground-state  population  at  t  =  Os. 
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each  laser  beam.  In  an  experiment  in  which  both  pump  and  probe  beams  are  resonant 
with  the  same  transitions,  the  measured  relaxation  rates  have  a  contribution  from  both 
the  ground  and  the  excited  states  as  reported  by  Dreizler  and  colleagues  (93,  94).  To 
measure  the  ground-state  orientation  and  alignment  relaxation  rates  of  OH,  Chen 
and  coworkers  (95)  and  Costen  &  McKendrick  (96)  employed  two-color  PS  in  which 
the  pump  and  probe  beams  are  coupled  through  an  intermediate  level  in  the  ground 
electronic  state.  Chen  &  Settersten  (97)  also  demonstrated  two-color  RFWM  for  de¬ 
termining  the  ground-state  population,  orientation,  and  alignment  relaxation  rates 
by  varying  the  polarization  of  two  pump  beams  and  the  probe  beam  independently. 
Recently,  picosecond  laser-based,  two-color,  two-photon  PS  was  used  for  the  detec¬ 
tion  of  atomic  hydrogen  in  an  atmospheric-pressure  H2-air  flame;  because  of  its  high 
reactivity  and  diffusivity,  the  hydrogen  atom  plays  an  important  role  in  combustion 
chemical  kinetics  (98). 

Femtosecond  laser-based  Raman-induced  PS  and  degenerate  four-wave  mixing 
were  used  to  study  the  ground-level  RET  in  N2,  O2,  and  CO2  (99,  100).  The  broad¬ 
band  femtosecond  lasers  create  a  rotational  wave  packet  by  simultaneously  exciting 
multiple  rotational  Raman  transitions.  The  delayed  probe  beam  then  probes  the  mis¬ 
alignment  and  realignment  of  this  rotational  coherence  due  to  elastic  and  inelastic 
collisions.  These  studies  will  have  a  significant  impact  in  determining  the  RET  rates 
for  species  relevant  to  reacting  flows.  Raman-induced  degenerate  four- wave  mixing 
of  H2,  in  which  the  rotational  transitions  of  H2  were  excited  using  a  sub-2  0-fs  laser 
pulse,  has  also  been  used  to  determine  temperature  from  the  relative  intensities  of 
the  beat  frequencies  between  the  Stokes  and  anti-Stokes  transitions  (101). 

7.  CONCLUSION 

Revolutionary  ultrafast  laser  technologies  are  redefining  the  combustion- diagnostics 
arena.  Unprecedented  new  measurement  capabilities  are  emerging  as  researchers 
exploit  the  ultrashort  pulses  and  high  pulse-repetition  rates  delivered  by  these  sys¬ 
tems.  This  review  highlights  recent  advances  in  ultrafast  LIF,  linear  pump/probe 
techniques,  time-gated  ballistic  imaging,  ultrafast  CARS,  and  resonant  and  Raman- 
induced  PS  and  wave  mixing.  Continuing  developments  of  ultrafast  laser  systems 
promise  to  provide  further  reductions  in  cost,  size,  and  complexity  with  increased 
robustness  and  stability  and  improved  user-friendliness.  All  these  enhancements  will 
allow  the  transition  of  ultrafast  laser-based  combustion  diagnostics  from  the  labora¬ 
tory  to  the  field  for  applications  that  include  test-cell  and  shop-floor  measurements, 
nondestructive  evaluation/inspection,  and  onboard  sensing  and  control. 


SUMMARY  POINTS 

1.  Detailed  studies  of  combustion  chemistry  and  physics  are  critical  for  the 
continued  advancement  of  numerous  combustion-related  applications,  in¬ 
cluding  propulsion,  power  generation,  industrial  processing,  waste  inciner¬ 
ation,  and  fire  safety. 
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2.  Optical  combustion  diagnostics  are  ideal  tools  for  noninvasive  characteri¬ 
zation  of  reacting  and  nonreacting  flows. 

3.  Although  continuous-wave  and  nanosecond-pulsed  lasers  are  the  current 
sources  of  choice  for  most  combustion  diagnostics,  emerging  ultrafast 
(picosecond-  and  femtosecond-pulsed)  laser  technologies  are  driving  new 
developments  in  combustion  measurements. 

4.  Ultrashort  pulses  enable  time-resolved  measurements  with  unprecedented 
temporal  resolution  and  freedom  from  collisional  effects  that  plague  mea¬ 
surements  with  nanosecond-pulsed  lasers.  Peak  powers  achievable  with 
these  pulses  allow  nonlinear  frequency  conversion,  expanding  the  spectral 
coverage  of  these  systems  to  new  heights.  Similarly,  these  peak  powers  enable 
nonlinear  signal  generation  in  combusting  systems  with  lasers  of  moderate 
to  low  average  power. 

5.  High  pulse-repetition  rates  afforded  by  ultrafast  oscillators  and  amplifiers 
provide  the  data-acquisition  bandwidth  necessary  to  study  the  temporal  evo¬ 
lution  of  turbulent  fluctuations  and  combustion  instabilities.  Time  series  and 
PSDs  can  be  constructed  to  characterize  these  flame  phenomena. 

6.  Ultrafast  combustion  measurements  achieved  to  date  include  LIF,  linear 
pump/probe  measurements,  time-gated  ballistic  imaging,  CARS,  PS,  and 
wave  mixing.  In  many  cases  the  ultrafast  variants  described  in  this  review 
enjoy  numerous  and  significant  advantages  over  their  continuous-wave  and 
nanosecond-pulsed  analogs. 

7.  Continuing  and  future  developments  of  ultrafast  lasers  hold  tremendous 
promise  for  even  greater  spectral  coverage,  single-shot  high-speed  mea¬ 
surements,  and  application  to  complex  real-world  systems  for  test-cell  and 
shop-floor  measurements,  nondestructive  evaluation/inspection,  and  on¬ 
board  sensing  and  control. 
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Measurements  of  Nitric  Oxide  Concentration  in  Flames  Using 
Broadband  Stokes  Electronic-Resonance-Enhanced  (ERE)  Coherent 

Anti-Stokes  Raman  Scattering 
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Why  Use  Broadband  Stokes  ERE  CARS 

in  Flames? 

Coherent  anti-Stokes  Raman  scattering  (CARS)  is  a  well- 
established  technique  for  combustion  and  plasma 
diagnostics. 

Normal  CARS  has  a  detection  limit  of  1%  In  flames  even 
under  well  optimized  conditions. 

Electronic-Resonance-Enhanced  (ERE)  CARS  can  be  used 
to  detect  minor  species.  We  use  visible  pump  and  Stokes 
beams,  ultraviolet  probe  beam. 

The  use  of  a  broadband  Stokes  laser  enables  single-laser- 
shot  detection  for  potential  application  in  turbulent  flames. 

Broadband  Vibrational  ERE-CARS 
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Stokes  beam  centered  at  -  591  nm,  probe  beam  corresponding  to  Q-branch 
Raman  transition  in  the  (0,1)  band  of  A2Z+  -  X2n  electronic  system  of  NO. 
[NO]  =  1000  ppm,  T  =  300  K. 
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Boltzmann  fraction.  Dual  pump  CARS  temperature  is  also  shown. 
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ERE  CARS  process  is  modeled  using  a  fictitious  electronic  level 
as  the  intermediate  level  in  the  Raman  process  (D2Z+).  The 
transition  strengths  are  adjusted  to  give  the  correct  Raman  cross 
section.  The  electronic-resonance-enhancement  is  modeled  using 
A2Z*  level  which  is  directly  coupled  by  the  probe  beam 


Saturation  Effects  in  ERE  CARS 

Saturation  in  ERE-CARS  is  an  important  issue.  Both  the  two- 
photon-  induced  Raman  transition  and  the  one-photon  induced 
electronic  probe  transition  in  NO  can  be  saturated. 
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Saturation  of  the  one-photon  induced  electronic  transition  is 
less  evident  with  enhanced  pumping  of  the  two-photon  induced 
Raman  transition. 
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Single-laser-shot  measurements  of  NO  in  laminar  counter-flow  H2/air 
diffusion  flame.  Detection  limit  -  30  ppm. 
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Why  Use  Femtosecond  Lasers  for  CARS 

in  Flames? 

Nsec  CARS  using  (typically)  a  Q-switched  Nd:YAG  laser  and 
broadband  dye  laser  is  a  well-established  technique  for 
combustion  and  plasma  diagnostics. 

Fsec  lasers  have  much  higher  repetition  rates  than  nsec  Q- 
switched  Nd:YAG  lasers:  >  1-100  kHz  versus  -10  Hz. 

But  can  we  obtain  a  sufficient  signal  on  a  single  laser  shot 
to  make  measurements  in  turbulent  environments?  And 
how  do  we  extract  temperature  and  concentration  from  the 
signal? 

How  effectively  can  Raman  transitions  with  line  width  -  0.1 
cnr1  line  be  excited  by  the  fs  pump  and  Stokes  beams  with 
bandwidths  of  200  cnr1? 
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Modeling  of  the  experimental  scans  above  accomplished  with  a 
1-page  computer  code,  don’t  need  to  know  Raman  linewidths. 
Measured  flame  temperatures  very  close  to  adiabatic. 

Time-Dependent  Density  Matrix  Theory  of 
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CARS  process  is  modeled  using 
a  fictitious  electronic  level  as  the 
intermediate  level  in  the  Raman 
process.  The  transition  strengths 
are  adjusted  to  give  the  correct 
Raman  cross  section.  Fs  pump 
and  Stokes  excite  the  Raman 
transitions  very  effectively. 
Commercial  systems  can 
saturate  N2  Q-branch  transitions. 
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Chirped-probe  fs  CARS  process  results  in  very  high  signal  levels  in 
flames,  single-shot  quite  feasible.  Data  acquisition  rates  of  1  kHz  have 
now  been  demonstrated.  Laser  systems  with  rep  rates  up  to  100  kHz 
now  under  development. 
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Single-laser-shot  detection  of  nitric  oxide  in  reacting  flows  using  electronic 
resonance  enhanced  coherent  anti-Stokes  Raman  scattering 

Ning  Chai,1,a)  Sameer  V.  Naik,1  Normand  M.  Laurendeau,1  Robert  P.  Lucht,1 
Sukesh  Roy,2  and  James  R.  Gord3 

1  School  of  Mechanical  Engineering,  Purdue  University,  West  Lafayette,  Indiana  47907-2088,  USA 
2 Innovative  Scientific  Solutions,  Inc.,  2766  Indian  Ripple  Road,  Dayton,  Ohio  45440,  USA 
3 Air  Force  Research  Laboratory,  Propulsion  Directorate,  Wright-Patterson  AFB,  Ohio  45433,  USA 

(Received  2  May  2008;  accepted  25  July  2008;  published  online  4  September  2008) 

Single-laser-shot  electronic  resonance  enhanced  coherent  anti-Stokes  Raman  scattering 
(ERE-CARS)  spectra  of  nitric  oxide  (NO)  were  generated  using  the  532  nm  output  of  an 
injection- seeded  Nd:  YAG  (yttrium  aluminum  garnet)  laser  as  the  pump  beam,  a  broadband  dye  laser 
at  approximately  591  nm  as  the  Stokes  beam,  and  a  236  nm  narrowband  ultraviolet  probe  beam. 

Single-laser-shot  ERE-CARS  spectra  of  NO  were  acquired  in  an  atmospheric-pressure  hydrogen/air 
counterflow  diffusion  flame.  The  single- shot  detection  limit  in  this  flame  was  found  to  be 
approximately  30  ppm,  and  the  standard  deviation  of  the  measured  NO  concentration  was  found  to 
be  approximately  20%  of  the  mean.  ©  2008  American  Institute  of  Physics. 

[DOI:  10.1063/1.2973166] 


The  quantitative  measurement  of  concentration  of  pollut¬ 
ant  NO  in  combustion  environments  is  a  challenging  task. 
Laser-induced  fluorescence  (LIF)  has  been  studied  exten¬ 
sively  for  measurements  of  NO.1-4  Several  difficulties  with 
LIF  have  been  investigated  including  interferences  from  02, 
C02  and  other  species,2’5  6  electronic  quenching  of  the  NO 
fluorescence  signal  via  binary  collisions,7  and  ultraviolet 
(UV)  absorption  of  both  the  excitation  beam  and  the  NO 
fluorescence  signal. 

We  have  recently  applied  electronic  resonance  enhanced 
coherent  anti-Stokes  Raman  scattering  (ERE-CARS)  for  de¬ 
tection  of  NO  in  atmospheric  and  high-pressure  environ¬ 
ments.8-11  The  ERE-CARS  signal  was  found  to  be  nearly 
independent  of  electronic  quenching  for  two  important  col¬ 
liders,  02  and  C02.8,9  Detection  of  NO  via  ERE-CARS  in  a 
highly  sooting  acetylene-air  flame  was  reported  for  NO  con¬ 
centrations  down  to  approximately  50  ppm.10  The  excellent 
spectral  selectivity  of  ERE-CARS  enables  detection  of  NO 
despite  the  presence  of  multiple  interferences  such  as  broad¬ 
band  fluorescence  from  soot.  Finally,  the  NO  ERE-CARS 
signal  was  found  to  be  insensitive  to  variations  in  collision 
rates  for  a  laminar  H2/air  counterflow  flame.11  These  find¬ 
ings  make  ERE-CARS  a  potentially  powerful  tool  for  mea¬ 
surements  of  NO  in  practical  combustion  systems.  However, 
for  our  previous  ERE-CARS  measurements  of  NO,  we  used 
a  narrowband  dye  laser  (DL)  as  the  Stokes  laser  beam.  Fre¬ 
quency  scanning  of  the  Stokes  beam  across  a  specified 
Raman-shift  range  was  necessary  to  acquire  a  complete  spec¬ 
trum. 

In  this  paper,  we  discuss  single-shot  measurements.  The 
narrowband  DL  employed  for  the  Stokes  beam  was  replaced 
with  a  broadband  DL  (BBDL)  and  the  ERE-CARS  signal 
was  detected  using  a  back-illuminated  charge-coupled  device 
(CCD)  camera  system  instead  of  a  photomultiplier  tube.  The 
single- shot  ERE-CARS  system  was  used  for  measurements 
of  NO  in  a  counterflow,  nonpremixed  H2/air  flame  at  atmo- 
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spheric  pressure.  Such  measurements  are  an  important  step 
toward  application  of  ERE-CARS  for  single- shot  measure¬ 
ments  in  practical  combustors. 

The  energy  level  diagram  for  ERE-CARS  of  NO  has 
been  discussed  elsewhere.11  The  532  nm  pump  beam  and  the 
broadband  Stokes  beam  at  591  nm  were  used  to  excite 
2-branch  Raman  resonances  in  the  (0,1)  band  of  the  ground 
electronic  state  of  NO.  An  UV  probe  beam  at  approximately 
236  nm  was  scattered  from  the  g-branch  Raman  resonances 
excited  by  the  532  nm  pump  and  591  nm  Stokes  beams  to 
generate  the  ERE-CARS  signal.  One  or  two  Raman  transi¬ 
tions,  among  the  multiple  2-branch  transitions  excited  by  the 
pump  and  Stokes  beams,  were  selectively  enhanced  by  tun¬ 
ing  the  probe  beam  into  resonance  with  transitions 
in  the  (0,1)  vibrational  band  in  the  A  22+-Y2n  electronic 
transition.  The  CARS  signal  beam  was  generated  at  a  wave¬ 
length  of  approximately  226  nm.  The  wide  separation  in 
wavelength  between  the  pump  and  probe  beams  distin¬ 
guishes  the  current  approach  from  previous  ERE-CARS 
experiments.12-16  The  bandwidths  [full  width  at  half  maxi¬ 
mum  (FWHM)]  of  the  pump,  Stokes,  and  probe  beams  were 
approximately  0.003,  50,  and  0.1  cm-1,  respectively. 

An  injection- seeded  g-switched  Nd:YAG  (yttrium  alu¬ 
minum  garnet)  laser  (Spectra-Physics  model  Quanta-Ray 
290-10)  with  repetition  rate  of  10  Hz  was  used  to  generate 
the  pump,  Stokes,  and  probe  beams  involved  in  the  ERE- 
CARS  process.  The  energy  of  the  second  harmonic  output  at 
532  nm  from  this  laser  was  800  mJ/pulse,  and  that  of  the 
third  harmonic  output  at  355  nm  was  150  mJ/pulse.  The  532 
nm  beam  was  directed  onto  a  50/50  beam  splitter.  Approxi¬ 
mately  20%  of  the  transmitted  energy  was  directed  into  the 
probe  volume  as  the  pump  laser  beam.  The  remaining  80% 
of  the  transmitted  energy  was  used  to  pump  a  narrowband 
DL  using  LDS698  laser  dye.  The  704  nm  output  from  the 
narrowband  DL  was  then  sum-frequency  mixed  with  the  355 
nm  third  harmonic  Nd:YAG  output  in  a  beta-barium-borate 
nonlinear  optical  crystal  to  produce  the  UV  probe  beam  at 
236  nm. 

©  2008  American  Instituted?  Physics 
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The  reflected  beam  from  the  50/50  beam  splitter  was 
used  to  pump  a  spectrally  narrowed  broadband  Stokes  DL. 
Approximately  20%  of  the  reflected  energy  was  used  to 
pump  a  tunable  spectrally  narrowed  BBDL  oscillator.  Two 
prisms  were  used  to  disperse  the  output  laser  beam  in  the 
horizontal  plane  within  the  BBDL  oscillator  cavity.  The  back 
mirror  of  the  cavity  was  a  flat  full  reflector  and  the  front 
mirror  was  a  wedged  flat  glass  that  served  as  the  output 
coupler.  The  center  wavelength  of  the  BBDL  was  tuned  to 
591  nm  by  changing  the  angle  of  the  back  mirror  of  the 
oscillator  cavity  in  the  horizontal  plane.  The  two  dispersing 
prisms  served  to  narrow  the  bandwidth  (FWHM)  of  the  out¬ 
put  BBDL  beam  from  300  to  50  cm-1.  The  remaining  80% 
of  the  energy  was  used  to  pump  two  amplifier  stages.  A 
mixture  of  rhodamine  610  and  640  was  used  in  both  oscilla¬ 
tor  and  amplifier  stages. 

The  polarization  of  the  pump  and  Stokes  beams  was  set 
at  60°  with  respect  to  the  vertical  axis,  and  the  polarization 
of  the  probe  beam  was  set  at  0°  with  respect  to  the  vertical 
axis.  This  polarization  configuration  permits  complete  sup¬ 
pression  of  the  accompanying  nonresonant  four- wave¬ 
mixing  signal  if  desired.17  All  three  beams  were  focused  us¬ 
ing  a  fused-silica  lens  with  a  focal  length  of  500  mm.  The 
estimated  spatial  resolution  is  approximately  1  mm  along  the 
beam  path.  The  maximum  energy  levels  for  the  pump, 
Stokes,  and  probe  beams  in  the  probe  volume  were  60,  50, 
and  1.2  mJ/pulse,  respectively.  All  three  beams  and  the  gen¬ 
erated  ERE-CARS  signal  beam  were  recollimated  using  an¬ 
other  fused-silica  lens  with  a  focal  length  of  500  mm. 

The  ERE-CARS  signal  beam  was  passed  through  an 
analyzing  polarizer  and  a  filter.  The  filter  had  a  transmittance 
of  1%  at  236  nm  and  70%  at  226  nm.  Aim  spectrometer 
(Horiba  Jobin  Yvon  model  SPEX  1000M)  with  a  customized 
grating  (3600  grooves/mm)  blazed  at  the  desired  signal 
wavelength  was  used  to  separate  the  signal  beam.  A  combi¬ 
nation  of  a  UV  camera  lens  (Nikon  model  Nikkor  105  mm 
// 4.5  UV)  and  another  positive  planoconvex  UV  lens  with  a 
focal  length  of  500  mm  was  used  as  a  relay  system  to  further 
increase  the  spectral  resolution  of  the  detection  system.  The 
spectral  dispersion  on  the  CCD  chip  was  measured  to  be 
approximately  0.14  cm-1 /pixel.  An  unintensified  CCD  cam¬ 
era  (Andor  Technology  model  DU440-BU)  was  used  to  de¬ 
tect  the  ERE-CARS  signal. 

The  experimental  procedures  for  single- shot  ERE-CARS 
were  actually  more  straightforward  than  for  our  previous  nar¬ 
rowband  ERE-CARS  measurements  of  NO.8  For  the  scan¬ 
ning  ERE-CARS  experiments,  acquisition  of  a  single  spec¬ 
trum  required  15-20  min;  for  the  BBDL  ERE-CARS 
experiments,  spectra  were  acquired  at  a  rate  of  10  Hz.  The 
effect  of  scattered  light  from  the  UV  probe  beam  was  also 
greatly  reduced  because  the  CARS  signal  was  spectrally  re¬ 
solved,  and  the  wavelength  peak  for  scattered  light  was  con¬ 
siderably  removed  from  the  ERE-CARS  signal  pixels. 

Figure  1  shows  the  NO  ERE-CARS  signal  for  six  differ¬ 
ent  Raman  transitions  measured  in  a  jet  for  1000  ppm  NO 
diluted  with  N2  at  300  K  with  an  exposure  time  of  10  s.  As 
the  frequency  of  the  probe  beam  was  changed  from  2i(4.5) 
up  to  Q1(22.5)  within  the  y(0,l)  band  of  A-X  electronic 
system  of  NO,  different  g-branch  Raman  transitions  of 
2i(4.5)  up  to  gi(22.5)  were  selectively  enhanced.  Conse¬ 
quently,  the  frequency  of  the  peak  of  the  ERE-CARS  signal 
also  changed  as  the  probe  frequency  was  changed. 


FIG.  1.  ERE-CARS  signals  for  six  different  Raman  transitions  at  300  K: 
Gi( 4.5),  £h(10.5),  &Q3.5),  <2i(16.5),  Qx (19.5),  and  <2i(22.5).  The  UV 
probe  frequency  was  fixed  at  42  322.89,  42  342.68,  42  361.46,  42  386.12, 
42  416.63,  and  42  452.95  cm-1,  corresponding  to  <2i(4- 5),  (2i(10.5), 
<2^13. 5),  <2i(16.5),  Qii  19.5),  and  Qx(22.5)  electronic  transitions  in  the 
y(0,l)  band  within  the  A2X+ -X2YV  electronic  system  of  NO. 

Figure  2  shows  single- shot  ERE-CARS  signals  at  vari¬ 
ous  distances  from  the  fuel  nozzle  in  a  H2/air  counterflow 
diffusion  flame  with  a  global  strain  rate  of  20  s-1  at  1  atm. 
The  energy  levels  for  the  pump,  Stokes,  and  probe  beams 
were  16,  40,  and  0.9  mJ/pulse,  respectively.  The  predicted 
NO  concentration  using  OPPDIF18  at  a  distance  of  3.7  mm 
from  the  fuel  nozzle  is  30  ppm.  On  this  basis,  a  single-shot 
detection  limit  of  approximately  30  ppm  was  estimated.  The 
nonresonant  four-wave-mixing  signal  was  not  suppressed 
completely  so  as  to  normalize  the  resonant  ERE  CARS  sig¬ 
nal  with  respect  to  the  nonresonant  signal  to  improve  shot- 
to-shot  signal  reproducibility.  This  technique  also  provides 
the  potential  for  quantitative  concentration  measurements  us¬ 
ing  the  nonresonant  background  signal  as  a  reference.19 

Figure  3  shows  the  comparison  between  the  measured 
broadband  ERE-CARS  signals  and  the  calculated  NO  con¬ 
centration  profile  for  the  same  H2/air  counterflow  diffusion 
flame.  The  temperature  profile  was  calculated  using  the  same 
code.  The  temperature  profile  was  measured  in  a  separate 
dual-pump  CARS  experiment. 

The  measured  NO  spectra  were  acquired  with  an  expo¬ 
sure  time  of  10  s.  A  sloping  baseline  was  drawn  across  the 
bottom  of  the  resonant  line,  e.g.,  from  44  283  to 
44  289  cm-1  for  the  gi(19.5)  line,  as  shown  in  Fig.  2(d). 
The  ERE-CARS  signal  was  determined  by  integrating  over 


FIG.  2.  Single-shot  ERE-CARS  signal  of  NO  at  various  distances  away 
from  fuel  nozzle  in  the  H2/air  counterflow  diffusion  flame  at  1  atm.  The 
frequency  of  the  probe  beam  was  fixed  at  42  416.63  cm-1,  corresponding  to 
the  <2i(19.5)  transition  in  the  y(0, 1)  band  within  the  A  2^+-X  2II  electronic 
system  of  NO.  The  analyzing  polarizer  was  intentionally  tuned^y^as  to  leak 
a  portion  of  the  nonresonant  four-wave-mixing  signal. 
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FIG.  3.  Comparison  between  measured  broadband  ERE-CARS  signal  using 
four  different  Raman  transitions  and  the  calculated  (oppdif)  NO  concentra¬ 
tion  profile  for  the  same  H2/air  counterflow  diffusion  flame.  Also  shown  is 
the  comparison  between  calculated  temperature  and  measured  temperature 
profile  in  a  separate  dual-pump  CARS  experiment. 


approximately  6  cm-1  range  across  the  resonant  line  above 
the  fitted  sloping  baseline.  This  method  may  cause  errors  at 
low  NO  concentrations  because  of  the  modulation  of  the 
nonresonant  signal  to  the  resonant  signal.  We  are  currently 
developing  a  computer  code  to  fit  the  experimental  spectra 
and  to  account  rigorously  for  the  modulation  of  the  ERE- 
CARS  signal  with  the  nonresonant  background.  The 
Boltzmann-fraction-corrected  square  root  of  the  integrated 
ERE-CARS  signal  is  assumed  to  be  proportional  to  the  num¬ 
ber  density  of  NO.  The  ERE-CARS  measurements  and  the 
predicted  profile  of  NO  number  density  are  in  fair  agreement. 
The  FWHM  of  the  measured  profiles  with  four  different  sets 
of  Raman  and  electronic  transitions  are  in  good  agreement 
with  the  FWHM  of  the  calculated  profile. 

The  good  agreement  observed  between  the  experimental 
and  calculated  profiles  shown  in  Fig.  3  is  an  indication  that 
the  ERE-CARS  signal  level  is  not  affected  by  the  variation  in 
collision  rates,  including  electronic  quenching  through  the 
flame  zone.  This  insensitivity  to  collision  rates  may  be  a 
consequence  of  saturating  both  the  Raman  and  electronic 
transitions.  We  are  exploring  saturation  effects  in  the  ERE- 
CARS  process  using  time  dependent  density  matrix 
modeling.20 

Because  of  fluctuations  in  the  laser-pulse  energy  and 
multimode  characteristics  of  the  Stokes  and  probe  beams  in¬ 
volved  in  the  single-shot  ERE-CARS  process,  the  peak  mag¬ 
nitude  of  the  signal  fluctuates  from  shot  to  shot.  Figure  4 
shows  a  histogram  of  the  square  root  for  the  ratio  of  the 
integrated  ERE-CARS  signal  and  nonresonant  four-wave¬ 
mixing  signal  for  1000  single- shot  spectra.  The  standard  de¬ 
viation  of  this  ratio  was  approximately  20%  of  the  mean.  The 
predicted  NO  concentration  and  temperature  at  this  position 
are  210  ppm  and  1750  K,  respectively.  Similar  results  were 
obtained  at  other  locations  close  to  the  peak  NO  position. 
Single-shot  ERE-CARS  is  thus  a  promising  diagnostic  tech¬ 
nique  for  turbulent  flames. 
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FIG.  4.  Histogram  of  square  root  for  ratio  of  integrated  ERE-CARS  signal 
and  nonresonant  four-wave-mixing  signal  for  1000  single-shot  spectra  ac¬ 
quired  at  a  distance  of  10.7  mm  from  the  fuel  nozzle  for  the  same  flame  as 
described  in  Fig.  2.  The  ERE-CARS  signal  was  integrated  approximately 
4  cm-1  over  the  resonant  line  above  the  sloping  baseline  (Scars)’  the  non¬ 
resonant  four-wave-mixing  signal  was  integrated  over  approximately 
4  cm-1  located  8  cm-1  away  from  the  resonant  peak  (Smes).  The  energy 
levels  for  the  pump,  Stokes,  and  probe  beams  were  64,  43,  and  1.0  mJ/pulse, 
respectively.  The  frequency  of  the  probe  beam  was  fixed  at  42  416.63  cm-1, 
corresponding  to  the  Q{(1 9.5)  transition  in  the  y(0,l)  band  within  the 
A2%+-X2 n  electronic  system  of  NO. 
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The  role  of  collisional  decay  on  the  evolution  of  molecular  coherence  and  excited- 
state  population  in  an  electronic-resonance-enhanced  coherent  anti-Stokes 
Raman  scattering  (ERE-CARS)  configuration  is  studied.  A  four-level  model 
scheme  is  proposed  and  a  density-matrix  equation  is  derived  to  determine  the 
system  evolution.  It  is  shown  that  even  for  significantly  large  collisional  decays, 
a  suitable  (rather  strong)  probe-laser  intensity  prevents  significant  depletion  of 
the  excited-state  population  and  enhances  the  ground-state  coherence.  A  physical 
understanding  is  developed  for  the  reported  insensitivity  [Roy  et  al.  Appl.  Phys. 
Lett.  2006,  89, 104105]  of  the  ERE-CARS  signal  to  the  rate  of  collisional  decay  at 
the  excited  electronic  level. 

Keywords:  coherent  anti-Stokes  Raman  scattering;  collision;  electronic 
quenching;  molecular  coherence;  molecular  dynamics 


1.  Introduction 

Spectroscopic  measurement  of  a  target  species  in  a  high-pressure  environment  is  strongly 
affected  by  collisions  of  that  species  with  other  molecules  in  the  medium.  One  of  the  major 
effects  of  such  collisions  is  electronic  quenching  -  the  de-population  of  the  excited 
electronic  state  to  molecular  states  other  than  the  state  of  interest,  e.g.  to  a  vibrational  or 
rotational  state  in  the  ground  electronic  state  [1].  Collisional  quenching  is  a  major  concern 
for  state-of-the-art  spectroscopic  measurement  techniques  [2].  Until  the  mid-1990s  only 
two  methods  were  considered  to  perform  well  in  high-pressure  (but  not  necessarily  high- 
quenching)  environments  [3]:  (i)  all-resonant  coherent  anti-Stokes  Raman  scattering 
(CARS),  where  a  pump  and  a  Stokes  field  drive  a  coherence  in  vibrational  levels  in  the 
ground  electronic  level  of  the  target  molecule  and  a  third  field  (all  of  them  being  resonant 
to  the  excited  coupling  transition)  scatters  off  the  coherence  to  generate  the  CARS  signal 
[4],  and  (ii)  laser-induced  fluorescence  (LIF),  where  a  laser  resonantly  populates  the  excited 
electronic  state  followed  by  the  fluorescence,  which  is  detected  through  a  filter  or 
monochromator  to  derive  the  spectroscopic  information  [5].  While  the  LIF  signal  is 
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proportional  to  the  population  in  the  excited  state,  the  CARS  signal  is  dependent  on  the 
square  of  the  ground-state  coherence.  Since  both  the  excited-state  population  and  the 
ground-state  coherence  are  sensitive  to  electronic  quenching,  all-resonant  CARS  and  LIF 
both  are  also  sensitive  to  quenching  [6].  Particularly  in  the  LIF  method,  a  rapid  decay  of 
the  excited-state  population  due  to  collisional  quenching  causes  a  corresponding  drop  in 
signal  [7,8].  Early  spectroscopic  measurement  of  OH  showed  that  the  detection  sensitivity 
of  all-resonant  CARS  in  a  high-pressure  environment  is  roughly  equivalent  to  that  of  LIF 
[6,9].  Recently  a  variant  of  all-resonant  CARS  named  as  as  electronic-resonance-enhanced 
CARS  (ERE-CARS)  was  proposed  [10].  In  this  technique  both  the  pump  and  Stokes  fields 
are  far  off-resonance  from  the  excited  state  but  are  on  two-photon  resonance  with  the  two 
ground  states;  the  third  (probe)  field  is  resonant  to  the  excited  electronic  transition.  From 
the  ERE-CARS  measurement  of  nitric  oxide  (NO),  a  quantitative  assessment  of  minor 
species  concentration  was  demonstrated  [10].  ERE-CARS  measurements  have  also  been 
performed  in  a  high-pressure  NO  cell  [11].  In  high  pressure  combustor  environments, 
the  traditional  LIF  technique  becomes  less  accurate  and  more  complicated  [12],  primarily 
due  to  electronic  quenching  and  background  interference  [13].  Resonant  CARS  and 
ERE-CARS  have  been  used  to  detect  NO  and  several  other  combustion  radicals 
[6,9,10,14,15].  A  detailed  theoretical  study  has  been  performed  for  ERE-CARS  spectro¬ 
scopy  of  NO  [16].  The  ERE-CARS  technique  using  fs-pulses  has  been  employed  for  rapid 
detection  of  bacterial  spores  in  the  atmosphere  [17]. 

In  recent  work  [18]  by  some  of  the  authors  of  this  paper,  ERE-CARS  detection  of  NO 
was  performed  in  N0/02/N2  and  N0/C02/N2  jet  flows  at  room  temperature.  With  the 
NO  concentration  fixed,  the  electronic  quenching  rate  was  varied  by  a  factor  of  800 
(maximum).  It  was  observed  that  the  CARS  signal,  unlike  the  LIF  signal,  was  rather 
insensitive  to  the  strong  quenching.  It  is  intriguing  that  although  both  the  ERE-CARS  and 
the  LIF  signals  originate  from  the  radiation  emitted  via  the  decay  of  the  excited  state,  LIF 
is  extremely  sensitive  to  the  electronic  quenching,  whereas  the  ERE-CARS  signal  is  not. 
The  only  difference  is  that  the  emission  in  the  former  case  is  coherent  and  that  in  the  latter 
case  is  incoherent. 

In  the  present  paper,  we  theoretically  investigate  the  relative  insensitivity  of  the  ERE- 
CARS  signal  to  strong  electronic  quenching,  as  opposed  to  the  order-of-magnitude 
reduction  in  the  LIF  signal.  A  generic  four-level  model  (see  Figure  1)  is  proposed. 
The  primary  goal  of  such  a  simplified  model  is  to  develop  a  physical  understanding  of  and 
enable  a  comparison  between  the  quenching  effects  on  the  ERE-CARS  and  LIF  systems. 
The  system  dynamics  is  described  by  deriving  equations  for  the  density-matrix  elements 
that  are  solved  numerically  to  study  the  time  evolution  of  the  relevant  population  and 
coherence.  We  show  that  by  suitably  choosing  the  intensity  of  the  probe  laser  in  the  ERE- 
CARS  configuration,  even  stronger  ground  state  coherence  is  obtained  with  enhanced 
collisional  quenching.  The  effect  of  collisional  quenching  on  the  excited-state  population 
in  the  ERE-CARS  and  LIF  configurations  is  compared  to  emphasize  the  significance  of 
ERE-CARS  as  a  robust  spectroscopic  tool  in  a  high-quenching  environment.  For 
numerical  purpose  we  have  used  parameters  corresponding  to  the  experiment  [18]  on  ERE- 
CARS  of  NO  in  a  jet  flow  with  C02/02/N2  as  quenchers.  However,  the  conclusions  drawn 
here  are  valid  for  any  generalized  ERE-CARS  system. 

The  organization  of  the  paper  is  as  follows.  In  Section  2,  we  discuss  our  proposed 
model  scheme  and  derive  equations  of  dynamics,  both  for  the  ERE-CARS  and 
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(a) 


(b) 


Figure  1.  Model  schemes  for  comparing  effect  of  collisions  on  diagnostic  signal  via  ( a )  CARS  and 
(b)  LIF  methods.  Energy  levels  correspond  to  molecular  states  of  NO.  Electronic  quenching  is 
depicted  as  incoherent  decay  2yq  to  a  pseudo  state  |o?)  that  collectively  represents  all  the  molecular 
states  not  of  interest.  Applied  fields  are  denoted  by  Et  (/->  1,2,3),  and  the  CARS  signal  in  (a)  is 
represented  by  E4.  Ground-state  mixing  rates  are  denoted  by  2E j  and  2 Fj,  and  coherence  dephasing 
is  represented  by  ybc.  Detuning  of  lasers  from  their  respective  transitions  are  given  by  8  and  A,  as 
shown  in  the  figures.  Electric  field  and  its  detuning  in  the  LIF  method  are  denoted  by  EL  and  5L, 
respectively.  (The  color  version  of  this  figure  is  included  in  the  online  version  of  the  journal.) 

LIF  systems.  In  Section  3,  we  present  numerical  results  to  show  the  evolution  of  the 
population  and  coherence  and  discuss  how  quenching  could  affect  the  spectroscopic 
signal.  In  Section  4,  we  summarize  the  results. 

2.  The  model  and  its  dynamics 

We  propose  the  four-level  model  (see  Figure  1)  that  depicts  the  energy  states  of  the  NO 
molecule  for  studying  the  ERE-CARS  and  LIF  processes.  The  excited-state  | a) 
corresponds  to  a  particular  rotational  level  J  in  the  v  =  0  vibrational  level  in  the  A2E+ 
electronic  state  of  NO,  and  the  states  | b)  and  | c)  represent  particular  /  levels  in  the  v  =  0, 1 
levels  of  the  ground  electronic  state  X2n.  We  introduce  a  pseudo  energy  level  \a)  that 
collectively  takes  into  account  all  molecular  processes  that  are  unaccounted  for  in 
a  simplified  three-level  A  scheme,  e.g.  (a)  electronic  quenching  (with  a  quenching  rate  2yq) 
from  the  excited  state  |  a)  to  unwanted  vibrational  and  rotational  states  in  the  ground 
electronic  states  and  (b)  radiative  or  non-radiative  transitions  to  and  from  |  b)  and  |  c)  due 
to  the  mixing  of  the  ground-state  population  with  rates  2E\  and  2 Th  respectively. 
The  coherence  dephasing  rate  is  given  by  ybc. 

The  applied  fields  E\  (pump  field)  and  E2  (Stokes  field)  are  on  two-photon  resonance 
with  the  \b)  \c)  transition,  and  their  detuning  from  state  | a)  is  8 ,  which  is  considered  to 

be  much  larger  than  any  linewidth  parameters  in  the  system.  The  probe  field  E3,  which  is 
near  resonant  to  the  \a)  **\b)  transition  with  a  detuning  A,  beats  with  the  Raman 
coherence  pbc  (generated  by  the  pump  and  Stokes  fields)  to  produce  the  ERE-CARS 
signal  E4.  Thus,  the  total  field  involved  in  the  interaction  with  the  molecule  is  given  as 
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where  the  three  input  fields  at  z  =  0  are  given  by  El{z  =  0,t)  =  ei\Eio  (/)|exp(— ivtf)  +  c.c. 
(i  =1,2,  3),  and  E4(z  =  0)  =  0.  Here  et  is  the  unit  vector  along  the  direction  of  the  field  Et. 
The  laser  frequency  and  the  wave  vector  of  the  field  Et  are  given  by  vt  and  kh  respectively. 
All  of  the  fields  are  assumed  to  be  broad  nanosecond  pulses  (as  in  the  experiment  [18]),  and 
the  field  amplitudes  are  assumed  to  be  time  independent.  To  describe  the  molecular 
dynamics,  we  derive  a  density-matrix  equation  for  the  above  system,  given  by 


\  [ H ,  p]  +  decay  and  dephasing  contributions,  (2) 

at  n 

where  p  represents  the  density  matrix.  The  semi-classical  Hamiltonian  H ,  corresponding  to 
the  molecule  and  the  laser-molecule  interaction,  is  given  as 

H  =  fr(cDac\a){a\  +  o)bc\b)(b\  +  (oac\a){a\)  -  fi[{Qiexp(-iviO 

+  &4exp(— iv4t)}\a){c\  +  {&2exp(— iv2  0  +  &3  exp(— \v$t)}\a)  {b\  +  H.c.  J.  (3) 

Here  fuojc  is  the  energy  separation  of  the  state  |  j)  (j^a,b,a)  from  the  ground  state  |  c). 
The  Rabi  coupling  between  the  lasers  and  the  molecule  is  given  by  Qi=fajRaj{dajEi/H), 
where  the  field  Et  couples  the  states  | a)  and  |  j)  (for  y— c)  having  the  dipole-matrix 
element  daj.  The  Frank-Condon  overlap  factor  and  rotational  overlap  between  the 
ro-vibrational  states  | a)  and  |  j)  are  given  by  faj  and  RaJ ,  respectively.  Note  that  the  anti¬ 
resonant  terms,  such  as  exp(— \Vit)\b){a\  (/->  1,2,3)  etc.,  have  already  been  eliminated 
from  the  interaction  part  in  the  Hamiltonian.  Using  Equations  (2)  and  (3),  and  inserting 
the  phenomenological  decay  coefficients,  the  dynamical  equations  for  the  density-matrix 
elements  of  the  ERE-CARS  system  are  obtained  as 


dPaa 

dt 

d<Jab 

dt 

dbjab 

dt 

d(?ac 

~dT 

df]ac 

dt 

dPbb 

dt 

dpbc 

dt 

dPcc 

dt 

dPaa 

dt 


(4 Y  +  2 Yq)Paa  T  i(^l Cfca  T  Tlca)  i(f2^ Oac  +  k24Tjac) 

T  i(ffz &ba  T  Vba)  i(^2 &ab  T  ^3  Vab\ 

— [(2 y  +  yq  +  r^)  +  i(5  +  A)]aab  +  if?2 (Pbb  ~  Paa)  +  i&\Pcb, 

—  [{2y  +  Yq  +  Eb)  +  iA]r]ab  +  i  ^(pbb  —  Paa )  +  if^4  Pcb, 

— [(2  y  +  Yq  +  rc)  +  i(<$  +  A)]crac  +  iQ\(pcc  —  paa)  +  \Q2Pba 
— [(2y  +  Yq  +  E  c)  +  iA]r]ac  +  iQ4(pcc  —  paa )  +  iQ^pbc, 

2 TbPbb  T  Paa  T  2T  ^paa  \{Q,2^ba  T  ^3 IJba)  T  1(^2°^  4“  ^3 IJab )? 

(T b  T  E c  Ybc)Pbc  T  i(^2 ®ac  T  ^3  llac)  i(^  1  Cfba  4“  kl4  Tjba)-> 

2F cpcc  4-  2y Paa  T  2rcpaa  \(0<\(7ca  4-  Q4t]ca)  +  i (Q,\Cfac  T  kl4 r)ac\ 

—2(r'b  +  r'c)Paa  +  2P]jp}j]j  +  2  r  cpcc  +  2yqpaa. 


(4) 
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Here,  the  matrix  element  ptj  represents  the  coherence  between  states  |  i)  and  |  j)  (for  i  f  j) 
and  the  population  of  the  state  \i)  (for  i—j).  Note  that  pb  =  p*-.  The  following 
approximations  are  used  to  derive  the  above  Equations  (4): 

(1)  To  separate  various  polarizations  that  are  oscillating  at  different  frequencies,  we 
make  the  transformations 


Pab  ->  Cfdb  exp(-iv20  +  rjat  exp(— i v3t), 

Pac  ->  o-flc  exp(-iviO  +  rjac  exp(— iv4^), 
and  pbc  ->  pbc  exp[— i(vi  -  v2)t\.  (5) 

Here  both  Gy  and  rjy  represent  the  coherence  between  states  |  i)  and  |  j)  that  are 
oscillating  at  different  frequencies. 

(2)  We  use  the  rotating-wave  approximation  to  eliminate  the  fast  oscillatory  terms. 
Furthermore,  we  assume  that  the  fields  Zq  and  E2  are  far  off-resonance  from  the 
excited  electronic  state  |  a)  such  that  8  ^ >  cobc  and  also  the  detuning  8  is  much  larger 
than  any  other  decay  or  dephasing  parameters.  Hence,  the  large  oscillation  terms 
exp(i<5f)  are  eliminated  compared  to  their  strong  resonant  counterparts.  We  will 
drop  the  tilde  sign  in  pbc  in  the  remainder  of  the  paper  for  the  sake  of  brevity. 

Various  decay  and  dephasing  rates  are  involved  in  the  above  equations:  (1)  the 
spontaneous  decay  rates  from  the  state  |  a)  to  the  states  |  b)  and  |  c)  are  represented  by  2 y, 
(2)  the  electronic  quenching  rate  2yq  represents  the  decay  from  state  |  a)  to  the  pseudo  state 
\a),  (3)  the  incoherent  non-radiative  population  transfers  between  the  various  ground 
vibrational  and  rotational  states  from  (to)  the  states  | b)  and  |  c)  are  represented  by  2 rb 
(2 r')  and  IF c  (2 T'),  and  (4)  the  coherence  dephasing  rate  is  given  by  ybc.  Note  that  we 
have  ignored  the  pure-elastic  dephasing  terms  involving  the  optical  transitions  in  the  above 
equations.  Pure  optical  dephasing  could  play  an  important  role  in  certain  molecules  where 
dephasing  rate  becomes  larger  than  RET.  We  will  discuss  such  a  situation  elsewhere. 

To  obtain  an  approximate  estimation  of  the  CARS  field  Q4,  we  use  the  Maxwell-Bloch 
equation  in  the  slowly  varying  envelope  approximation  [19] 


dQ4  .  3  2 


(6) 


that  describes  the  spatial  evolution  of  the  CARS  signal  while  propagating  through  the 
medium.  Here,  N  is  the  number  density  of  the  target  molecule,  and  Xac  is  the  wavelength  of 
the  transition  |  a)  |  c).  Note  that  we  have  ignored  the  time  dependence  of  the  field  because 
we  consider  all  of  our  fields  to  be  CW.  Assuming  that  the  probe  field  is  strong  and  on 
resonance  with  the  \a)  o\c)  transition  and  that  the  CARS  field  is  negligibly  small, 
an  approximate  solution  can  be  obtained  for  the  CARS  signal  intensity  as 


T  rsj 

Aars  = 


3nyP,cz 


\Ei\2\Pbc\2. 


(7) 


Thus,  the  signal  generation  is  strongly  influenced  by  the  ground-state  coherence  as  the 
CARS  intensity  is  proportional  to  \pbc\2-  On  the  other  hand,  the  LIF  signal  is  only 
proportional  to  the  excited-state  population  paa.  The  inverse  dependence  of  /cars  on  the 
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square  of  the  quenching  rate  2 yq  is  the  cause  of  concern  for  the  decline  in  detection 
sensitivity  of  the  ERE-CARS  method  that  is  observed  in  strong  quenching  environments 
[3,6].  We  will  discuss  the  details  of  the  effect  of  quenching  on  the  ERE-CARS 
configuration  in  the  next  section. 

For  completeness,  we  also  present  the  equations  for  the  density-matrix  elements 
corresponding  to  the  LIF  model  configuration  shown  in  Figure  1(b) 

^  =  -(4 y  +  2 yq)paa  +  i Qhpca  -  i Qlpac, 

=  —  [(2y  +  2}/q  +  rc)  +  i<$L ]pac  +  i &l(Pcc  ~  Pact ), 

—  =  ~2rbpbb  +  2  ypaa  +  2  r'bpaa, 

=  -2rcpcc  +  2  ypaa  +  2  r'cpaa  —  i^L  Pea  +  i^L  Pac? 

=  —2(r'b  +  r'c)paa  +  2Pbpbb  +  2r  cpcc  +  2yqPaa.  (8) 

Note  that  since  only  one  field  E  is  present  in  the  LIF  configuration,  we  do  not  need  to  use 
the  transformation  given  earlier  in  Equation  (5)  to  derive  the  above  Equations  (8).  Here 
k2^=fac(dacE^lh)  is  the  Rabi  frequency  of  the  pumping  field  E  coupled  to  the  transition 
I c)  | a). 


3.  Effect  of  quenching  on  the  evolution  of  population  and  coherence 

In  this  section,  we  present  the  numerical  results  for  both  the  CARS  and  the  LIF 
configurations  solving  Equations  (4)  and  (8),  respectively.  To  emphasize  the  effect  of  the 
quenching  rate  (2yq)  on  the  ERE-CARS  and  LIF  configurations,  in  Figure  2  we  present 
the  time  evolution  of  the  excited-state  population  for  both  configurations.  We  have  chosen 
all  of  the  parameters  to  be  close  to  their  experimental  values  in  [18].  To  enable  a  good 


Figure  2.  Evolution  of  excited-state  population  in  (a)  CARS  configuration  and  (b)  LIF 
configuration.  Population  changes  only  a  few  percent  in  the  CARS  configuration  when  yq  increases 
by  an  order  of  magnitude;  however,  in  the  LIF  configuration,  for  the  same  range  of  quenching, 
population  is  depleted  by  several  orders  of  magnitude.  The  x-axis  represents  real  time  scaled  with 
excited-state  decay  time  y~l .  (The  color  version  of  this  figure  is  included  in  the  online  version  of  the 
journal.) 
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comparison,  all  of  the  parameters  are  scaled  with  the  spontaneous  decay  rate  y  of  the 
excited  state  A2X+  of  NO.  The  quenching  rate  yq  changes  significantly  with  the 
composition  of  the  gas  mixture  C02/02/N2  [20].  For  our  numerical  calculation,  we 
consider  three  values  of  electronic  quenching:  yq=  10 y,  100]/,  and  1000]/.  The  lifetime  of 
the  excited  state  is  (2 y)~l  =206 ns  [21].  The  ground-state  population  distribution  from  | b) 
and  | c)  to  the  state  \a)  is  assumed  to  be  E'j  —  r ret  =  103]/;  where  the  rotational-energy- 
transfer  (RET)  rate  for  NO  is  2FRET~  10los_1  [22].  Moreover,  the  population-transfer 
rate  from  | a)  to  the  participating  ground  states  |  b)  and  |  c),  represented  by  2 Tj,  is  slightly 
slower  than  2 r RET.  Certain  difficulties  exist  [23]  assigning  values  to  these  parameters  of 
our  model  from  the  known  experimental  data  [22],  which  we  hope  to  address  in  future 
work.  However,  for  simplicity  we  assume  here  F)  «  Tj/ 10  =  100]/.  Note  that  due  to  the 
presence  of  a  closely  lying  rotational  manifold  near  each  of  the  levels  | b)  and  |  c)  under 
consideration,  the  elastic  coherence-dephasing  rate  ybc  is  almost  negligible  compared  to  the 
inelastic  dephasing  rates  (via  F}  and  Fp  and  hence  can  be  ignored  [24]. 

In  the  CARS  configuration,  the  Rabi  frequencies  of  the  pump  and  Stokes  fields  are 
taken  to  be  the  same  Q {  =  Q2  =  0  =  1000]/,  and  the  intensity  of  the  probe  is  considered  to 
be  an  order  of  magnitude  less  intense  than  that  of  \EX\2  and  \E2\ 2.  The  detunings  are 
8  =  5  x  10 5y  and  A  =  0.  From  Figure  2(a)  the  excited-state  population  in  the  ERE-CARS 
configuration  is  depleted  only  by  an  order  of  magnitude  when  the  quenching  rate  is 
increased  by  two  orders  of  magnitude.  However,  the  excited-state  population  in  the  LIF 
configuration,  shown  in  Figure  2(b),  is  reduced  by  more  than  three  orders  of  magnitude  for 
the  same  increase  in  yq.  The  LIF  pumping  field  is  considered  to  be  on  resonance  with  the 
| a)  | c)  transition.  The  corresponding  Rabi  frequency  is  taken  to  be  Ol=  10 y.  Stronger 
LIF  pumping  is  avoided  to  prevent  saturation  of  the  transition.  Thus,  the  excited 
state  population  in  ERE-CARS  is  clearly  far  less  sensitive  to  collisional  quenching  than 
that  in  LIF. 

Furthermore,  from  Equation  (7),  the  ERE-CARS  signal  is  proportional  to  \pbc\2  for 
stronger  Q3.  We  examine  the  time  evolution  of  pbc  in  Figure  3  for  different  values  of  yq. 
For  a  lower  quenching  rate  ]/q=10]/,  the  Rabi  flopping  due  to  the  strong  probe  field 
dominates  during  the  initial  period  of  pbc  and  later  attains  steady  state.  For  even  larger 
]/q  y,  the  initial  Rabi  flopping  is  reduced,  and  steady  state  is  reached  more  rapidly.  This 
is  due  to  the  fact  that  the  high  population-redistribution  rates  (E t  and  E\  are  large 
compared  to  y)  along  with  stronger  quenching  help  to  overcome  the  strong  Rabi  flopping 
caused  by  the  probe  field,  which  resonantly  transfers  population  between  states  | b)  and  | a). 
Furthermore,  it  may  be  observed  that  for  a  higher  quenching  rate,  the  steady-state  value  of 
\pbc\  is  larger  than  that  for  the  low  quenching  rates.  This  is  a  counter-intuitive  result  because 
usually  one  would  expect  a  weaker  ground-state  coherence  with  an  increase  in  incoherent 
processes  in  the  system  (i.e.  for  larger  yq).  We  confirmed  this  result  with  our  systematic 
numerical  checks.  This  result  can  be  understood  as  the  combined  effect  of  the  strong 
coherent  pumping,  the  electronic  quenching  from  the  excited  state,  and  also  the  associated 
strong  ground-state  population  redistribution.  However,  when  the  quenching  is  increased 
further,  i.e.  for  yq>  1000]/,  a  sharp  decrease  in  the  steady  state  of  pbc  occurs  (not  shown 
here).  In  the  latter  case  the  quenching  dominates  the  repumping  field.  From  Equation  (7)  it 
is  clear  that  an  increase  in  quenching  rate  would  reduce  the  CARS  signal.  However,  the 
observed  increase  in  pbc  for  larger  yq  could  compensate  for  the  loss  of  signal  due  to 
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Figure  3.  Ground-state  coherence  in  the  CARS  configuration.  Most  strikingly,  magnitude  of 
coherence  in  long-time  limit  increases  with  excited-state  quenching  rate.  The  x-axis  represents  real 
time  scaled  with  excited-state  decay  time  y-1.  (The  color  version  of  this  figure  is  included  in  the 
online  version  of  the  journal.) 
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Figure  4.  Evolution  of  population  and  coherence  for  fixed  value  of  quenching  yq=100y  with 
different  probe  field  intensities.  Role  of  probe  field  as  effective  repumping  field  is  evident.  The  x-axis 
represents  real  time  scaled  with  excited-state  decay  time  y~\  (The  color  version  of  this  figure  is 
included  in  the  online  version  of  the  journal.) 


collisional  quenching  and  might  even  cause  an  effective  increase  in  the  ERE-CARS  signal. 
Also  any  decrease  in  the  CARS  signal  could  be  compensated  by  increasing  the  probe 
intensity  \E3\2.  A  similar  constructive  role  of  collisional  quenching  has  been  discussed  by 
Lucht  et  al.  [25]  in  a  completely  different  configuration  of  two-level  degenerate  four-wave 
mixing  (DFWM),  where  the  quenching  favors  generation  of  DFWM  signal  but  collisional 
dephasing  does  not. 

To  facilitate  a  discussion  of  the  role  of  the  repumping  (probe)  field,  we  plotted  the 
evolution  of  both  paa  and  pbc  for  different  values  of  Q3  with  fixed  values  of  yq=  100y  and 
Q=  1000y  in  Figure  4.  An  increase  in  Q3  clearly  increases  the  excited-state  population. 
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However,  the  ground-state  coherence  does  not  always  increase  with  an  increase  in  Q3,  e.g. 
for  Q3  —  100(101/2)y,  \pbc\  is  weaker  than  for  Q3  =  100]/.  This  can  be  understood  as  follows: 
an  increase  in  Q3  coherently  repumps  \a),  followed  by  the  incoherent  decays.  Then  a  rapid 
population  redistribution  occurs  among  the  ground  states,  which  are  then  pumped  by  Ex 
and  E2,  leading  to  an  increase  in  \pbc\.  However,  if  Q3  is  extremely  strong,  the  repumping  is 
too  rapid  to  excite  the  population  to  \a),  even  before  a  significant  coherence  \pbc\  can  be 
established.  Therefore,  for  each  value  of  yq,  there  exists  an  optimal  repumping  field  for 
which  \pbc\  reaches  a  maximum.  In  the  presence  of  two  strong  resonant  fields,  the  effects  of 
collisional  ground-state  dephasing  and  population  redistribution  on  the  fluorescence  in 
a  three-level  atomic  system  has  been  discussed  in  [26]. 


4.  Summary 

In  summary,  we  have  shown  that  the  excited-state  population  and  the  ground-state 
coherence  in  an  ERE-CARS  configuration  are  not  strongly  affected  by  excited-state 
electronic  quenching.  In  the  long-time  limit,  we  observed  a  counter-intuitive  effect  -  an 
increase  in  the  ground-state  coherence  can  occur  with  an  increase  in  collisional-quenching 
rate.  This  is  attributed  to  our  ability  to  strongly  repump  the  excited  state  in  the  CARS 
configuration.  We  also  show  that  for  a  given  set  of  quenching  and  ground-state  population 
redistribution  rates,  there  exists  an  optimal  value  of  the  repumping  field  that  can  generate 
maximum  coherence.  On  the  other  hand,  the  LIF  configuration  suffers  from  several- 
orders-of-magnitude  depletion  of  the  excited-state  population  with  an  increase  in 
quenching  rate.  Our  numerical  results  along  with  the  approximate  expression  obtained 
for  the  NO  ERE-CARS  signal  provides  a  physical  understanding  of  the  observed 
insensitivity  of  ERE-CARS  of  NO  to  collisions  reported  in  [18]. 
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A  low-repetition-rate  (10-Hz),  picosecond  (ps)  optical  parametric  generator  (OPG)  seeded  at  the  idler 
wavelength  with  a  high-power  diode  laser  is  demonstrated.  The  output  of  the  OPG  at  ~566  nm  is  ampli¬ 
fied  in  dye  cells,  resulting  in  signal  enhancement  by  more  than  three  orders  of  magnitude.  The  nearly 
transform-limited  beam  at  ~566  nm  has  a  pulsewidth  of  ~170  ps,  with  an  overall  output  of  ~2.3  mj/ 
pulse.  The  laser  is  tuned  either  by  tuning  the  nonlinear  crystal  or  the  seed-laser  current.  The  applications 
of  such  a  simple,  compact,  high-performance,  tunable  ps  laser  system  for  linear  and  nonlinear  spectros¬ 
copies  are  outlined. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Tunable  picosecond  (ps)  lasers  with  moderate  (<10-GHz)  spec¬ 
tral  resolution  are  useful  for  time-resolved  spectroscopy.  For 
example,  these  lasers  enable  spectral  resolution  of  closely  lying 
vibrational  levels  [1],  provide  high  temporal  resolution  for  the 
study  of  fast  dynamics  in  high-temperature  and  -pressure  condi¬ 
tions  [2,3],  and  improve  the  signal-to-noise  ratio  in  the  coherent 
anti-Stoke  Raman  scattering  (CARS)  through  suppression  of  the 
nonresonant  background  [4].  Furthermore,  the  use  of  short  pulse 
lasers  enables  efficient  nonlinear  processes  with  low  pulse  energy 
often  below  the  material-damage  threshold  [5]  and,  making  it  pos¬ 
sible  to  deliver  the  laser  beams  through  fiber  optics  in  harsh  envi¬ 
ronments  [6].  Several  sources  for  non-parametric  generation  of 
tunable  ps  light  are  available,  including  external  injection-seeded 
Fabry-Perot  laser  diodes  [7,8],  semiconductor  lasers  [9],  and  dye 
lasers  [10].  Parametric  light  generators  that  employ  nonlinear  crys¬ 
tals  are  distinct  from  non-parametrically  tunable  radiation  sources 
because  of  their  high  output  energy  and  large  tuning  range  [11,12]. 

The  application  of  tunable  ps  lasers  for  high-resolution  linear 
and  nonlinear  spectroscopic  techniques,  such  as  laser-induced 
fluorescence  (LIF)  [3],  polarization  spectroscopy  (PS)  [13],  and  elec¬ 
tronic-resonance-enhanced  coherent  anti-Stokes  Raman  scattering 
(ERE-CARS)  spectroscopy  [14]  requires  high  output  energy  with  a 
nearly  transform-limited  bandwidth.  It  would  also  be  advanta¬ 
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geous  for  sources  to  be  widely  tunable  so  that  broad  spectral 
ranges  could  be  covered  for  spectroscopic  applications.  For  exam¬ 
ple,  these  ps  laser-based  spectroscopic  techniques  could  be  used 
for  detecting  the  temperature  and  concentration  of  OH,  CH,  NO 
and  other  molecules  in  reaction  flows. 

Unlike  parametric  processes  employing  nanosecond  (ns)  lasers 
[15,16],  where  parametric  gain  can  be  enhanced  by  multiple 
round-trip  interactions,  in  a  low-repetition-rate  ps  optical  paramet¬ 
ric  generator  (OPG),  parametric  gain  is  limited  to  a  single-pass  inter¬ 
action  because  of  the  short  interaction  time  of  the  laser  pulse  with 
the  nonlinear  medium.  Furthermore,  in  this  OPG,  line-narrowing 
also  must  be  accomplished  during  the  single-pass  interaction  time. 
Tunable,  ps  optical  parametric  amplifiers  (OPA)  that  have  been  re¬ 
ported  to  date  are  generally  characterized  by  low-output-pulse  en¬ 
ergy  (~1 00  pj)and  broad  spectral  width  (>300  GHz)  [17,18].  Several 
high-output-pulse  energy  (~1  mj/pulse)  ps  OPA  systems  are  com¬ 
mercially  available,  but  the  spectral  width  is  typically  >120  GHz 
[19].  The  state-of-the-art  tunable  ps  laser  system  is  based  on  a 
Nd:YAG-pumped  distributed-feedback  dye  laser  (DFDL),  which  pro¬ 
vides  nearly  transform-limited  pulses  (~5  GHz)  of  100-ps  duration 
at  a  repetition-rate  of  20  Hz  [3,10].  However,  DFDL-based  tunable 
ps  laser  systems  require  very  sophisticated  alignment  and  mainte¬ 
nance  and  are  extremely  sensitive  to  mechanical  disturbances. 

In  this  letter,  we  describe  the  development  of  a  robust  Nd:YAG- 
pumped  tunable  ps  laser  system  using  an  OPG  assisted  by  a  high- 
power  injection-seeded  laser,  that  provides  nearly  transform-lim¬ 
ited  pulses  (time-bandwidth  product  <1.4)  of  ~170ps  duration 
at  a  repetition-rate  of  10  Hz.  The  pulsewidth  of  the  tunable  laser 
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is  limited  by  the  pulsewidth  of  the  pump  laser.  We  have  demon¬ 
strated  that  the  OPG  signal  pulses  can  be  significantly  amplified 
in  the  pulsed  dye  amplifiers  (PDA).  Coarse  tuning  of  the  laser  sys¬ 
tem  is  achieved  by  tuning  the  temperature  or  the  piezo  of  the  seed- 


laser,  whereas  fine  tuning  of  the  order  ~50  GHz  is  achieved  by  tun¬ 
ing  the  injection  current  of  the  seed-laser.  The  proposed  OPG-PDA 
system  is  extremely  robust  and  requires  no  day-to-day  alignment 
as  long  as  the  pump  laser  is  stable. 
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•  | ,  Q-Switched  Nd:YAG  Laser 

Li  \l  355  nm 


P  X/2 


950  nm 


m 

BD 


/=  -50  mm  /=  200  ir 


Seed  Laser 


Fig.  1.  Schematic  diagram  of  tunable  ps  laser  system.  A/2,  Half-wave  plate;  P,  polarizer;  BD,  beam  dump;  BS,  beam  splitter;  DM,  dichroic  mirror;  I,  iris;  IF,  interference  filter. 


Fig.  2.  Autocorrelation  trace  (symbols)  and  Gaussian  fit  (curve)  of  amplified-OPG  signal  at  566  nm  with  seeding  at  idler  wavelength.  Autocorrelation  width  is  240  ps, 
corresponding  to  pulsewidth  of  170  ps. 
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2.  Experimental  setup  and  results 

The  system  consists  of  two  stages:  (1)  OPG,  where  the  tunable, 
nearly  transform-limited  ps  pulse  is  produced  and  (2)  PDA,  where 
the  OPG  signal  pulse  is  amplified.  A  schematic  diagram  of  the  ps 
OPG  system  is  shown  in  Fig.  1.  A  Nd:YAG  laser  (EKSPLA  SL300)  at 
355  nm  is  used  to  pump  the  OPG  and  PDA  systems  with  a  pulse  en¬ 
ergy  of  ~90  mj.  The  repetition-rate  and  the  pulsewidth  of  the 
pump  laser  at  355  nm  are  10  Hz  and  ~150ps,  respectively.  The 
Nd:YAG  output  is  nearly  transform-limited  (single-longitudinal¬ 
mode  oscillator)  and  has  excellent  top-hat  beam  quality.  In  the 
current  setup,  generations  of  OPG  signal  radiation  with  ~1  pj/pulse 
from  an  injection-seeded  (3-BBO  crystal  was  demonstrated  using  a 
17-mJ  pump  and  a  630-mW  diode  laser  as  the  CW  seed  source  at 
an  idler  wavelength  of  ~950  nm.  The  purpose  of  the  injection  seed¬ 
ing  at  the  idler  wavelength  for  OPG  is  to  avoid  spectrum  interfer¬ 
ence  in  the  subsequent  amplification  processes  [16,20].  The 
spectral  component  at  the  idler  frequency  is  blocked  ahead  of 
the  PDA  stage  by  a  dichroic  mirror.  The  observed  OPG  signal  is 
well-shaped  and  does  not  contain  the  component  of  the  seed-laser. 
To  match  the  seed-laser  beam  size,  the  pump  beam  is  down-colli- 
mated  to  2-mm  diameter  in  the  BBO  crystal.  The  BBO  crystal  is  cut 
at  an  angle  of  30°  to  the  optical  axis.  The  crystal  length  is  10  mm, 
and  the  faces  are  8  mm  square  in  cross  section  (normal  to  the 
beam-propagation  direction)  with  MgF2  protective  coatings.  To 
minimize  thermal  fluctuations,  the  BBO  crystal  is  installed  in  a 
temperature-controlled  crystal  holder.  The  maximum  energy  out 
of  the  injection-seeded  OPG  signal  at  ~566  nm  is  only  a  few  pj. 

For  amplification,  the  OPG  signal  is  injection-seeded  into  two 
dye  cells  that  are  side-  and  end-pumped  by  a  portion  of  the  355- 
nm  laser  beams.  The  temporal  overlap  between  the  OPG  signal 
photons  and  the  ~150-ps  pump  beam  in  the  first  dye  cell  is 
achieved  using  a  delay  stage.  The  second  amplifier  cell  is  end- 
pumped  to  improve  the  spatial  profile  of  the  beam.  To  reduce 
amplification  of  the  amplified  spontaneous  emission  (ASE)  in  the 
second  dye  cell,  a  polarizer  and  an  iris  are  placed  after  the  first 
dye  cell  to  filter  most  of  the  ASE  generated  from  the  first  dye  cell. 
In  the  current  setup,  Rhodamine  590  dye  is  used  to  amplify  the 
OPG  beam  at  ~566  nm.  The  OPG  signal  is  amplified  by  more  than 
three  orders  of  magnitude  through  the  dye  cells. 

The  pulse  duration  of  the  amplified-OPG  pulses  was  measured 
using  a  multi-shot  scanning  autocorrelator  (EKSPLA  AC532/1064). 
The  average  autocorrelation-pulse  profile  of  the  amplified-OPG  sig¬ 
nal  is  shown  in  Fig.  2.  For  a  Gaussian  profile  an  autocorrelation 
width  of  ~240  ps  corresponds  to  a  temporal  pulse  width  of 
~168  ps.  The  spectral  profile  of  the  OPG  signal,  shown  in  Fig.  3a, 


Fig.  4.  (a)  Intensity  of  signal  output  from  seeded  BBO  crystal  as  function  of  seed- 
laser  power  with  constant  pump-pulse  energy  of  17  mj.  (b)  Intensity  of  signal 
output  from  seeded  BBO  crystal  as  function  of  pump-pulse  energy  of  355-nm  beam 
with  constant  seed-laser  power  of  630  mW.  Symbols  represent  experimental  data 
and  dashed  line  is  linear  fit. 


was  measured  with  an  ocean  optics  spectrometer  (Model 
USB4000).  The  FWHM  of  the  unseeded-  and  seeded-OPG  signals 
was  observed  to  be  ~5  nm  and  ~0.02  nm,  respectively,  with  a  res¬ 
olution  ~0.02  nm.  The  limited  spectral  resolution  of  the  spectrom- 


Fig.  3.  (a)  Spectrum  of  light  emitted  from  unseeded  BBO  crystal  and  seeded  BBO  crystal,  (b)  Image  of  transmission  pattern  of  amplified-OPG  signal  through  solid  etalon  (30- 
GHz  FSR,  330  finesse). 
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eter  prevented  full  resolution  of  the  linewidth  of  the  seeded-OPG 
signal.  To  determine  the  bandwidth  of  the  OPG  signal  accurately, 
a  solid  etalon  with  FSR  of  33  GHz  and  finesse  of  330  was  used. 
The  interference  fringes  recorded  with  a  commercial  CCD  camera 
are  shown  in  Fig.  3b.  By  analyzing  the  spacing  between  the  inter¬ 
ference  fringes  from  the  etalon  transmission  [21],  the  linewidth 
of  the  amplified-OPG  signal  was  found  to  be  8.32  ±  0.648  GHz. 
The  linewidth  is  approximately  a  factor  of  two  broader  than  the 
linewidth  of  the  pump  beam,  which  was  measured  to  be 
4.37  ±  0.8  GHz.  The  output  energy  of  the  ~1  pj/pulse  OPG  signal 
was  amplified  to  ~2.3  mj/pulse  using  two  stages  of  dye  amplifica¬ 
tions.  The  pre-amplifier  was  side-pumped  with  ~22  mj/pulse  en¬ 
ergy,  and  the  final  amplifier  was  end-pumped  with  ~33  mj/pulse 
energy.  The  intensity  of  the  OPG  signal  from  the  seeded  BBO  crystal 
as  a  function  of  the  seed-laser  power  is  shown  in  Fig.  4a.  Typically 
10-mW  seed  power  is  required  for  an  ordinary  ns  laser-based  OPO 
or  OPA  system  [15,16].  However,  we  discovered  that  such  low  seed 
power  is  not  sufficient  to  assist  the  parametric  process  during  the 
single  trip  in  the  nonlinear  crystal.  It  is  shown  in  Fig.  4a  that  with  a 
rather  intense  seed-laser  the  OPG  signal  increases  by  more  than 
two  orders  of  magnitude  when  the  seed-laser  power  is  increased 
from  10  mW  to  630  mW.  The  results  show  that  effective  paramet¬ 
ric  gain  for  the  ps  single-pass  OPG  can  be  achieved  only  with  a  sub¬ 
stantial  flux  of  seed  photons.  The  OPG  signal  shows  a  linear 
dependence  on  seed-laser  power;  however,  for  seed-laser  powers 
greater  than  550  mW,  the  signal  begins  to  saturate.  The  saturation 
could  not  be  resolved  properly  because  of  limited  seed-laser 
power.  The  dependence  of  the  OPG  signal  intensity  on  the  pump- 
pulse  energy  with  a  630-mW  seed  beam  at  the  idler  wavelength 
is  shown  in  Fig.  4b.  From  an  exponential  fit  it  is  observed  that 
the  signal  beam  intensity  is  proportional  to  the  pump-pulse  energy 
raised  to  a  power  of  ~4.67.  For  the  unseeded  OPG  the  pump-energy 
threshold  is  ~10  mj,  whereas  with  a  seed  power  of  ~630  mW,  the 
required  threshold  pump-energy  is  reduced  to  ~100  pj.  The  large 
fluctuations  shown  in  Fig.  4  are  due  to  the  instability  of  the  pump 
laser  at  high  power. 

3.  Conclusions 

To  summarize,  we  have  demonstrated  the  operation  of  a  low- 
repetition-rate  ps  OPG  assisted  by  a  high-power  seed-laser  at  the 
idler  wavelength.  The  output  of  the  OPG  signal  is  amplified  by 


more  than  three  orders  of  magnitude  in  pulsed  dye  amplifiers. 
The  resulting  signal  beam  is  nearly  transform-limited  and  should 
be  very  useful  for  performing  linear  and  nonlinear  time-resolved 
spectroscopy  where  a  broadly  tunable  laser  source  is  required. 
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Abstract 

Global  calculations  involving  five  species,  at  four  different  fuel  compositions,  for  ethane  jet  diffusion  and  inverse- 
diffusion  flames  in  earth  gavity  and  in  microgravity  conditions  are  made  using  an  axisymmetric,  time  dependent 
computational  fluid  dynamics  code.  Computations  were  compared  with  the  experimental  data  obtained  from  NASA 
Glenn  Research  Center.  Enhancement  in  oxygen  resulted  in  increased  flame  temperatures.  There  was  id  significant 
change  in  inverse -diffusion  flame  lengths  (based  on  maximum  temperature)  with  oxygen  enhancement  and  gravity 
variation. 


Introduction 

Jet  diffusion  and  inverse- diffusion  flames  have  been 
of  great  interest  for  past  few  decades.  Both  the 
configurations  can  arise  on  earth  [1]  and  in  space. 
Oxygen- enrichment  and  gravity- variation  can  have 
significant  affect  on  the  flame  properties.  For  example, 
equilibrium  calculations  show  that  the  adiabatic  flame 
temperature  for  ethane  increases  from  2250  K  in  air  to 
3082  K  in  oxygen  (Table  1)  i.e.,  an  increase  of  about 
37%  in  the  presence  of  oxygen  compared  to  air.  Also, 
the  normal  jet  diffusion  non-buoyant  flames  are 
reported  to  be  longer  than  buoyant  flames  [2] 

Objective  (s) 

The  objectives  of  this  study  are  to  understand  and 
predict  flame  behavior  under: 

(a)  Microgravity  (p-g)  and  1  -g  environments. 

(b)  Oxygen-enrichment. 

(c)  Normal  and  inverse  diffusion  flame 

configurations . 

One -step  global -chemistry  version  of  the  axi¬ 
symmetric  computational  tool  developed  by  Katta  [3,  4] 
was  used.  Comparisons  between  steady- state 
computational  results  and  experimental  data  [5]  are 
presented.  Ethane  fuel  (1.0  mole  fraction)  was  used  to 
examine  the  effects  of  oxygen-enhancement  (0.21,  0.3, 
0.5  and  1.0;  mole  fraction)  in  nitrogen.  Normal  gravity 
and  zero  gravity  computations  were  completed  for 
inverse- diffusion  flames.  Table  1  summarizes  the 
eleven  steady- state  computations.  Transient 

computations  were  also  completed  for  CASE  1 . 


The  computational  model  is  the  one  developed  by 
Katta  [3,4].  The  present  simulations  involved  a  round 
5.5  mm  burner,  quiescent  ambient  gas  at  0.98  bars  and 
298  K  under  enhanced-oxygen  conditions.  Five  species 
involved  in  the  global  chemistry  calculations  are: 
Ethane  (C2H4),  Oxygen  (02),  Nitrogen  (N2),  H20  and 
Carbon-dioxide  (C02). 
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Figure  1  presents  the  geometry  of  the  axisymmetric 
computational  domain.  The  computational  domain 
extending  1 00  mm  X  25  mm  in  the  axial  (z)  and  radial 
(r)  directions,  respectively,  is  represented  by  a 
staggered,  uniform  401  X  141  grid  system.  The  co- 
flow  velocity  is  set  at  l/10th  of  the  jet  velocity.  Tables  1 
summarize  the  boundary  conditions.  The  aero-thermo- 
physical  properties  (viscosity,  specific  heat,  thermal 
conductivity,  mass  diffusivity,  and  heat  of  formation) 
for  the  species  were  assumed  to  vary  with  temperature 
[4].  The  global  reaction  rates  were  optimized  in  the 
past  for  normal  diffusion  flames  for  combustion  with 
air.  Radiation  heat  losses  were  neglected  as  a  first  step. 

Results  and  discussion 

Table  1  gives  the  summary  of  the  eleven  computed 
cases.  Figure  2  shows  the  axial  velocity  profiles  at  the 
centerline  plotted  as  a  function  of  distance  from  the 
burner  exit.  Upstream  of  the  flame  tip,  the  axial 
velocity  increases  for  all  cases  because  of  the 
volumetric  expansion  caused  by  the  combustion  heat 
release.  Beyond  the  flame  tip  the  axial  velocities 
increase  with  distance  for  the  1-g  cases  (Figures  2  & 
5.1-8),  whereas  it  decreases  for  the  0-g  (Figure  2  &  5.9- 
11)  cases  as  expected.  These  effects  are  expected 
because  of  the  high  product  temperatures  leading  to 
lower  density  and  resultant  buoyant  accelerations  in  the 
1-g  cases,  in  contrast  to  the  deceleration  caused  by 
shear  forces  for  the  0-g  cases.  These  effects  decrease 
with  downstream  distance  and  the  axial  velocities  start 
approaching  uniform  profiles. 


z(mm) 

Figure  2.  Axial- Velocity  Vs.  z(  r=0) 


No  significant  differences  in  maximum  flame 
temperatures  and  maximum  temperature  based  flame 
lengths  were  observed  between  1-g  and  0-g  inverse- 
diffusion  flames,  with  identical  oxygen  mole  fractions. 

The  temperature  (Figure  3)  and  fuel  mass  fraction 
(Figure  4)  along  the  axial  direction  (at  r=0)  show 
similar  values  for  the  1-g  and  0-g  inverse- diffusion 
flames.  As  expected,  the  flame  temperatures  increase 
with  an  increase  in  the  inlet  oxygen  mole  fraction.  The 
centerline  C2H  mass  fraction  values  increase  in  a 
similar  manner  for  all  inverse  diffusion  flames  and 
decrease  monotonically  for  all  normal  diffusion  flames 
(Figure  4). 


Figure  3.  Temperature  Vs.  z  (at  r=0) 


2-6 


423 


z(mm) 

Figure  4.  C2H4  Mass  Fraction  Vs.  z  (i=0) 

Figures  5.1  to  5 . 1 1  show  flame  photographs  from  Ref. 
[5]  and  temperature  contours  and  velocity  vectors  from 
the  present  computations.  The  comparisons  can  only  be 
qualitative  because  of  the  differences  in  the  quantities 
being  displayed  as  well  as  the  differences  between  the 
boundary  conditions  in  the  experiments  and  the 
computations.  Final  converged  unsteady 

computations  conducted  for  CASE  1  show  no 
significant  differences  with  the  results  obtained  from  its 
steady  computations. 

Figures  5.1  to  5.11  show  remarkable  qualitative 
similarities  between  the  shapes  and  locations  of  color 
changes  observed  in  the  flame  photographs  and  contour 
changes  observed  in  the  calculated  temperature  contour 
plots.  These  trends  are  encouraging  but  more  work  is 
needed  as  discussed  in  the  following. 

A  comparison  of  the  adiabatic  equilibrium 
temperatures  for  the  different  cases  presented  in  Table  1 
with  the  maximum  temperatures  computed  by  the 
present  global  chemistry  model  and  approximate 
thermo -physical  property  assumptions  reveals 
significant  differences  with  increases  in  oxygen 
concentrations.  The  calculated  maximum  temperatures 
are  much  higher  than  the  adiabatic  equilibrium 
temperatures.  This  is  caused  by  the  current  assumption 
of  specific  heats  and  the  limitations  of  global  kinetic 
steps  which  appear  to  prevent  high  temperature 
dissociation  which  may  be  prevalent  in  oxygen 
enriched  flames.  Experimental  measurements  of 
temperature  distributions  and  improved  computations 


with  detailed  chemistry  and  radiation  models  are 
necessary  to  resolve  these  issues. 


Conclusion 

Computations  were  performed  for  ethane  fueled 
laminar  gas-jet  diffusion  flames,  emphasizing  the 
effects  of  oxygen  enhancement,  gravity,  and  inverse 
burning  on  velocity  and  temperature  profiles.  The  mole 
fraction  of  oxygen  in  the  oxidizer  was  varied  from  0.21  - 

1.  Qualitative  comparisons  were  performed  with  the 
experimental  results  [5].  The  major  findings  were: 

1 .  As  expected,  oxygen- enhanced  conditions 
caused  increase  in  flame  temperatures  and  gas 
velocities. 

2.  For  inverse-diffusion  flames,  gravity  has 
relatively  small  influences  on  the  flame 
temperature  and  fuel  mass  fraction 
distributions. 

3 .  The  axial  velocities  increase  significantly 
before  the  flame  tip  for  the  normal  and  zero 
gravity  flames  as  a  result  of  expansion  caused 
by  heat  release.  Beyond  the  flame  tip  the 
velocities  increase  for  the  1-g  flames  whereas 
they  decrease  for  0  -  g  flames. 

4.  In  case  of  inverse  diffusion  flames,  the 
gravity- variation  and  oxygen- enhancement 
had  id  significant  effect  on  the  flame  length 
(based  on  maximum  temperature). 

5 .  Comparisons  of  maximum  temperatures  based 
on  present  thermo-physical  properties  and 
global  kinetic  rates  with  adiabatic  equilibrium 
temperatures  show  that  the  computations  may 
be  overestimating  the  non-equilibrium  effects 
by  underestimating  the  rates  of  dissociation 
reactions.  Temperature  measurements  and 
detailed  chemistry  and  thermo-physical 
property  calculations  are  necessary  to  address 
these  issues. 
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Figure  5.1-11  Comparisons  between  Computational  and  Experimental  Results. 


(Left:  Experimental  Results  [5];  Right:  Computational  Results:  Temperature  and  velocity  profiles) 
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Figure  5.4  :  Case  4 
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Figure  5.7  :  Case  7 


Radial  Location  (mm) 

Figure  5.10  :  Case  10 
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Abstract 

Validity  of  the  flamelet  theory  is  examined  by  studying  vortex/flame  interactions  in  a  hydrogen/air  opposing-jet 
diffusion  flame.  The  dynamic  changes  to  the  flame  structure  during  the  interaction  process  are  investigated.  Vortices 
are  injected  toward  the  flame  surface  from  the  air  side.  A  centimeter-size  vortex  is  made  to  interact  with  a  7.0-mm- 
thick  flame,  and  a  micron-size  vortex  is  made  to  interact  with  a  2.4-mm-thick  flame.  High  vortex  propagation  velocities 
are  used  for  creating  rapid  flame  extinction  in  both  cases.  Irrespective  of  the  vortex  propagation  velocity,  the  larger 
vortex  tends  to  create  a  wrinkled  flame  representative  of  a  strained  laminar  flamelet,  while  the  smaller  vortex  tends  to 
replace  the  local  fluid  in  the  flame  zone  with  the  constituent  fluid  and  create  a  distributed  reaction  zone.  As  the  micron- 
size  vortex  is  larger  than  the  Kolmogorov  length  scale,  a  significant  part  of  the  fluid-chemistry  interactions  in  turbulent 
diffusion  flames  may,  therefore,  be  represented  by  distributed  reaction  zones  rather  than  laminar  flamelets. 


Introduction 

According  to  flamelet  theory  [1],  the  local  instantaneous 
composition  and  temperature  of  the  mixture  in  a 
nonpremixed  system  can  be  modeled  as  being  the  same 
as  those  in  a  stretched  laminar  diffusion  flame.  The 
mixture  fraction  and  scalar  dissipation  rate  are  then  used 
in  linking  the  turbulent  flame  structure  to  that  of  the 
laminar  flames.  At  a  critical  value  of  scalar  dissipation 
rate,  the  laminar  diffusion  flame  extinguishes  due  to 
large  mixture  fraction  gradients.  The  reaction  zone  in 
physical  space  becomes  so  narrow  that  diffusive  heat 
loss  will  lead  to  quenching.  This  scalar-dissipation-rate 
analogy  has  been  used  in  flamelet  theories  in  modeling 
extinction  and  ignition  phenomena  in  turbulent  flames. 
The  unsteady  effects  in  the  reaction  zone  are  usually 
considered  by  incorporating  the  unsteady  diffusion  of 
reactants  and  heat  conduction  [2].  Flamelet  theories  have 
been  successful  applied  to  the  modeling  of  various 
nonpremixed  flame  systems  [3]. 

A  necessary  condition  for  flamelet  concepts  to  apply 
is  that  the  reaction  zone  must  be  thinner  than  the  smallest 
scale  of  the  turbulence,  which  is  the  Kolmogorov  length 
scale.  Performing  asymptotic  expansion  for  high 
Damkohler  numbers  for  hydrogen  flames,  Bilger  [4] 
derived  an  expression  for  reaction  rate  and  argued  that 
flamelets  are  not  asymptotically  thin  due  to  the  influence 
of  reverse  reactions;  that  is,  the  reaction  zones  are 
equilibrium  broadened.  Even  though,  the  regular 
asymptotic  analysis  and  the  non-reacting  experimental 


data  used  by  Bilger  [4]  are  not  ideal  for  judging  the 
validity  of  the  flamelet  theories,  they  certainly  raise 
important  issues  about  the  applicability  of  the  flamelet 
theories  to  the  turbulent-combustion  process.  It  has  been 
widely  recognized  that  highly-resolved  measurements 
and  numerical  simulations  are  needed  for  addressing  the 
existence  of  laminar  flamelets  in  turbulent-flow 
environments  [5]. 

A  numerical  investigation  is  performed  in  the  present 
study  to  aid  the  understanding  of  the  extinction  process 
associated  with  laminar  flamelets  and,  thereby,  verify  the 
applicability  of  the  laminar  flamelet  theory.  Vortex/flame 
interactions,  which  are  often  considered  to  be  the 
building  blocks  of  statistical  theories  of  turbulence,  are 
utilized  for  establishing  highly  strained  flamelets.  These 
interactions  were  studied  in  the  past  for  understanding 
the  effects  of  curvature  on  unsteady  flames  [6].  In 
particular,  experiments  designed  by  Roberts  et  al.  [7]  and 
by  Rolon  et  al.  [8]  have  generated  considerable  interest, 
especially  because  of  their  unique  ability  to  inject  a  well- 
characterized  vortex  toward  the  flame  surface.  In 
numerous  investigations  performed  using  the  Rolon 
burner,  the  size  and  strength  of  the  vortex  have  been 
varied  in  attempts  to  understand  global  features  such  as 
scale  [9,10]  and  origin  [11]  effects  and  localized  features 
such  as  annular-quenching  [12]  and  nonadiabatic- 
equilibrium- temperature  [13,14]  phenomena. 

Several  mathematical  models  have  also  been 
developed  for  the  study  of  the  interaction  between  a 
planar  flame  and  an  induced  vortex.  In  a  majority  of 
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these  models,  it  was  assumed  that  an  artificially  created 
vortex  pair  (generated  by  specifying  the  vorticity  field) 
interacts  with  a  flat  flame  formed  in  a  parallel  flow. 
Although  such  an  assumption  has  advantages  in 
exploring  interesting  aspects  of  vortex/flame 
interactions,  investigations  employing  these  synthesized 
vortices  do  not  represent  actual  interactions  in  opposing- 
jet  flames  and  hence,  cannot  facilitate  direct  comparisons 
between  predictions  and  measurements.  To  overcome 
these  difficulties,  two-  and  three-dimensional 
computational-fluid-dynamics  models  that  incorporate 
detailed  chemical  kinetics  (CFDC)  have  been  developed 
[15,16].  Complete  simulation  of  the  opposing-jet  flame 
using  multi-dimensional  models  not  only  eliminated 
concerns  regarding  the  simplified  analyses  but  also 
provided  a  valuable  tool  for  studying  vortex/flame 
interactions.  In  the  present  investigation,  a  well-tested 
CFDC  model  [17]  was  used  for  understanding  the  flame 
structure  near  extinction  and  for  testing  the  validity  of 
flamelet  theories. 

Numerical  Model 

Time-dependent,  axisymmetric  Navier-Stokes  equations 
written  in  the  cylindrical-coordinate  (z-r)  system  are 
solved  along  with  species-  and  energy-conservation 
equations  [16].  A  detailed-chemical-kinetics  model  is 
used  to  describe  the  hydrogen-air  combustion  process. 
This  model  consists  of  thirteen  species— namely,  H2,  02, 
H,  O,  OH,  H20,  H02,  H202,  N,  NO,  N02,  N20,  and  N2- 
A  detailed-chemical-kinetics  model  having  74  reactions 
among  the  constituent  species  is  used;  the  rate  constants 
for  this  H2-02-N2  reaction  system  were  obtained  from 
Ref.  [18]. 

Temperature-  and  species-dependent  property 
calculations  are  incorporated.  The  governing  equations 
are  integrated  on  a  nonuniform  staggered-grid  system. 
An  orthogonal  grid  having  rapidly  expanding  cell  sizes 
in  both  the  axial  and  radial  directions  is  employed.  The 
finite-difference  forms  of  the  momentum  equations  are 
obtained  using  an  implicit  QUICKEST  scheme  [16],  and 
those  of  the  species  and  energy  equations  are  obtained 
using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step  the  pressure  field  is 
calculated  by  solving  the  pressure  Poisson  equations 
simultaneously  and  utilizing  the  LU  (Lower  and  Upper 
diagonal)  matrix-decomposition  technique.  This  model, 
called  UNICORN  (UNsteady  Ignition  and  COmbustion 
with  ReactioNs),  has  been  extensively  validated  [17]  by 
simulating  various  steady  and  unsteady  counterflow  [12] 
and  coflow  [16,19]  jet  diffusion  flames  and  by 
comparing  the  results  with  experimental  data. 

Burner  Details: 

The  opposing-jet- flame  burner  used  for  these  studies  was 
designed  by  Rolon  [8].  The  burner  assembly  consists  of 
25-mm-diameter  nozzles  (d0),  40-mm-diameter  outer 


nozzles  (D0),  and  syringe  tubes  of  0.2-mm  to  5 -mm 
diameter  (dQ.  A  flat  flame  is  formed  between  the  fuel  and 
air  jets  having  velocities  of  0.69  and  0.5  m/s, 
respectively.  An  annular  nitrogen  flow  of  0.1  m/s  is  used 
from  both  the  fuel  and  air  side  nozzles.  The  hydrogen-to- 
nitrogen  ratio  employed  for  the  fuel  jet  is  0.38.  Only  the 
region  between  the  lower  and  upper  nozzle  exits  was 
modeled  in  the  present  study.  The  fuel  (d0),  air  (d0), 
nitrogen  (D0),  and  injection  (di)  jet  diameters  used  in  the 
simulations  were  identical  to  those  used  in  the 
experiment.  A  comparison  between  experimental  and 
numerical  data  for  these  conditions  is  available  in  the 
literature  [14]. 

Results  and  Discussion 

Calculations  for  the  steady-state  axisymmetric  flame 
were  made  using  a  non-uniform  401  x  301  mesh  system 
distributed  over  a  physical  domain  of  40  x  40  mm,  which 
yielded  a  mesh  spacing  of  0.1  mm  in  both  the  axial  (z) 
and  the  radial  (r)  directions  in  the  region  of  interest.  A 
flat  profile  for  the  velocity  is  used  at  the  exit  of  the  each 
nozzle.  The  air- side  strain  rate  along  the  stagnation  line 
calculated  from  the  rate  of  change  in  the  axial  velocity 
(u)  with  respect  to  the  distance  (z)  is  48  s"1.  The  peak 
temperature  of  1560  K  of  this  weakly  strained  flame  is 
only  slightly  lower  than  the  corresponding  adiabatic- 
equilibrium  flame  temperature  of  1598  K.  The  flame 
thickness  based  on  temperature  is  7.0  mm. 

A  centimeter-size  vortex  is  generated  on  the  air  side 
by  injecting  air  from  the  5.0-mm  diameter  central 
injection  tube.  The  interaction  between  the  vortex  and 
the  flame  is  shown  in  Figs.  l(a)-(c)  at  three  different 
phases.  In  order  to  have  a  rapid  interaction,  the  fluid  was 
introduced  from  the  injection  tube  at  a  velocity  of  160 
m/s.  When  the  vortex  was  far  away  from  the  flame  [Fig. 
1(a)]  the  structure  of  the  latter  was  unaltered.  The  vortex 
has  grown  to  1.2  cm  in  diameter  by  the  time  it  starts 
penetrating  through  the  flame  [Fig.  1(b)],  and  the  flame 
thickness  has  reduced  to  ~  2.0  mm.  The  flame  is 
wrinkled  (dimpled)  before  being  extinguished  at  the 
center.  In  fact,  flame  wrinkling  and  thickness  did  not 
change  much  with  vortices  injected  at  a  wide  range  of 
velocities.  Finally,  the  flame  is  extinguished  at  the  center 
and  the  vortex  penetrates  through  the  hole  as  shown  in 
Fig.  1(c).  This  interaction  process  follows  flamelet 
theory  as  the  vortex  increased  the  oxidizer  fluxes  into  the 
flame  zone  and  eventually  extinguishes  the  flame  when 
cooling  becomes  dominant. 

The  large-vortex/flame  interaction  suggests  that  flame 
thickness  decreases  to  ~  2  mm  before  the  flame  is 
extinguished.  That  means,  in  order  to  verify  the  validity 
of  the  flamelet  theory,  a  sub-millimeter  vortex  must  be 
injected  toward  the  flame  surface.  To  preserve  the  grid 
resolution  for  simulations  of  micron- size- vortex/flame 
interactions,  a  stationary  opposing-jet  flame  is 
established  between  nozzles  that  are  separated  by  4  mm. 
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A  grid  system  having  800  x  336  nodes  and  a  spacing  of  4 
jam  in  the  z  and  r  directions  is  utilized.  The  generated 
steady-state  flame  has  a  thickness  of  ~  2.4  mm  based  on 
the  temperature  profile.  The  vortex  on  the  air  side  is 
generated  by  injecting  fluid  through  an  80-jam  diameter 
nozzle  at  a  velocity  of  75  m/s.  The  interaction  between 
the  micron- size  vortex  and  the  flame  at  three  instants  is 
shown  in  Figs.  1  (d)-(f). 

As  expected,  the  vortex  did  not  perturb  the  flame 
when  it  was  far  away  as  shown  in  Fig.  1(d).  Interestingly, 
unlike  the  large-vortex/flame-interaction  case,  the 
micron-size  vortex  penetrated  through  the  flame  without 
wrinkling  or  dimpling  the  reaction  zone  [Fig.  1(e)].  The 
vortex  grew  to  ~  0.3  mm  in  diameter  when  it  was 
penetrating  through  the  flame.  On  the  other  hand,  when 
the  vortex  was  emerging  from  the  flame  zone,  it  carried 
hot  products  with  it  as  seen  in  Fig.  1(f).  This  interaction 
process  did  not  follow  the  typical  flamelet  theory.  The 
flame  is  not  stretched  by  the  vortex  at  any  instant. 

To  highlight  the  differences  between  the  two 
vortex/flame  interactions,  evolutions  of  temperature, 
reactant  concentrations,  and  OH  concentration  along  the 
centerline  are  plotted  in  Figs.  2  and  3  for  the  large-  and 
micron-size  cases,  respectively.  Figure  2(a)  shows  the 
flame-thinning  process  associated  with  the  large- 
vortex/flame  interaction.  On  the  other  hand,  the  knife- 
edge  pattern  in  temperature  distribution  in  Fig.  3(a) 
suggests  that  the  hot  gasses  are  replaced  by  the  micron- 
size  vortex.  As  described  in  our  previous  paper  [14],  the 
small-size  vortices  quickly  become  reactant  deficient, 
entrain  combustion  products  and  carry  high-temperature 
gases  with  them  [green  colored  fluid  between  0.1  and  0.2 
ms  in  Fig.  3(a)].  Similarly,  the  diffusion  process  is 
evident  in  the  reactant-evolution  plots  [Figs.  2(a)  and 
2(b)]  shown  for  the  large-vortex  case,  while 
discontinuous-type  reactant  propagation  is  seen  in  Figs. 
3(b)  and  3(c)  for  the  micron-size  case. 

The  flame  structures  at  different  instants  are  shown  in 
Figs.  4  and  5  for  the  large-  and  micron-size  vortex/flame 
interaction  cases,  respectively.  The  small  kinks  in  the 
velocity  profiles  of  the  large-vortex  case  result  from  the 
combustion  process  due  to  volumetric  expansion.  The 
temperature  profiles  at  different  instants  in  Fig.  4(b) 
represent  those  of  a  stretched  flame.  Thickness  and  peak 
temperature  decreased  as  the  flame  was  stretched  and 
translated  (and  wrinkled).  On  the  other  hand,  during 
most  of  the  micron-size-vortex/flame-interaction  process, 
the  flame  temperature  upstream  of  the  vortex  head  was 
not  perturbed  [Fig.  5(b)].  When  the  vortex  came  out  of 
the  flame  zone,  it  carried  hot  products  with  it.  These 
temperature  profiles  suggest  that  the  flame  is  not  being 
stretched  by  the  vortex. 

The  heat-release-rate  profiles  shown  in  Fig.  4(c) 
represent  that  of  a  stretched  laminar  flame.  The  peak  heat 
release  rate  increased  as  the  flame  was  stretched  by  the 
large-size  vortex.  Interestingly,  the  heat  release  rate  near 


the  head  of  the  micron-size  vortex  increased  significantly 
[at  64  and  80  ps  in  Fig.  5(c)]  even  though  it  was  not 
perturbed  in  the  upstream  locations.  The  peak  values  are 
clipped  in  Fig.  5(c)  for  clarity.  At  64  ps  the  heat  release 
rate  increased  to  3130  J/cm3/s,  while  at  80  ps  it  increased 
to  11,600  J/cm3/s.  In  comparison,  the  peak  heat  release 
rate  only  increased  to  290  J/cm3/s  in  the  case  of  a  large- 
vortex/flame  interaction.  The  super-high  reactivity  (40 
times  greater)  in  the  micron-size  vortex/flame  interaction 
results  from  the  mixing  of  products  and  air— not  from 
flame  stretch. 

The  micron- size  vortex  used  in  this  study  reached  0.3 
mm  in  diameter  when  it  was  passing  through  the  flame 
zone.  This  is  much  larger  than  the  Kolmogorov  length 
scale  of  0.03  mm  obtained  based  on  the  turbulence 
Reynolds  number  and  length-scales  of  500  and  3  mm, 
respectively.  This  implies  that  a  significant  portion  of  the 
length  scales  in  a  turbulent  reacting  flow  promote  mixing 
in  the  reaction  zone  rather  than  wrinkling  the  reaction 
layer.  In  other  words,  a  significant  part  of  the  turbulence- 
chemistry  interaction  might  not  follow  laminar  flamelet 
theory. 
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Fig.  1.  Interaction  of  diffusion  flame  (a),  (b),  and  (c)  with  large-size  vortex  and  (d),  (e),  and  (f)  with  micron-size  vortex. 
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Fig.  2.  Evolution  of  flame  structure  along  centerline 
during  interaction  with  cm-size  vortex,  (a)  Temperature, 
(b)  fuel  concentration,  (c)  oxygen  concentration,  (d)  OH 
concentration. 


Fig.  3.  Evolution  of  flame  structure  along  centerline 
during  interaction  with  micron-size  vortex,  (a) 
Temperature,  (b)  fuel  concentration,  (c)  oxygen 
concentration,  and  (d)  OH  concentration. 
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Fig.  4.  (a)  Velocity,  (b)  temperature,  and  (c)  heat 
release  rate  at  various  instants  during  large-size- 
vortex/flame  interaction.  Numbers  represent  interaction 
time  in  jus. 


(b) 


0.8  1.6  2.4  3.2 

z  (mm) 

(C) 

Fig.  5.  (a)  Velocity,  (b)  temperature,  and  (c)  heat 
release  rate  at  various  instants  during  micron-size- 
vortex/flame  interaction.  High  values  in  heat  release 
rate  are  clipped  for  clarity.  Numbers  represent 
interaction  time  in  jus. 
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ABSTRACT 

Residence  time  and  thermo-chemical  environment 
are  important  factors  in  determining  soot-formation 
characteristics  of  jet  engine  combustors.  For 
understanding  the  chemical  and  physical  structure  of  the 
soot  formed  in  these  combustors  knowledge  on  flow 
dynamics  and  formation  of  polycyclic  aromatics- 
hydrocarbons  (PAHs)  is  required.  A  time-dependent, 
detailed-chemistry  computational-fluid-dynamic  (CFD) 
model  is  developed  for  the  simulation  of  the  reacting 
flows  in  a  trapped-vortex  combustor.  The  axisymmetric 
trapped- vortex  combustor  of  Hsu  et  al.  was  modeled  by 
replacing  injection  holes  with  injection  slots.  Ethylene- 
air  mixtures  were  used  as  fuel.  Several  calculations  were 
made  by  varying  the  equivalence  ratio  and  velocity  of  the 
main  flow.  Unsteady  simulations  revealed  that  the  shear- 
layer  vortices  established  outside  the  cavity  flow  enhance 
mixing  of  benzene  in  the  wake  region  of  the  afterbody. 
However,  in  all  the  cases  considered  here,  majority  of  the 
PAH  species  are  produced  in  the  cavity  region.  While 
fuel-rich  condition  resulted  lower  amounts  of  PAHs  in 
the  cavity  region,  soot  is  produced  more  in  this  region. 

INTRODUCTION 

Unsteady  flow  in  and  around  cavity-type  geometries 
occurs  in  a  variety  of  applications  such  as  slotted  wind 
tunnels,  slotted  flumes,  bellows-type  configurations,  and 
aircraft-engine  and  airframe  components.  In  particular, 
the  unsteady  flow  in  aircraft  combustors  restricts  fuel- 
lean  operation  and  degrades  flame-stability 
characteristics.  Hsu  et  al.  [1]  have  proposed  a  simple, 
compact,  and  efficient  method  of  using  cavities  to 
stabilize  combustion.  Since  this  concept  uses  a  vortex 
that  is  trapped  in  a  cavity  [2]  to  stabilize  the  flame,  it  is 
referred  as  the  Trapped-Vortex  (TV)  concept. 

Experimental  investigations  of  Hsu  et  al.  [1] 
indicated  that  a  trapped-vortex  combustor  operates  most 
efficiently  when  fuel  and  air  are  injected  directly  into  the 
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cavity.  However,  direct  injection  of  mass  (air  and/or 
fuel)  into  the  cavity  could  alter  the  geometrical  criterion 
derived  for  locking  vortices  inside  passive  cavities  (i.e., 
without  injection).  Because  of  this  direct  injection  cavity 
flow  in  a  trapped-vortex  combustor  experiences  higher 
residence  times  and  fuel-rich  environment  and  may  lead 
to  increased  production  of  pollutants  and  soot. 

Considerable  progress  has  been  made  in  recent  years 
in  understanding  the  chemical  and  physical  aspects  of 
soot  formation  in  hydrocarbon  flames.  After  the  first 
aromatic  rings  (such  as  benzene  and  small  PAHs)  are 
formed  in  the  gas  phase,  acetylene  and  other  molecules 
react  with  these  small  PAHs  to  form  larger  PAHs  [3]. 
The  first  soot  particles  are  thought  to  be  formed  when 
two  or  more  PAHs  react  to  form  a  three  dimensional 
particle.  This  process  is  known  as  particle  inception  [4]. 
The  soot  particles  formed  interact  with  the  gas-phase 
molecules  by  the  addition  of  acetylene  to  their  surfaces 
(surface  growth)  and  by  the  reaction  with  molecular 
oxygen  and/or  hydroxyl  radical  (oxidation).  Another 
process  thought  to  increase  soot  mass  is  the  collision  of 
PAHs  with  a  soot  particle. 

Several  experimental  and  numerical  investigations 
of  soot  formation  have  been  performed  using  coflow  and 
counterflow  diffusion  flames  [5-8].  A  few  have  focused 
on  the  importance  of  soot  particle  pathways  (i.e., 
residence  time,  temperature,  and  chemistry)  [9,10]. 
Santoro  et  al.  [9]  used  soot  volume  fraction,  temperature, 
and  velocity  measurements  from  an  ethylene-air  jet 
diffusion  flame  to  examine  the  soot  growth  process  along 
individual  particle  paths.  Based  on  experimental  data, 
they  argued  that  the  soot  formation  rate  increases  in  the 
annular  region  of  the  flame  due  to  an  increase  in 
residence  time.  Lin  and  Faeth  [10]  found  that  the 
direction  of  soot  particle  movement  with  respect  to  the 
flame  sheet  is  important.  They  argued  that  if  soot 
particles  forming  on  the  fuel  rich  side  of  the  flame 
remained  entrained  in  the  fuel-rich  region  for  a  long  time 
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before  crossing  the  flame  surface,  then  surface  growth 
could  be  enhanced.  In  contrast,  Lin  and  Faeth  [10] 
argued  that  the  amount  of  soot  generated  could  be 
reduced  if  the  soot  particle  is  made  to  cross  the  flame 
surface  quickly.  Recent  calculations  of  Katta  et  al.  [11] 
have  suggested  that  presence  of  large-scale  structures  in 
dynamic  flames  could  influence  the  way  PAH  species 
are  formed  and  hence,  could  impact  the  amount  of  soot 
produced.  The  purpose  of  this  paper  is  to  develop  a  time- 
dependent  numerical  model  with  detailed  chemistry  to 
examine  the  influence  of  large-scale  structures  on  soot 
formation  in  combustors. 

Various  attempts  have  been  made  in  the  past  to 
develop  models  for  soot  predictions.  Some  of  these 
models  are  detailed,  and  have  been  calibrated  against 
experimental  data  obtained  in  laminar,  premixed  or 
diffusion  flames  of  simple  configurations.  For  example, 
Frenklach  and  coworkers  [12]  proposed  a  detailed  kinetic 
model  of  soot  formation  and  validated  [12,13]  using 
measurements  of  laminar,  premixed  flames  while  Mauss, 
Bockhorn  and  their  coworkers  [14,15]  established  a 
different  detailed  soot  model  that  was  tested  in  laminar, 
counter-flow  diffusion  flames.  The  detailed  kinetic  soot 
model  consists  of  1)  gas-phase  chemistry  and  2)  kinetics 
describing  the  particle  growth  and  destruction  processes. 
The  gas-phase  chemistry  describes  the  formation  of 
PAHs  [16,17].  The  particle  growth  and  destruction 
involve  inception/  nucleation  of  particles  resulting  from 
coagulation  of  PAHs  and  are  modeled  via  a  set  of  surface 
reactions  [12-15],  and  particle  coagulation  is  modeled 
based  on  the  method  of  moments  [12-15]  or  the  discrete- 
sectional  method  [18,19]. 

The  complexity  and  the  uncertainties  associated  with 
the  detailed  kinetic  soot  models  made  their  application 
limited  to  simple  laminar  flames.  On  the  other  hand,  for 
the  simulation  of  turbulent  combustor  flows,  a  variety  of 
simplified  soot  models  that  can  be  easily  implemented 
into  design  codes  have  been  proposed  [20].  The  most 
widely  used  models  are  based  on  the  assumption  that 
soot  consists  of  particles  with  monodisperse  size 
distribution.  Then  the  soot  formation,  coupled  directly  to 
the  fuel  concentration,  is  modeled  by  one  or  two 
equations:  one  for  the  particle  volume  fraction  and  the 
other  for  the  particle  number  density. 

Leung  et  al.  [21]  argued  that  the  intermediate 
species  contributing  to  the  soot  particle  formation  should 
be  connected  to  at  least  the  pyrolysis  kinetics  of  the  fuel. 
For  simplicity,  they  assumed  acetylene  to  be  the 
intermediate  species  and  proposed  a  simplified  soot 
model  combined  with  the  gas-phase  kinetics  of  fuel 
pyrolysis  for  counterflow,  ethylene  and  propane  flames 
[21]  as  well  as  coflow,  methane  flames  [22].  The  results 
showed  that  with  this  approach  good  agreement  with 
measured  data  for  soot  volume  fraction,  particle  growth 
and  number  density  could  be  obtained.  In  the  present 
work,  a  model  similar  to  that  of  Leung  et  al.  [21]  is  used 
for  the  predictions  of  soot  formation  in  combustors. 

In  the  present  work,  numerical  simulations  for  the 
reacting  flows  in  a  trapped-vortex  combustor  for 
different  equivalence  ratios  were  made  using  a  well- 


tested  CFD  code  UNICORN.  A  detailed  chemical 
kinetics  model  for  PAH  formation  and  a  two-step  model 
for  soot  formation  was  incorporated.  Numerical  results 
obtained  for  unsteady  flames  with  different  equivalence 
ratios  are  compared. 

COMBUSTOR  DISCRIPTION 

The  geometry  chosen  for  the  present  study  is  similar 
to  that  of  the  trapped-vortex  combustor  designed  by  Hsu 
et  al.  [1].  Figure  1,  obtained  using  a  normal  photographic 
camera  with  long  exposure  time,  shows  the  flame  and  the 
combustor  geometry  for  operation  under  a  primary 
equivalence  ratio  (defined  as  fuel-to-air  ratio  injected 
into  the  cavity  relative  to  the  ratio  required  for 
stoichiometric  combustion)  of  4.4.  The  combustor 
consists  of  a  70-mm-diameter  flat  cylindrical  forebody 
enclosed  in  an  annular  cylindrical  tube  having  an  80-mm 
inner  diameter.  An  afterbody  disc  having  diameter  and 
thickness  of  50.8  and  20  mm,  respectively,  is  attached  to 
the  forebody  using  a  9-mm-diameter  centerbody.  The 
size  of  the  cavity  formed  between  the  forebody  and  the 
afterbody  is  varied  by  moving  the  latter  toward  or  away 
from  the  former.  Airflow  over  this  body  develops 
vortices  inside  the  cavity  and  behind  the  afterbody; 
normally  these  vortices  shed,  and  the  flow  becomes 
dynamic  in  nature.  The  velocity  of  the  air  in  the  annular 
gap  between  the  forebody  and  the  surrounding  tube  is 
varied  between  10  and  40  m/s.  Primary  air  and  fuel  are 
injected  into  the  cavity  from  the  afterbody.  Fuel  and  air 
are  carried  to  the  afterbody  through  a  central  tube  that 
connects  the  afterbody  to  the  forebody.  A  grid  system 
having  301X121  grid  points  with  varying  space  is  used 
to  represent  the  axisymettric  trapped-vortex  combustor  in 
Fig.  1.  Variations  in  the  grid  spacing  in  the  axial  (z)  and 
radial  (r)  directions  were  allowed  in  such  a  way  that  the 
grid  points  are  clustered  in  the  cavity  and  near  the  walls. 

In  the  experiments  of  Hsu  et  al.  [1]  fuel  and  air  were 
introduced  into  the  cavity  from  concentric  holes  on  the 
afterbody.  However,  in  the  present  axisymmetric 
simulations,  these  injection  holes  are  grouped  into  three 
annular  ring  jets  with  the  fuel  jet  sandwiched  between 
the  air  jets.  Based  on  the  hole  size  and  mean  distance 
from  the  centerline,  the  reconstructed  annular  jets  of  1.5- 
mm  thickness  are  located  in  the  afterbody.  The  centers  of 
these  three  annular  jets  (A,  B,  and  C  in  Fig.  1)  are 
located  11,  14,  and  19  mm  from  the  axis  of  symmetry, 
respectively.  While  Jets  A  and  C  represent  that  of  air,  Jet 
B  represents  that  of  fuel.  Exit  velocities  for  air  jets  A  and 
C  are  2.0  m/s,  and  that  for  the  fuel  jet  is  either  0.625  m/s 
for  case  1  or  1.625  m/s  for  case  2.  These  injections  of 
fuel  and  primary  air  along  with  a  20-m/s  main  air  flow 
resulted  in  global  (or  overall)  equivalence  ratios  of  0.05 
and  0.13  for  case  1  and  case  2,  respectively.  The 
corresponding  primary  equivalence  ratios  in  the  cavity 
are  2.1 1  and  5.5,  respectively. 

MATHEMATICAL  MODEL 

A  time-dependent,  axisymmetric  mathematical 
model  known  as  UNICORN  (Unsteady  Ignition  and 
Combustion  using  ReactioNs)  [23,24]  is  used  to  simulate 
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the  potentially  unsteady  combusting  flows  considered  in 
this  study.  It  solves  for  u-  and  v-momentum  equations, 
continuity,  and  enthalpy-  and  species-conservation 
equations  on  a  staggered- grid  system.  The  body-force 
term  due  to  the  gravitational  field  is  included  in  the 
axial-momentum  equation  for  simulating  vertically 
mounted  flames.  A  clustered  mesh  system  is  employed  to 
trace  the  large  gradients  in  flow  variables  near  the  flame 
surface.  A  detailed  chemical-kinetics  model  of  Wang  and 
Frenklach  [25]  is  incorporated  into  UNICORN  for  the 
investigation  of  PAH  formation  in  C2H4  flames.  It 
consists  of  99  species  and  1066  elementary-reaction 
steps.  Thermo-physical  properties  such  as  enthalpy, 
viscosity,  thermal  conductivity,  and  binary  molecular 
diffusion  of  all  the  species  are  calculated  from  the 
polynomial  curve  fits  developed  for  the  temperature 
range  300  -  5000  K.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  and  Kee 
expressions,  respectively.  Molecular  diffusion  is 
assumed  to  be  of  the  binary-diffusion  type,  and  the 
diffusion  velocity  of  a  species  is  calculated  using  Fick's 
law  and  the  effective-diffusion  coefficient  of  that  species 
in  the  mixture.  Turbulence  is  modeled  using  k-c 
approach.  A  simple  radiation  model  based  on  the 
optically  thin-media  assumption  is  incorporated  into  the 
energy  equation.  Only  radiation  from  CH4,  CO,  C02, 
H20,  and  soot  is  considered  in  the  present  study  [26]. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme  [27],  and  those  of  the  species  and  energy 
equations  are  obtained  using  a  hybrid  scheme  of  upwind 
and  central  differencing.  At  every  time  step,  the  pressure 
field  is  accurately  calculated  by  solving  all  the  pressure 
Poisson  equations  simultaneously  and  using  the  LU 
(Lower  and  Upper  diagonal)  matrix-decomposition 
technique.  The  boundary  conditions  are  treated  in  the 
same  way  as  that  reported  in  earlier  papers  [28]. 

Soot  Model 

Computational  soot  models  based  on  the 
fundamental  physics  of  soot  formation  and  oxidation  are 
not  yet  available.  The  research  groups  around  Moss  and 
Lindstedt  have  made  some  progress  in  modeling  soot 
formation  using  semiempirical  models  based  on  the 
mechanisms  of  particle  inception,  agglomeration,  surface 
growth,  and  oxidation.  The  two  groups  utilized  two 
equation  models  with  transport  equations  for  particle 
number  density,  Ns,  and  soot  mass  fraction,  Ys.  These 
equations  can  be  written  for  unsteady  flow  as 

^+V-(pVN,)-V-(f,DNyNsyaNi  (1) 

^+v  (fiVy,)-v  ^D,  vy,)=ffl,  <2) 

where  V  is  the  velocity  vector,  p  is  density,  D  is  the 
molecular  diffusion  coefficient,  and  co  is  the  production 
term  from  chemical  reactions.  The  two  source  terms  in 
Eqs.  1  and  2  are  obtained  using  Lindstedt’ s  model  [29], 


which  is  based  on  the  simplifying  assumption  that 
nucleation  and  growth  are  first-order  functions  of 
acetylene  concentrations.  The  underlying  chemical 
reactions  for  nucleation  and  growth  are  similar  and  given 
as 

C2H2  =>  2CS  +  H2  (3) 

with  the  reaction  rates 
E  =  ki(T)  [C2H2] 
and 

r2  =  k2(T)  f(As)  [C2H2] 

for  nucleation  and  growth,  respectively,  where  f(As) 
denotes  a  functional  dependence  on  soot  surface  area  per 
unit  volume.  Brookes  and  Moss  [30]  analyzed  the 
functional  dependence  of  the  soot  growth  rate  on  As  and 
found  that  under  simplified  conditions  with  no  soot 
oxidation  and  radiation  the  appropriate  functional 
dependence  is  linear  and  therefore  f(As)  is  set  equal  to 
As. 

The  reaction  steps  for  02  and  OH  oxidation  can  be 
written  as 

Cs  +  1/2  02  =>  CO,  (4) 

Cs  +  OH  =>  CO  +  H.  (5) 

The  reaction  rates  for  equations  (4)  and  (5)  are  approxi¬ 
mated  by  r3  =  k3(T)  As  [02]  and  r4  =  k4(T)  As  [OH]. 

The  expression  for  02  oxidation  is  essentially  the 
one  derived  by  Lee  et  al.  [31].  Reaction  rate  constants  for 
OH  attack  on  soot  particles  are  taken  from  Bradley  et  al. 
[32]  and  a  collision  efficiency  of  0.04  [33]  is  assumed. 

Using  the  above  expressions,  the  source  terms  for 
soot  mass  fraction  and  particle  density  can  be  obtained 
from 

oos  =  2kx(T)  [C2H2]  Ms  +  2k2(T)  As  [C2H2]  Ms 

-  k3(T)  As  [02]  Ms  -  k4(T)  As  [OH]  Ms  (6) 

and 

g)Ns  =  2ki(T)  [C2H2]  Na/nc?min 

-  2Ca  (dp)1/2  (6ctbT/Ps)1/2  (pNs)2  (7) 

The  last  term  on  the  right  of  Eq.  7  accounts  for  the 
decrease  in  particle  number  density  by  particle 
agglomeration.  Here  aB  =  1.38  x  10"23  J/K  is  the 
Boltzmann  constant,  Mi  is  the  molecular  weight  of 
species  i,  NA  =  6.0232  x  1026  is  the  Avogadro  number,  Ca 
=  9  is  the  agglomeration  constant,  and  nC  min  =  60  is  the 
minimum  particle  number  required  for  particle 
nucleation.  The  density  of  the  soot  particles  (ps)  is 
assumed  to  be  1800  kg/m3.  The  particle  surface  area  is 
defined  by 


Copyright  ©  2004  by  ASME 
436 


3 


As  =  7i(dp)2pNs  (8) 

with  the  particle  diameter,  dp,  given  as 

dp  =  (6Ys/7ipsNs).  (9) 

Finally,  soot  volume  fraction  (fv)  is  calculated  from  soot 
mass  fraction  using  the  relationship  fv  =  p  Ys/ps. 

RESULTS  AND  DISCUSSION 

Model  Validation  Studies: 

The  CFD  model  UNICORN  has  been  extensively 
validated  in  the  past  by  simulating  various  steady  and 
unsteady  counterflow  [23,34]  and  coflow  [23,35]  jet 
diffusion  flames  and  by  comparing  the  results  with 
experimental  data.  This  gives  confidence  that  UNICORN 
can  simulate  the  structure  of  dynamic  flames  accurately. 
However,  the  integration  of  C2H4  and  PAH  chemistry 
into  UNICORN  needs  to  be  validated  to  establish  the 
accuracy  of  the  present  predictions.  Validation  is 
achieved  by  simulating  the  burner- stabilized  flame 
extensively  investigated  by  Harris  et  al.  [36]  and  Wang 
and  Frenklach.  [25] 

The  flame  chosen  is  a  premixed  C2H4/02/Ar  flame 
with  an  equivalence  ratio  of  2.76.  The  velocity  of  the 
cold  reactants  is  7.8  cm/s.  The  Ar:02  mole  ratio  is  79:21. 
Two-dimensional  calculations  for  this  burner-stabilized 
flame  are  made  by  enforcing  periodic  boundary 
conditions  at  the  two  boundaries  in  the  axial  (z)  direction 
and  by  using  the  measured  temperature  profile  as  input. 
These  two-dimensional  calculations  eventually  resulted 
in  a  one-dimensional  flame  with  all  the  variations  in  the 
radial  direction  diminished. 

Variations  in  concentrations  of  several  species  with 
respect  to  flame  height  are  compared  with  experimental 
data  in  Fig.  2.  The  temperature  profile  used  in  these 
calculations  has  a  peak  value  of  1657  K  [Fig.  2(a)].  The 
calculations  predict  the  proper  trends  in  major  species 
concentrations,  such  as  the  decrease  in  02  and  C2H4 
concentrations  and  the  increase  in  CO  and  C02 
concentrations.  However,  the  computed  concentrations 
for  H2  are  somewhat  lower  than  the  measurements.  This 
discrepancy  was  also  observed  by  Wang  and  Frenklach 
[25]  while  modeling  this  flame  using  CHEMKIN  and 
was  attributed  to  the  higher  concentrations  of  OH 
obtained  with  the  present  chemical  mechanism. 

The  experimental  and  measured  mole  fractions  of 
CH4,  C2H2,  C4H4,  and  C4H6  at  different  heights  are 
compared  in  Fig.  2(b).  The  key  intermediate  species  are 
generally  predicted  well  by  the  model.  The  computed 
peak  concentrations  of  these  species  are  within  a  factor 
of  two  of  the  measured  values,  which  is  probably  within 
the  experimental  uncertainty.  Similarly,  the  predicted 
concentration  profiles  of  one-ring  aromatics  compare 
well  with  the  measured  ones  shown  in  Fig.  2(c).  The 
steady  rise  of  aromatics  is  typical  of  C2H4  burner- 


stabilized  flames  and  is  well  reproduced  by  the 
Wang/Frenklach  mechanism.  Based  on  the  comparisons 
shown  in  Fig.  2  it  is  assumed  that  the  modified 
UNICORN  model  can  reasonably  simulate  an  C2H4 
flame. 


Trapped- Vortex  Combustor  Flows: 

Calculations  for  the  axisymmetric  trapped-vortex 
combustor  described  earlier  (Fig.  1)  were  made  for  two 
equivalence-ratio  cases.  No  swirl  to  the  main  or  primary 
flows  was  used.  The  computed  instantaneous  flow  field 
for  cavity  equivalence  ratio  of  2.11  (case  1)  is  shown  in 
Fig.  3(a)  by  plotting  velocity  vectors  and  iso-temperature 
contours  in  the  left  and  right  halves,  respectively. 
Computed  flow  in  the  cavity,  which  resulted  from  the  net 
effect  of  recirculation  created  by  the  main  flow  and  the 
penetrating  flow  of  the  injection  jets,  is  nearly  in  steady 
state.  The  structure  of  a  trapped  vortex  is  not  apparent  in 
the  velocity  field  as  the  injection  jets  modified  the 
stationary  (trapped)  vortex  established  in  the  cavity  by 
the  main  flow  and  the  size  of  the  cavity.  Temperature 
field  also  indicates  that  the  flow  of  combustion  products 
from  the  cavity  over  the  disk  is  associated  with  only 
weak  unsteady  shedding.  This  was  confirmed  by  making 
animation  of  the  time-dependent  solution.  The  shedding 
frequency  is  1165  Hz.  The  weak  vortex  shedding  from 
the  cavity  suggests  that  the  global  vortex  structure  in  the 
cavity  represents  a  locked  vortex.  Note  that  the  design 
strategy  used  by  Hsu  et  al.  [1]  for  determining  the  cavity 
size  was  based  on  the  conditions  for  obtaining  locked 
vortices  in  cold  flows  without  primary  injection.  For  this 
cavity  size,  cold-flow  calculations  also  showed  locked 
vortices  within  the  cavity  and  behind  the  afterbody. 
Absence  of  strong  vortex  shedding  from  the  cavity,  noted 
from  the  reacting  flow  calculations  made  with  primary 
injection  (Fig.  3),  suggests  that  the  locked- vortex 
criterion  obtained  using  cold  annular  flow  yields  locked 
vortices  (overall)  in  the  reacting  flow  case  also. 
Additional  calculations  must  be  performed  with  different 
cavity  sizes  before  a  general  conclusion  can  be  reached 
regarding  locked  vortices  in  cold  and  reacting  flows.  The 
near  confinement  of  OH  field  to  cavity  region  [Fig.  3(b)] 
suggests  that  most  of  the  combustion  is  taking  place 
within  the  cavity  and  products  are  only  mixing  with  the 
main  airflow  in  the  downstream  locations.  Similarly, 
most  of  the  PAH  species  present  only  in  the  cavity 
region.  However,  benzene  [Fig.  3(c)]  and  phenyl  radical 
seem  to  accumulate  in  the  region  downstream  of  the 
afterbody  and  the  amount  of  accumulation  is  influenced 
by  the  vortex  shedding  (or  large-scale  mixing)  in  the 
shear  layer. 

The  instantaneous  soot  volume  fraction  and  the 
number  density  are  shown  on  the  left  and  right  halves  of 
Fig.  3(d),  respectively.  Significant  amount  of  soot  is 
formed  in  the  cavity  region  and  some  of  it  is  destroyed 
through  oxidation  in  the  downstream  locations.  Soot 
particles  are  also  growing  in  size  in  the  relatively  low 
velocity  region  downstream  of  the  afterbody. 
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Calculations  made  for  the  fuel-rich  condition  (case 
2)  with  an  equivalence  ratio  of  5.5  are  shown  in  Fig.  4. 
Here,  the  air  injection  into  the  cavity  and  that  of  primary 
were  not  changed  when  compared  to  those  used  in  case 

1.  Instead,  fuel  injection  rate  was  increased  to  achieve 
the  fuel-rich  condition.  Overall,  the  flame  became  longer 
with  burning  taking  place  up  to  ~  80  mm  downstream  of 
the  afterbody.  As  expected,  with  the  higher  heat  release 
in  this  fuel-rich  case,  the  shedding  frequency  for  the 
shear-layer  vortices  has  decreased  to  820  Hz. 

Reduced  amounts  of  PAHs  have  formed  in  the 
cavity  region  for  this  condition  and  the  excess  fuel  is 
generating  additional  PAHs  in  the  downstream  locations. 
However,  as  seen  in  Fig.  4(d),  the  soot  produced  in  the 
cavity  region  is  more  than  that  obtained  in  case  1  [Fig. 
3(d)].  This  is  in  support  with  the  experiments  which 
indicated  that  the  fuel-rich  conditions  yield  higher  soot  in 
the  cavity. 


CONCLUSIONS 

A  time-dependent,  axisymmetric,  detailed-chemistry 
CFD  model  was  developed  for  the  simulation  of 
combusting  flows  inside  a  trapped-vortex  combustor. 
PAH  formation  was  simulated  using  the  99-species, 
1066-reactions  mechanism  of  Wang  and  Frenklach.  Soot 
formation  is  modeled  using  a  two-variable  approach  and 
turbulence  is  modeled  using  k  and  c  equations.  The  CFD 
model  (UNICORN)  was  validated  by  simulating  a 
burner-stabilized  premixed  flame  and  comparing  the 
results  with  measurements.  The  axisymmetric  trapped- 
vortex  combustor  of  Hsu  et  al.  was  modeled  by  replacing 
injection  holes  with  injection  slots.  Several  calculations 
were  made  by  varying  the  equivalence  ratio  (by  changing 
the  fuel  flow)  and  velocity  of  the  main  flow.  Unsteady 
simulations  captured  the  shear-layer  vortices  established 
between  the  higher  primary  air-jet  velocity  and  the  cavity 
flow.  In  all  the  cases  considered  here,  majority  of  the 
PAH  species  are  produced  in  the  cavity  region.  However, 
benzene  and  biphenyl  seem  to  accumulate  in  the  wake 
region  of  the  forebody.  Fuel-rich  condition  resulted 
lower  amounts  of  PAHs  in  the  cavity  region.  On  the 
other  hand,  significant  amount  of  soot  is  produced  in  this 
region. 
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Fig.  1.  Direct  photograph  of  the  trapped- vortex 
combustor. 


z  (mm) 

Fig.  2.  Comparison  between  measured  and  computed 
species  distributions  for  the  burner-stabilized  premixed 
flame.  Calculations  for  this  one-dimensional  flame  were 
made  using  UNICORN  and  by  imposing  temperature 
profile  shown  in  (a). 
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Fig.  3.  Flow  field  obtained  for  stoichiometry  condition,  (a)  Velocity  and  temperature,  (b)  mole  fractions  of  OH  (left)  and 
C02  (right),  (c)  mole  fractions  of  phenyl  (left)  and  benzene  (right),  (d)  soot  volume  fraction  (left)  and  no.  density  (right) 


Copyright  ©  2004  by  ASME 
440 


7 


z  (mm)  z  (mm) 


r  (mm) 


120 


J 


^  fuel  ^ 

Jit, 


-40  -30  -20  -10  0  10  20  30  40 

r  (mm) 


(a) 


(b) 


-40  -30  -20  -10  0  10  20  30  40 

r  (mm) 


(C)  (<*) 

Fig.  4.  Flow  field  obtained  for  a  fuel-rich  condition,  (a)  Velocity  and  temperature,  (b)  mole  fractions  of  OFI  (left)  and 
C02  (right),  (c)  mole  fractions  of  phenyl  (left)  and  benzene(right),  (d)soot  volume  fraction  (left)  and  no.  density  (right) 
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Our  objective  is  to  characterize  gravity  effects  on  the  structure  of  laminar  methane-air  partially 
premixed  flames  through  detailed  simulations.  We  examine  the  heat  loss  due  to  radiation  from 
similar  flames  that  are  established  at  various  gravitational  accelerations  and  coflow  velocities. 

Radiation  is  modeled  using  the  optically  thin  assumption  that  provides  a  limiting  value  for  the 
radiation  heat  transfer.  We  have  validated  the  simulations  with  measurements  in  a  representative  1  -g 
flame.  The  predictions  are  in  good  agreement  with  the  measured  reaction  zone  topologies  and 
temperature  distributions.  The  simulations  show  that  when  the  gravitational  acceleration  for  a 
representative  1  -g  partially  premixed  double  flame  is  instantaneously  decreased  to  zero,  it  is 
possible  to  establish  a  nearly  steady  0-g  flame  in  roughly  2.2  s.  The  overall  effect  of  radiation  on 
the  structure  of  the  1  -g  flame  is  relatively  insignificant  in  contrast  to  the  corresponding  0-g  flame. 

Due  to  radiation  effects,  the  heights  of  both  the  inner  premixed  and  outer  nonpremixed  reaction 
zones  in  the  0-g  double  flame  increase,  and  the  heat  release  rate  intensity  near  the  premixed  reaction 
zone  tip  decreases.  When  radiation  effects  are  not  included  in  the  simulations,  the  peak  temperatures 
are  nearly  the  same  for  the  1  -g  and  0-g  flames.  However,  with  radiation  the  difference  in  these 
temperatures  is  significant.  The  decrease  in  the  peak  temperature  due  to  radiation  for  the  0-g  flame 
is  nearly  five  times  larger  than  for  the  1  -g  flame.  The  value  of  the  radiation  fraction  for  0-g  flames 
without  coflow  can  be  as  large  as  50%,  although  it  drops  significantly  in  the  presence  of  a  coflow. 

While  the  flowfields  upstream  of  the  inner  premixed  reaction  zone  are  nearly  identical  for  1  -g  and 
0-g  double  flames,  they  are  markedly  different  in  the  regions  between  the  two  reaction  zones  as  well 
as  downstream  of  the  outer  nonpremixed  reaction  zone.  The  maximum  flame  temperatures  and  local 
heat-release  rates  increase  as  the  gravitational  acceleration  increases,  while  the  radiation  fractions 
and  inner  flame  heights  decrease.  The  flickering  frequency  also  increases  from  14.7  Hz  at  1-g  to 
41.4  Hz  at  1 0-g  and  follows  the  correlation  St^Fr-0,57  that  is  in  accord  with  a  previous  compilation 
of  normal  gravity  data.  The  radiation  Damkohler  number  is  inversely  proportional  to  the  Froude 
number.  The  radiation  fraction  decreases  with  increasing  coflow,  and  the  differences  between  the 
maximum  flame  temperatures  and  heat-release  rates  for  1-g  and  0-g  flames  become  less 
pronounced.  Results  for  triple  flames  are  in  accord  with  those  for  double  flames.  ©  2004  American 
Institute  of  Physics.  [DOI:  10.1063/1.1764835] 


I.  INTRODUCTION 

Partially  premixed  flames  (PPFs)  are  hybrid  flames  con¬ 
taining  multiple  reaction  zones.  They  can  exploit  the  advan¬ 
tages  of  both  nonpremixed  and  premixed  flames  regarding 
safety,  lower  pollutant  emission  levels,  and  flame  stability.1,2 
A  detailed  understanding  of  the  structure  of  PPFs  is  impor¬ 
tant  from  both  practical  and  scientific  considerations.  Un¬ 
wanted  fires  can  originate  in  a  partially  premixed  mode  when 
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a  pyrolyzed  or  evaporated  fuel  forms  an  initial  mixture  with 
the  ambient  air.3  Partially  premixed  flames  occur  in  many 
applications  including  gas-fired  domestic  burners,  industrial 
furnaces,  and  Bunsen  burners.  Partial  premixing  also  occurs 
under  other  circumstances,  such  as  in  turbulent  combustion 
due  to  local  extinction  and  reignition  processes,4  in  lifted 
flames,5,6  and  in  practical  spray  systems  due  to  the  presence 
of  locally  fuel  vapor-rich  regions.7,8  Partially  premixed  com¬ 
bustion  may  also  be  encountered  in  future  space  applications 
or  spaceship  fires,9,10  and  thus  it  is  meaningful  to  investigate 
gravitational  effects  on  PPFs  from  this  perspective. 

The  effects  of  gravity  on  premixed  and  nonpremixed 
flames  have  been  extensively  investigated  over  the  last  de¬ 
cade.  Law  and  Faeth,10  Kono  et  al.,n  and  Ronney12  have 
provided  detailed  reviews  of  experimental  and  computational 

!  ©  2004  American  Institute  oH^hysics 
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studies  dealing  with  such  1  -g  and  microgravity  ( jm-g ) 
flames  under  different  configurations.  However,  the  corre¬ 
sponding  literature  regarding  PPFs  under  1  -g  and  jm-g  con¬ 
ditions  is  sparse.  It  is  known  that  PPFs  contain  multiple  re¬ 
action  zones  and  their  structure  is  determined  by  the 
transport  and  thermochemical  interactions  between  these  re¬ 
action  zones. 1,2,13-15  We  have  previously  presented  computa¬ 
tional  results  of  gravity  effects  on  these  interactions.  For 
double  flames,  i.e.,  PPFs  containing  an  inner  rich  premixed 
and  an  outer  nonpremixed  reaction  zone,  we  observed  that 
the  absence  of  gravity  increases  the  spatial  separation  be¬ 
tween  the  reaction  zones,  since  diffusive  transport  is  en¬ 
hanced  relative  to  advection  as  buoyant  entrainment  of  the 
oxidizer  is  eliminated.13  These  effects  increase  the  effective 
flame  volume  in  a  jm-g  flame  compared  to  its  1  -g  counter¬ 
part.  In  addition,  the  spatial  characteristics  of  the  inner  pre¬ 
mixed  region  were  found  to  be  mostly  unaffected  by  the 
gravitational  acceleration,  while  the  outer  nonpremixed 
zones  exhibited  significant  differences.  Another  investigation 
indicated  that  the  overall  structure  of  a  triple  flame  is  deter¬ 
mined  by  interactions  between  its  three  reaction  zones, 
which  can  be  influenced  by  changes  in  the  mean  velocity, 
equivalence  ratio,  and  gravitational  acceleration.14  While  the 
inner  rich  premixed  reaction  zone  is  weakly  influenced  by 
gravity,  the  central  nonpremixed  and  outer  lean  premixed 
reaction  zones  exhibit  significant  differences  at  0-g  and  1  -g. 

Since  the  high  temperature  regions  are  much  broader  for 
PPFs  at  0-g,  thermal  radiation  effects  can  become  significant 
as  the  role  of  gravity  is  diminished.  The  radiative  cooling 
time  rrad  for  a  gaseous  volume  of  combustion  products  that  is 
initially  at  its  adiabatic  flame  temperature  Tf  is  rrad=  [  y/(  y 
-1  )]P/[4aKp(T*-T40)l12  where  y  is  the  heat  capacity  ra¬ 
tio,  P  the  pressure,  a  the  Stefan- Boltzmann  constant,  Kp  the 
Planck  mean  absorption  coefficient,  and  T0  the  ambient  tem¬ 
perature.  Assuming  P=latm,  Kp  =  56  cm-1,  y=1.35,  T0 
=  298  K,  and  partially  premixed  flame  temperatures  to  vary 
from  1650  to  2200  K  (in  the  inner  premixed  and  outer  non¬ 
premixed  reaction  zones),  the  corresponding  rrad  values  lie  in 
the  range  0.3-0.09  s.  The  diffusive  transport  time  scale  can 
be  represented  as  rd=  82/ a  and  the  corresponding  buoyant 
transport  time  scale  as  rb^L/Vb,  where  8  is  the  transport 
zone  thickness,  a  the  thermal  diffusivity,  and  L  the  represen¬ 
tative  length.  Vb~[gL(Ap/p)]1/2  is  the  buoyancy-induced 
velocity  (g  is  the  gravity  acceleration  constant  and  p  the 
density).  In  general,  Ap/p^l,  so  that  rb^(L/g)1/2.12  Repre¬ 
sentative  values  for  a  and  g  are  taken  to  be  1.5  cm2  s_1  and 
980  cm  s-2,  respectively.  For  l^L^lOcm,  rb  varies  from 
0.03  to  0.1  s.  For  rd  to  lie  within  these  bounds,  8 
=  2-4  mm.  This  thickness  depends  on  the  level  of  partial 
premixing  and  the  velocities  of  the  reactant  streams.  There¬ 
fore,  if  the  transport  zone  thickness  exceeds  4  mm  (as  is  the 
norm  in  the  flames  that  we  have  investigated14),  rb<  rd ,  i.e., 
gravitational  effects  overwhelm  transport  effects.  Radiation 
effects  are  of  less  significance  in  normal  gravity,  since  rb 
<rrad.  However,  rb^o°  as  g^0,  implying  that  radiation 
effects  may  be  significant  under  microgravity  conditions. 
Moreover,  since  the  role  of  molecular  transport  becomes 
more  important  as  the  gravitational  acceleration  is  reduced,  it 
is  also  possible  that  rrad^  rd . 


A  careful  investigation  of  the  interactions  between  trans¬ 
port,  buoyancy,  and  thermal  radiation  should  increase  our 
understanding  of  PPFs.  It  is  important  to  quantify  these  ef¬ 
fects  under  different  flow  conditions.  The  objective  of  this 
investigation  is  to  examine  gravity  effects  on  the  structure  of 
laminar  methane -air  PPFs.  We  will  focus  on  quantifying  the 
heat  loss  due  to  radiation  by  comparing  the  results  for  flames 
established  at  various  gravitational  accelerations  and  the 
competing  influence  of  coflow-induced  advection. 


II.  NUMERICAL  METHOD 
A.  Governing  equations 

The  computational  model  is  based  on  the  algorithm  de¬ 
veloped  by  Katta  et  al.16  and  the  simulation  method  is  de¬ 
scribed  in  detail  elsewhere.1,13-15  The  numerical  model 
solves  time-dependent  governing  equations  for  an  axisym- 
metric  reacting  flow.  Using  cylindrical  coordinates,  these 
equations  can  be  written  in  the  form 


<9(pd>)  d(pv^)  d(puQ) 
dt  +  dr  +  dz 


-( 

|  +  -| 

1 

r  * — 

pv$  r* 

dr  ' 

1  dr 

dz  ' 

l  dz  / 

r  r 

dr 

(i) 


Here  t  is  the  time,  and  u  and  v  represents  the  axial  (z)  and 
radial  (r)  velocity  components,  respectively.  The  general 
form  of  the  equation  represents  conservation  of  mass,  mo¬ 
mentum,  species,  or  energy  conservation  equation,  depend¬ 
ing  on  the  variable  used  for  O.  The  transport  coefficient  r° 
and  source  terms  S °  appearing  in  the  above  equation  are 
provided  in  Table  1  of  Ref.  1 .  Introducing  the  overall  species 
conservation  equation  and  the  perfect  gas  state  equation 
completes  the  set  of  equations.  In  addition,  a  sink  term  based 
on  an  optically  thin  gas  assumption  is  included  in  the  energy 
equation  to  account  for  thermal  radiation  in  the  flame.  This  is 
described  in  the  following  section.  The  methane-air  chemis¬ 
try  is  modeled  using  a  detailed  mechanism  that  considers  24 
species  and  81  elementary  reactions.17  The  mechanism  has 
been  validated  for  the  computation  of  premixed  flame  speeds 
and  the  structure  of  nonpremixed  and  PPFs.18,19 

Figure  1  presents  the  geometry  of  the  axisymmetric 
coannular  burner  and  computational  domain.  The  computa¬ 
tional  domain  of  100 X  50  mm2  in  the  axial  (z)  and  radial  (r) 
directions,  respectively,  is  represented  by  a  staggered,  non- 
uniform  (401 X  151)  -grid  system.  The  inner  burner  wall  of 
0.8  mm  thickness  is  simulated  by  an  insert  body  maintained 
at  an  isothermal  temperature.  The  outflow  boundaries  in  both 
directions  are  located  sufficiently  far  from  the  respective  in¬ 
flow  and  symmetric  boundaries  so  that  the  propagation  of 
boundary-induced  disturbances  is  minimized.  At  the  inflow 
boundary,  the  fully  developed  pipe  flow  in  the  inner  tube  and 
flat-velocity  profiles  outside  the  inner  tube  (when  outer  flow 
velocity  Vout  is  not  zero)  were  used.  The  temperature  and 
species  mass  fraction  profiles  are  assumed  to  be  uniform  at 
the  inflow  boundary. 
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(a)  (b) 


FIG.  1 .  A  schematic  diagram  of  the  axisymmetric  burner  (a)  and  computa¬ 
tional  domain  (b).  The  dimensions  are  in  unit  of  millimeter. 


B.  Thermal  radiation  model 

An  optically  thin  radiation  model  has  been  frequently 
used  in  combustion  simulations,  including  investigations  on 
the  flammability  limit  for  premixed  flames,20-22  NOx 
formation,23,24  flame  structure,25  and  extinction18  of  PPFs. 
According  to  the  optically  thin  approximation,  the  sink  term 
due  to  the  radiation  heat  loss  grad  is26 

qrad=-4aKp(T4-T40),  (2) 

where  T  is  the  local  flame  temperature.  Kp  accounts  for  the 
absorption  and  emission  from  the  participating  gaseous  spe¬ 
cies  C02,  H20,  CO,  and  CH4,  and  is  expressed  as 

Kp=Pjj  XkKp,k,  (3) 

V  k  F 

where  Kp  k  denotes  the  mean  absorption  coefficient  of  spe¬ 
cies  k.  Its  value  is  obtained  by  using  a  polynomial  approxi¬ 
mation  to  the  experimental  data  provided  in  Ref.  27. 

The  radiation  fraction  Arad  *s  taken  as  the  ratio  of  total 
radiation  heat  loss  <2  rad  to  total  heat  released  Q  (heat  of  com¬ 
bustion),  i.e., 

Xrad=2rad/2-  (4) 

The  heat  of  combustion  is  calculated  by  integrating  the  local 
heat-release  rate  in  the  volume  encompassed  by  the  compu¬ 
tational  domain,  i.e., 

NI,NJ 

2=  \  qdv~  2  qiAVij,  (5) 

JV  i,j=  1 

where  V  is  the  volume  of  the  computational  domain,  AV) 

=  7r( r{  + 1  j  —  r ij)(Zij  + 1 —  Zij) ,  NI  and  NJ  are  the  numbers  of 
grid  points  in  the  axial  and  radial  directions,  respectively, 
and  qtj  is  the  local  heat-release  rate  expressed  as 

K 

q  =  <h,j=  2  Hkwk,  (6) 

*=  l 

where  Hk  and  o)k  is  enthalpy  and  net  production  rate  of  kth 
species,  respectively.  The  total  radiation  heat  loss  can  be  ob¬ 
tained  by  integrating  the  local  radiation  heat  loss  over  the 
volume,  i.e., 


Measurement  Prediction 


r  (mm) 


FIG.  2.  Comparison  between  measured  Cf  -chemiluminescence  intensity 
(left)  and  predicted  heat-release  rates  (right)  for  a  methane-air  double  flame 
of  cf)in=  2.0  and  4>0 ut=0,  with  Vin=  0.6  m  s- 1  and  Fout=0.5  ms-1. 


NI,NJ 

£2 rad-  I  S'  (7 rad^  ^i,j  •  C^) 

JV  i,j  =  1 

III.  RESULTS  AND  DISCUSSION 
A.  Validation  of  numerical  model 

The  numerical  model  has  been  previously  validated  for 
both  burner- stabilized  and  lifted  methane-air  PPFs.2,28  Addi¬ 
tional  validation  of  the  model  is  provided  herein  by  compar¬ 
ing  the  predicted  and  measured  flame  topologies  and  tem¬ 
perature  distributions  for  a  1-g  partially  premixed  methane- 
air  double  flame.  Figure  2  presents  a  comparison  of  the 
predicted  heat-release  rate  contours  with  the  experimentally 
obtained  C2 -chemiluminescence  intensities  for  this  flame. 
The  flow  conditions  are  </>in=2.0,  Vin=0.6ms-1,  (fiout=0, 
and  Vout=0.5  ms-1,  where  <fiin  and  <fiout  are  the  mixture 
equivalence  ratios  of  the  inner  and  outer  tubes,  while  Vin 
and  Vout  the  mean  flow  velocities  as  of  the  inner  and 
outer  tubes,  respectively.  The  optically  thin  radiation 
model  was  included  in  this  simulation.  We  have  found 
the  C* -chemiluminescence  to  be  a  good  marker  of  the 
heat-release  and  reaction  zones.28  In  Fig.  2,  the 
C2 -chemiluminescence  image  for  the  flame  is  normalized  by 
multiplying  each  pixel  intensity  by  a  constant  value,  which  is 
the  ratio  of  the  maximum  heat-release  rate  to  the  maximum 
pixel  intensity.  The  measurement  and  prediction  are  in  good 
agreement  with  respect  to  the  topologies  of  both  the  inner 
rich  premixed  and  outer  nonpremixed  reaction  zones.  Both 
the  simulated  heat-release  rates  and  the  chemiluminescence 
image  indicate  that  the  reaction  intensities  peak  at  the  flame 
base,  where  the  inner  and  outer  reactions  are  merged.  This 
high  reactivity  region  has  been  termed  as  the  “reaction  ker¬ 
nel”  by  Takahashi  et  al.29  Its  presence  is  due  to  the  combined 
effects  of  flame  curvature  and  premixing  that  primarily  occur 
in  the  vicinity  of  the  burner  rim.  The  reaction  intensity  de¬ 
creases  along  the  side  of  the  inner  premixed  zone,  and  the 
heat-release  rate  also  progressively  decreases  downstream 
along  the  outer  nonpremixed  reaction  zone.  The  nonpre- 
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FIG.  3.  Comparison  between  predicted  (left)  and  measured  (right)  tempera¬ 
ture  distributions  for  the  flame  corresponding  to  Fig.  2. 


mixed  reaction  zone  exhibits  a  weak  tip,  as  shown  in  Fig.  2, 
for  both  the  chemiluminescence  image  and  the  simulation. 

Figure  3  presents  a  comparison  between  the  measured 
and  predicted  temperature  distributions  for  the  flame  consid¬ 
ered  in  Fig.  2.  The  measurements  are  made  using  rainbow 
Schlieren  deflectometry.30  The  measured  temperatures  show 
evidence  of  a  small  amount  of  heat  transfer  to  the  burner  rim, 
which  is  not  shown  by  the  predictions  due  to  the  imposed 
boundary  conditions.  Regardless  of  this  upstream  discrep¬ 
ancy,  there  is  generally  good  agreement  between  the  mea¬ 
sured  and  predicted  temperatures  at  downstream  locations. 
Both  the  measurement  and  the  prediction  indicate  that  the 
premixed  reaction  zone  is  relatively  thin,  and  the  region  with 
the  highest  temperatures  lies  between  the  inner  premixed  and 
outer  nonpremixed  reaction  zones.  The  measured  maximum 
temperature  is  slightly  higher  (2159  K  vs  2021  K)  than  the 
corresponding  predicted  value.  This  is  attributed  to  the  un¬ 
certainties  in  both  the  measurements  and  predictions  (e.g., 
related  to  the  chemical  mechanism  and  the  thermodynamic 
and  transport  properties).  The  maximum  measurement  error 
lies  near  the  centerline  on  the  rich  side  of  the  inner  premixed 
flame  because  of  a  constant  refractivity  assumption.31 

B.  Simulations  of  0 -g  PPFs 

Since  the  numerical  solution  employs  a  time-dependent 
algorithm,  two  different  approaches  can  be  employed  to  ob¬ 
tain  a  stable  PPF  at  0-g.  One  is  to  ignite  the  mixture  at  the 
beginning  of  a  0-g  simulation  and  allow  it  to  attain  a  steady 
state  structure.  The  other  approach  is  to  first  simulate  a 
steady  flame  at  1  -g,  and  then  change  the  gravitational  accel¬ 
eration  to  zero  and  continue  the  time  marching  until  a  steady 
0-g  flame  is  obtained.  The  experimental  analogs  of  both 
methods  have  been  used  in  drop-tower  experiments  and  their 
differences  have  been  discussed  by  Bahadori  et  al?2  They 
observed  that  laminar  jet  nonpremixed  flames  did  not  reach 
steady  state  as  the  temperature  fields  were  still  evolving  at 
the  end  of  the  drop  period.  Urban  et  al?2  and  Lin  et  al?4 
conducted  long-duration  tests  in  the  space  shuttle  and  ob¬ 
served  that  nonpremixed  soot-containing  hydrocarbon  flames 
were  almost  twice  as  long  as  ja-g  flames  observed  in 


FIG.  4.  Temporal  evolution  of  the  selected  heat-release  rate  (left)  and  tem¬ 
perature  contours  (right)  for  a  0-g  PPF  at  the  conditions  of  0in=  2.5,  Vin 
=  0.3  m  s-1,  4> out=  0,  and  Vout=  0-  The  heat-release  rate  contour  has  a  value 
of  100  kJ  m-3  s_1,  while  the  temperature  contour  has  a  value  of  600  K. 


ground-based  drop-tower  facilities.  Similar  trends  may  be 
expected  for  PPFs  and  it  is  worthwhile  to  examine  these 
transient  aspects  in  order  to  understand  the  influence  of 
changing  gravitational  acceleration. 

Figure  4  presents  the  temporal  evolution  for  a  0-g  PPF 
simulated  using  the  second  approach,  i.e.,  when  a  stable  1  -g 
flame  is  subjected  to  a  sudden  0-g  condition  at  t  =  0.  The 
evolution  is  shown  in  terms  of  a  selected  value  of  heat- 
release  rate  contour  (100  kJm-3  s_1)  and  an  isotherm  con¬ 
tour  (600  K)  plotted  at  different  times.  The  flow  conditions 
are  cf)in=  2.5,  Vin=0.3  ms-1,  (f>out=0 ,  and  VOut=0.  The  ini¬ 
tial  1-g  flame  at  t  =  0  is  represented  by  broken  lines.  It  be¬ 
comes  rounder  and  broader  during  its  evolution  to  a  steady 
0-g  flame.  The  inner  premixed  reaction  zone  reaches  steady 
state  rapidly,  but  the  outer  nonpremixed  flame  evolves  over  a 
longer  duration.  In  addition,  the  heat-release  rate  reaches 
steady  state  much  faster  than  the  temperature.  For  example, 
the  specified  heat-release  rate  contour  at  0.4  s  is  near  that  at 
1.8  s  and  2.2  s,  but  the  temperature  contour  at  t  =  0A  s  ap¬ 
pears  to  be  still  developing.  Since  rd^  rrad ,  the  isotherm  is 
influenced  both  by  diffusion  and  radiation.  Nonetheless,  the 
isotherms  at  1.8  s  and  2.2  s  are  nearly  identical,  suggesting 
that  a  nearly  steady  state  is  established  at  2.2  s.  Therefore, 
the  “steady”  0-g  flames  discussed  in  the  following  sections 
are  those  corresponding  to  t  —  2.2  s. 

C.  Effect  of  radiation  on  1  -g  and  0-g  flames 

Figure  5  presents  the  flame  structures  in  terms  of  the 
heat-release  rate  and  temperature  contours  for  1-g  and  0-g 
flames  simulated  with  and  without  the  radiation  model.  The 
flow  conditions  are  the  same  as  for  the  flame  in  Fig.  4.  All 
flames  exhibit  a  double-flame  structure.  For  the  1-g  flames 
[cf.  Figs.  5(a)  and  5(b)],  the  heat-release  rate  contours  indi¬ 
cate  that  the  heights  of  both  the  inner  premixed  and  outer 
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{a)  1  -g  no  Rad.  (b)  1  -g  with  Rad. 


r{mm)  r(mm) 


(c)  0-g  no  Rad.  (d)  0-g  with  Rad. 


FIG.  5.  Double-flame  structure  in  terms  of  the  heat-release  rate  and  tem¬ 
perature  contours  for  flames  of  (a)  1  -g  without  radiation,  (b)  1  -g  with 
radiation,  (c)  0-g  without  radiation,  and  (d)  0-g  with  radiation.  The  dashed 
line  represents  the  stoichiometric  mixture  fraction  line.  The  flow  conditions 
are  the  same  as  those  in  Fig.  4. 


nonpremixed  zones  slightly  increase  when  radiation  is  ac¬ 
counted  for,  implying  a  small  increase  in  the  chemical  time. 
Radiation  also  decreases  the  temperature  in  the  high- 
temperature  regions,  as  indicated  by  the  intersection  of  the 
1400  K  and  1800  K  isotherms  with  the  centerline.  However, 
the  overall  effect  of  radiation  on  the  structure  of  the  1  -g 
flame  is  of  less  significance  than  on  the  0-g  flame.  As  indi¬ 
cated  by  the  heat-release  rate  contours  [cf.  Figs.  5(c)  and 
5(d)],  when  radiation  is  addressed,  the  heights  of  both  the 
inner  premixed  and  outer  nonpremixed  reaction  zones  in¬ 
crease  by  about  2  mm  (>10%).  In  addition,  the  heat-release 
rate  intensity  near  the  flame  tip  decreases,  and  the  region 


FIG.  6.  Temperature  profiles  along  the  centerline  (a)  and  along  a  radial  cut 
at  z  =  6  mm  (b)  for  both  the  1-g  and  0-g  flames  discussed  in  Fig.  5. 


occupied  by  the  1800  K  isotherm  shrinks  from  that  without 
radiation.  The  decreases  in  the  flame  temperature  and  the 
global  reaction  rate  due  to  radiation  produce  a  relatively 
longer  and  thicker  flame  at  0-g.  Radiation  also  decreases  the 
thermal  and  mass  diffusivities  through  reduced  temperatures. 

Figures  5(c)  and  5(d)  show  the  existence  of  a  weak  heat- 
release  peak  between  the  inner  rich  premixed  and  outer  non¬ 
premixed  reaction  zones.  The  stoichiometric  mixture  fraction 
contour  £st  (defined  according  to  Bilger35)  is  identified  by  a 
dashed  line  in  these  figures  in  order  to  clarify  the  location  of 
the  nonpremixed  reaction  zone.  This  £st  contour  passes 
through  the  region  that  lies  between  the  maxima  in  the  inner 
premixed  and  outer  nonpremixed  heat-release  zones.  Com¬ 
paring  our  results  with  Fig.  4(f)  in  Ref.  25,  similar  weak 
reaction  zones  occur  in  both  investigations,  although  the 
burner  configuration  and  flow  conditions  are  different. 

Figure  6  presents  temperature  profiles  along  the  center¬ 
line  and  along  a  radial  segment  at  z  =  6  mm  for  both  the  1-g 
and  0-g  flames  discussed  in  Fig.  5.  The  temperature  profiles 
reach  peak  values  downstream  of  the  inner  premixed  reaction 
zone  and  thereafter  exhibit  a  gradual  decrease.  The  shift  in 
the  maximum  temperature  locations  for  the  0-g  flame  is  in- 
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FIG.  7.  Heat-release  rate  profiles  along  the  centerline  (a)  and  along  a  radial 
cut  at  z  =  6  mm  (b)  for  both  the  1-g  and  0-g  flames  discussed  in  Fig.  5. 


dicative  of  the  increase  in  the  flame  height.  Without  radia¬ 
tion,  the  peak  temperatures  are  essentially  identical  for  the 
1  -g  and  0-g  flames  (2028  K  vs  2020  K).  However,  when 
radiation  is  included,  the  difference  between  these  two  tem¬ 
peratures  is  significant  [1973  K  (1-g)  vs  1760  K  (0-g), 
respectively].  The  decrease  in  the  peak  temperature  caused 
by  considering  radiation  heat  loss  is  260  K  for  the  0-g  flame 
compared  to  55  K  for  the  1  -g  flame.  Clearly,  radiation  ef¬ 
fects  on  PPFs  are  significantly  enhanced  in  0-g  condition. 
This  is  also  due  to  the  larger  reaction  volume  for  the  0-g 
PPF  in  comparison  to  the  1  -g  flame  [cf.  Figs.  6(a)  and  6(b)]. 

Figure  7  presents  heat-release  rate  profiles  for  these 
flames.  Their  peaks  along  the  centerline  [cf.  Fig.  7(a)]  occur 
at  the  inner  premixed  flame  tip,  while  the  two  peaks  in  the 
radial  profiles  [cf.  Fig.  7(b)]  occur  in  the  inner  premixed  and 
outer  nonpremixed  reaction  zones,  respectively.  In  the  ab¬ 
sence  of  radiation  the  peak  heat-release  rates  for  the  0-g 
flames  are  only  one-half  of  those  for  the  1  -g  flames.  This 
difference  can  be  attributed  to  two  factors:  first,  the  0-g 
flame  is  spatially  broader  and  longer  than  the  1  -g  flame; 
second,  the  reactivity  at  the  premixed  flame  tip  is  weaker  for 
the  0-g  flame  due  to  a  decrease  in  oxidizer  advection  in  the 


FIG.  8.  Variation  of  optical  thickness  kz  (a)  and  Kr  (b)  for  the  flames 
corresponding  to  Figs.  5(b)  and  5(d),  respectively. 


absence  of  buoyancy.  This  figure  also  corroborates  the  re¬ 
sults  discussed  in  the  context  of  Figs.  5  and  6.  For  the  0-g 
flames,  the  peak  heat-release  rates  when  radiation  is  ad¬ 
dressed  are  less  than  half  of  those  without  radiation,  indicat¬ 
ing  that  the  reactivity  at  the  premixed  flame  tip  is  signifi¬ 
cantly  weakened  by  radiation.  Another  observation  from  a 
comparison  of  radial  heat-release  rate  profiles  in  Fig.  7(b)  is 
that  radiation  does  not  have  a  significant  effect  on  the  mag¬ 
nitude  of  the  radial  heat-release  rates  in  1  -g  and  0 -g  PPFs; 
instead,  it  shifts  the  peaks  further  away  from  the  centerline. 


D.  Validity  of  the  optically  thin  gas  assumption 

In  order  to  assess  the  validity  of  the  optically  thin  gas 
assumption,  the  optical  thickness  in  the  axial  direction  ( kz ) 
is  calculated  by26 


Kz(r) 


(8) 


and  in  the  radial  direction  ( Kr)  by 


(9) 


where  R  and  Z  are  the  computational  domain  lengths  in  the 
radial  and  axial  directions,  respectively.  Figure  8  presents  the 
variation  of  kz  and  Kr  for  the  flames  corresponding^ Figs. 
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TABLE  I.  Properties  of  double  flames  under  different  gravity  levels  and  coflow.  For  all  the  cases,  0in=  2.5. 
Vin=0.3ms_1,  and  (f>ou t=0. 


V„ut 
(ms  *) 

Gravity 

(8) 

Tmax 

(K) 

7  max 

(WcnT3) 

Q 

(W) 

Crad 

(W) 

Trad 

(%) 

^z,  max 

H 

(mm) 

0 

1 

1974 

632 

32.78 

3.03 

9.2 

0.132 

10.7 

0 

0 

1760 

268 

32.02 

16.17 

50.5 

0.162 

14.4 

0.3 

1 

1989 

1008 

32.90 

2.69 

8.2 

0.130 

8.2 

0.3 

0 

1954 

890 

32.78 

7.51 

22.9 

0.149 

8.6 

0.6 

0 

1990 

1264 

32.66 

4.02 

12.3 

0.135 

9.7 

1.0 

0 

2008 

1454 

33.31 

2.36 

7.1 

0.128 

7.3 

5(b)  and  5(d).  The  value  of  kz  is  much  larger  than  that  of  Kr , 
since  the  Planck  mean  coefficients  are  functions  of  the  local 
species  concentrations  and  temperatures,  and  because  the 
flames  are  optically  thicker  in  the  axial  direction  than  in  the 
radial  direction.  The  fact  that  kz  is  larger  than  Kr  is  also  due 
to  the  high  concentration  of  CH4,  H20,  CO,  and  C02  along 
the  axial  segment  that  is  considered.  The  optical  thickness  is 
significantly  larger  for  the  0-g  flame  than  for  the  1  -g  flame. 
The  peak  values  of  kz  occur  near  the  centerline  and  are  0.132 
and  0.162  for  the  1  -g  and  0-g  flames,  respectively.  Although 
these  values  are  not  insignificant,  they  are  nevertheless  much 
smaller  than  unity  and  thus  justify  the  optically  thin  gas  as¬ 
sumption. 

The  global  effect  of  radiation  on  1  -g  and  0-g  PPFs  is 
summarized  in  Table  I,  which  presents  the  simulated  values 
of  the  maximum  flame  temperature  Tmax,  maximum  heat- 
release  rate  gmax,  heat  of  combustion  Q ,  total  radiation  heat 
loss  <2rad,  radiation  fraction  Arad’  maximum  axial  optical 
thickness  kz  mSLX,  and  inner  flame  height  H  (which  is  defined 
by  the  location  of  peak  heat-release  rate  along  the  centerline) 
for  six  flames.  The  simulated  radiation  fraction  values  for 
1-g  flames  are  in  good  agreement  with  those  reported  in 
literature  for  laminar  methane-air  nonpremixed  flames.36  It  is 
logical  that  corresponding  values  for  PPFs  should  be  of  the 
same  order.  A  comparison  of  Arad  f°r  1-g  and  0-g  flames 
again  demonstrates  that  the  effect  of  radiation  on  PPFs  is 
significantly  enhanced  in  the  absence  of  gravity  for  which 
the  Arad  value  can  be  as  high  as  50.5%,  although  it  drops  to 
22.9%  in  the  presence  of  a  coflow  at  0.3  ms-1.  The  optically 
thin  gas  model  is  known  to  overpredict  the  radiation  heat 
loss  in  flames.  Nevertheless,  it  provides  a  limiting  value  for 
the  radiation  loss,  and  can  be  used  to  compare  the  effects  of 
radiation  in  1-g  and  0-g  flames. 

E.  Effect  of  gravity  on  double-flame  structure 

Our  previous  investigations13,14  have  examined  the 
gravitational  effects  on  partially  premixed  flames  without 
considering  thermal  radiation.  Since  the  preceding  results 
clearly  demonstrate  that  the  effect  of  thermal  radiation  on 
flames  is  significantly  enhanced  under  0-g  conditions,  differ¬ 
ences  between  the  1-g  and  0-g  flames  would  be  greatly 
enhanced  when  radiation  is  addressed.  Figure  9  presents  ve¬ 
locity  vectors,  and  temperature  and  heat-release  rate  contours 
for  the  1-g  and  0-g  flames  discussed  in  Fig.  5.  The  base  of 
the  0-g  flame  moves  further  away  from  the  centerline  and 
stabilizes  below  the  burner  rim.  The  height  of  the  inner  pre¬ 


mixed  reaction  zone  is  significantly  longer  than  for  the  1-g 
flame  (14.4  vs  10.7  mm).  The  flame  base  displacement  oc¬ 
curs  due  to  the  entrainment  of  air.  In  1-g,  entrainment  pro¬ 
duces  a  flow  that  pushes  the  flame  closer  to  the  centerline 
and  also  pulls  the  flame  base  radially  inward  toward  the 
burner  wall.  In  0-g,  the  flame  base  remains  away  from  the 
centerline  due  to  the  absence  of  the  buoyant  flow.  The  maxi¬ 
mum  flame  temperature  and  heat-release  rate  are  signifi¬ 
cantly  lower  in  the  absence  of  gravity  (cf.  Table  I)  and  the 
flame  occupies  more  volume.  For  example,  when  we  assume 
the  flame  is  described  by  the  volume  occupied  by  tempera¬ 
tures  1000  K  then  the  volume  of  the  0-g  flame  is  3.9 
times  larger  than  that  of  the  1-g  flame  (i.e.,  9.298  vs 
2.381  cm3). 

For  the  1-g  flame,  the  Froude  number  (Fr  =v\n/GD, 
here  G  is  gravity  level  of  unity  g  and  D  is  the  inner  tube 
diameter)  has  a  value  of  2,  implying  that  the  gravitational 
and  inertial  effects  are  of  similar  magnitude.  The  velocity 
vector  plots  in  Fig.  9  indicate  that  while  flow  fields  upstream 
of  the  inner  premixed  reaction  zone  are  nearly  identical  for 
the  1-g  and  0-g  flames  they  are  markedly  different  in  re¬ 
gions  between  the  two  reaction  zones  as  well  as  downstream 
of  the  outer  nonpremixed  reaction  zone.  For  the  1-g  flame, 
buoyancy  accelerates  the  products  (CO  and  H2  from  the  in- 


FIG.  9.  Velocity  vector  fields,  temperature,  and  heat-release  rate  contours 
for  the  1-g  and  0-g  flames  discussed  in  the  context  of  Figs.  5(b)  and  5(d), 
respectively. 

448 
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TABLE  II. 
=  0.3  m  s-1 

Properties  of  double  flames 
.  0out=O,  and  vout=0. 

under  different 

gravity  levels. 

For  all 

the  cases, 

<Ain=2.5,  Vj* 

Gravity 

rmax 

*7  max 

Grad 

Xrnd 

H 

/ 

( 8 ) 

(K) 

(WcnT3) 

(W) 

(%) 

(mm) 

(Hz) 

Fr 

0 

1760 

268 

16.17 

50.56 

14.4 

0.1 

1898 

349 

6.85 

21.4 

10.6 

20.4 

1 

1974 

632 

3.03 

9.21 

9.1 

12.8 

2.0 

2 

1991 

834 

2.25 

6.85 

8.2 

18.9 

1.0 

3 

1997 

952 

2.02 

6.08 

7.8 

23.7 

0.68 

5 

2013 

1181 

1.51 

4.55 

7.1 

33.3 

0.4 

10 

2054 

1964 

1.14 

3.21 

6.3 

41.4 

0.2 

ner  premixed  zone,  and  C02  and  H20  from  the  outer  non- 
premixed  zone)  downstream  of  the  two  respective  reaction 
zones.  In  addition,  the  buoyant  entrainment  bends  the  veloc¬ 
ity  vectors  toward  the  centerline.  This  causes  the  outer  reac¬ 
tion  zone  to  move  closer  to  the  inner  reaction  zone,  making 
the  1  -g  flame  more  compact  than  the  0-g  flame. 

Table  II  lists  the  properties  of  the  double  flame  described 
in  Fig.  4  at  different  levels  of  gravitational  acceleration,  i.e., 
0 -g,  0.1  -g,  1  -g,  2-g,  3 -g,  5-g,  and  10-g.  At  and  above 
l-g,  the  flame  is  unsteady;  therefore,  average  values  of 
Tmax*  *7 max »  Grad>  A'rad ,  and  H  are  provided  in  italics.  The 
maximum  flame  temperatures  and  local  heat-release  rates  in¬ 
crease  as  the  gravitational  acceleration  increases,  while  the 
radiation  fractions  and  inner  flame  heights  (H)  decrease.  The 
flickering  frequency  /  also  increases  from  14.7  Hz  at  1  -g  to 
41.4  Hz  at  10-g.  Figure  10  presents  the  relationship  between 
the  inverse  Froude  number  and  the  Strouhal  number  (St 
=fD/Vin )  of  the  flickering  flames  under  various  gravita¬ 
tional  accelerations.  The  results  of  premixed  flames  of  Durex 
et  al?1  and  nonpremixed  flames  of  Arai  et  al ,38  are  also  plot¬ 
ted  for  comparison.  The  solid  line  represents  the  correlation 
St^Fr-0,57  provided  by  Hamins  et  al?9  through  a  large  com¬ 
pilation  of  normal  gravity  data  from  a  variety  of  flames.  Our 
results  are  in  good  agreement  with  those  of  Durox  et  al?1 
and  closely  follow  the  correlation  of  Hamins  et  al?9  The 
nonpremixed  flame  results  of  Arai  et  a/.38  also  fall  along  the 
slope.  This  implies  that  flickering  at  enhanced  gravity  is  in- 


FIG.  10.  Relationship  between  the  inverse  Froude  number  and  the  Strouhal 
number  of  flickering  flames  under  various  gravity  levels. 


fluenced  by  the  same  physical  factors  as  under  normal  grav¬ 
ity  conditions,39  and  the  instability  mechanism  responsible 
for  the  buoyancy-induced  flame  flickering  is  independent  of 
the  boundary  conditions  and  flame  configurations. 

Besides  the  radiation  fraction,  the  radiation  intensity  can 
also  be  expressed  by  the  radiation  (fourth)  Damkdhler  num¬ 
ber,  which  compares  the  heat  generated  by  chemical  reaction 
to  the  heat  lost  by  radiation,  i.e.,  Da rad=G/2rad 
~Trad/Tchem-  As  Darad^l,  the  radiation  heat  loss  becomes 
significant.  The  chemical  reaction  time  scale  rchem  is  related 
to  the  flow  time  of  the  gas  through  the  radiating  volume.  It 
can  be  shown  that  Tmd~(XfQ/cpT—  where 

c p  is  the  specific  heat  capacity  and  X{  the  fuel  mole  fraction. 
Therefore,  Darad~  V(g)f(Xf  ,T),  where  V(g)  is  the  effective 
velocity  as  a  function  of  gravity  and  T  is  a  function  of  Xf. 
The  radiative  heat  loss  increases  with  a  decrease  in  V(g)  or 
increase  of  T.  The  Froude  number  is  also  a  significant  non- 
dimensional  parameter  for  the  radiation  importance  related 
by  the  Damkohler  number.  It  can  be  shown  that  Darad~(l 
+  Fr_1)/(Xf  ,T).  This  indicates  that  the  Damkohler  number 
is  inversely  proportional  to  the  Froude  number.  As  Fr  in¬ 
creases,  which  occurs  during  the  transition  from  l-g  to  /z-g, 
Darad  decreases,  which  means  the  relative  significance  of  ra¬ 
diation  increases. 

F.  Effect  of  coflow  and  inner  jet  velocities 
on  double-flame  structures 

In  order  to  examine  the  effect  of  coflow  on  the  structures 
of  l-g  and  0-g  PPFs,  we  have  simulated  flames  with  coflow 
velocities  Vout=0.3,  0.6,  and  1.0  ms-1.  There  is  little  differ¬ 
ence  between  these  flames,  and  all  flames  become  shorter 
and  more  compact.  Figure  1 1  presents  velocity  vectors  along 
with  temperature  and  heat-release  rate  contours  for  the  flame 
with  Vout=0.3ms-1.  The  coflow  velocity  is  assumed  to 
have  a  top  hat  velocity  profile  that  ends  at  the  outer  burner 
wall.  The  outer  ambient  flow  is  considered  to  be  quasiquies- 
cent  air  with  an  axial  velocity  0.001  ms-1  at  the  inflow 
boundary.  Other  conditions  pertaining  to  this  flame  are  (f)in 
=  2.5,  Vin=0.3ms-1,  and  <fi0 ut=0.  Although,  the  presence 
of  a  coflow  makes  both  the  l-g  and  0-g  flames  shorter  and 
more  compact,  its  influence  is  more  pronounced  on  the  0-g 
flame.  The  flame  base  is  pushed  closer  to  the  centerline  by 
the  presence  of  the  coflow  and  the  difference  in  the  structures 
of  l-g  and  0-g  flames  is  less  significant  as  the  coflow  ve¬ 
locity  is  increased.  Table  I  presents  some  global  properties  of 
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FIG.  11.  Effect  of  coflow  on  the  structure  of  1  -g  and  0-g  double  flames  in 
terms  of  velocity  vector  fields,  temperature,  and  heat-release  rate  contours 
for  the  condition  of  cf>in=  2.5,  Vin=0.3ms_1,  (f>0  ut=0,  and  Vout 

=  0.3  ms-1. 


these  flames.  Both  the  maximum  flame  temperature  and  heat- 
release  rate  become  larger  in  the  presence  of  a  coflow,  since 
it  increases  the  advective  oxidizer  flux,  thus  enhancing  the 
global  reaction  rate.  Takahashi  and  Katta  have  reported  a 
similar  “blowing  effect”  for  laminar  methane  jet  nonpre- 
mixed  flames.40  The  radiation  fraction  also  decreases  with 
increasing  coflow,  and  the  differences  between  the  maximum 
flame  temperatures  and  heat-release  rates  for  the  1  -g  and 
0-g  flames  become  less  pronounced. 

Figure  12  illustrates  the  effect  of  varying  inner  jet  ve¬ 
locities  on  the  1  -g  and  0-g  PPFs.  The  heat-release  rate  con¬ 
tours,  velocity  vectors,  and  isotherms  are  presented  for  three 
cases:  (a)  Vin=0.1ms_1,  (b)  0.4  ms-1,  and  (c)  0.8  ms-1. 
Other  conditions  are  4>m=  2.5,  (/>out=0,  and  Vout=0.  The  val¬ 
ues  of  the  Froude  number  of  the  1  -g  flames  for  these  three 
cases  are  0.23,  3.63,  and  14.51,  respectively.  For  all  cases, 
the  heights  of  the  inner  and  outer  reaction  zones  increase  as 
the  jet  velocity  is  increased.  The  dependence  of  the  inner 
flame  height  on  the  reactant  velocity  is  attributed  to  the  con¬ 
stant  residence  time,  which  is  determined  by  the  reaction 
time  that  essentially  depends  only  on  the  equivalence  ratio. 
The  increase  in  the  height  of  the  outer  flame  is  attributed  to 
the  strong  synergistic  interaction  between  the  two  flames  and 
to  the  enhanced  advection  fluxes  of  CO  and  H2  from  the 
inner  reaction  zone.  The  difference  between  the  1  -g  and  0-g 
flame  heights  is  more  significant  at  higher  jet  velocities.  At 
0-g,  the  weaker  air  entrainment  and  the  enhancement  of 
radiation  heat  loss  due  to  the  absence  of  buoyant  acceleration 
cause  the  flame  heights  to  increase  further  for  larger  inner 
flow  rates. 

The  volume  of  the  high  temperature  region  increases 
with  a  higher  jet  velocity.  The  volumes  occupied  by  tempera¬ 
tures  greater  than  1000  K  (Viooo)  f°r  the  three  jet  velocities 
are  calculated  and  listed  in  Table  III,  along  with  fraction  of 
heat  lost  due  to  thermal  radiation.  As  the  jet  velocity  in¬ 
creases  eightfold  from  0.1  to  0.8  ms-1,  the  value  of  Viooo 


r  (mm)  r  (mm) 

FIG.  12.  Effect  of  inner  jet  velocities  on  the  1  -g  and  0-g  PPFs.  The  heat- 
release  rate  contours,  velocity  vectors,  and  isotherms  are  presented  for  three 
cases:  (a)  Vin=0.1ms"1,  (b)  0.4ms"1,  and  (c)  0.8ms"1.  Other  condi¬ 
tions  are  0in=  2.5,  0out=  0,  and  Vout=0. 


increases  roughly  24  times  from  0.4  to  9.54  cm3  at  1-g,  but 
the  influence  on  the  radiative  heat  flux  fraction  is  smaller, 
since  it  increases  from  5. 38%  to  12.8%.  The  0-g  flames  also 
experience  a  similar  effect.  At  0-g,  for  all  three  jet  veloci¬ 
ties,  the  values  of  V1000  are  about  3.4  times  larger  than  their 
1-g  counterparts,  while  the  radiation  fractions  are  approxi- 
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TABLE  III.  Radiation  fraction  and  thermal  field  volume  for  the  flames  shown  in  Fig.  12. 


Vin(ms  1 ) 

l-£ 

0 -g 

Xrad  (%) 

Aiooo  (cm3) 

Xrad  (%) 

Aiooo  (cm3) 

0.1 

5.38 

0.40 

32.19 

1.38 

0.4 

10.27 

3.75 

53.13 

13.69 

0.8 

12.80 

9.54 

51.87 

32.21 

mately  five  times  larger.  These  results  exhibit  no  explicit 
correlation  between  Viooo  and  Arad- 

G.  Gravity  effect  on  burner-stabilized  triple  flames 

Figure  13  compares  a  burner- stabilized  1  -g  triple  flame 
with  its  0 -g  counterpart  at  the  conditions  </>in=2.5,  Vin 
=  0.6  ms-1,  (f>out=  0.35,  and  Vout=0.5  ms-1.  These  axi- 
symmetric  triple  flames  are  more  compact  and  shorter  with 
less  space  between  the  three  reaction  zones  as  compared  to 
the  planar  triple  flames  described  in  Refs.  2  and  14.  The 
effect  of  gravity  on  the  flame  shape  of  the  axisymmetric 
triple  flame  is  not  significant  due  to  the  presence  of  the 
coflow  as  explained  in  the  preceding  section.  However,  grav¬ 
ity  strongly  influences  flame  instability,  especially  in  outer 
lean  premixed  and  central  nonpremixed  flames.  The  iso¬ 
therms  and  velocity  vectors  in  Fig.  13  show  that  the  outer 
lean  premixed  reaction  zone  at  1  -g  is  influenced  by  the  evo¬ 
lution  of  a  vortex.  The  vortex  moves  downstream  and  inter¬ 
acts  with  the  lean  premixed  flame,  thereby  interfering  with 
the  inner  nonpremixed  reaction  zone.  The  0 -g  triple  flame  is 
stable  and  no  oscillations  are  observed  in  the  heat-release 
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FIG.  13.  Effect  of  gravity  on  the  structures  of  burner-attached  triple  flames 
in  terms  of  velocity  vectors  fields,  temperature,  and  heat-release  rate  con¬ 
tours.  The  dashed  line  represents  the  stoichiometric  mixture  fraction  line. 
The  flow  conditions  are  0in=  2.5,  Vin=0.6ms-1,  0out=O.35,  and  Vout 
=  0.5  ms-1. 


rate  contours.  The  velocity  vectors  also  show  no  vortex- 
induced  air  entrainment  and  downstream  acceleration  in  the 
0-g  flame. 

Table  IV  presents  the  properties  of  similar  triple  flames 
(to  that  described  in  Fig.  13)  under  different  gravitational 
accelerations.  Average  values  of  Tmax,  qmiiX ,  <2rad  ,  Arad’  and 
H  are  provided  in  italics.  Similar  to  the  double  flames,  as  the 
gravitational  acceleration  increases,  the  maximum  flame 
temperature  and  local  heat-release  rate  increase,  and  the  ra¬ 
diation  fraction  and  inner  flame  height  decrease.  The  flicker¬ 
ing  frequency  of  the  triple  flames  is  larger  than  that  of  the 
double  flames  under  the  same  gravitational  acceleration.  The 
relationship  between  the  inverse  Froude  number  and  the 
Strouhal  number  for  these  flames  is  also  shown  in  Fig.  10. 
The  data  lie  above  the  correlation  of  Hamins  et  al.39  but  still 
follow  the  power  law  relationship  showing  that  the  flickering 
mechanisms  for  both  triple  and  double  flames  are  similar. 

IV.  CONCLUSIONS 

The  effects  of  gravity,  radiation  heat  loss,  and  coflow  on 
burner-stabilized  methane-air  partially  premixed  double  and 
triple  flames  are  numerically  investigated  in  the  range  from 
0-g  to  10-g.  The  model  employs  a  detailed  description  of 
methane-air  chemistry,  thermodynamic,  and  transport  prop¬ 
erties,  with  the  effect  of  thermal  radiation  modeled  by  the 
optically  thin  assumption. 

(1)  Gravity  has  a  significant  effect  on  the  outer  nonpre¬ 
mixed  reaction  zone  in  the  case  of  double  flames,  and  on 
both  the  outer  nonpremixed  and  lean  premixed  zones  in  the 
case  of  triple  flames.  The  flames  are  steady  due  to  the  ab¬ 
sence  of  buoyancy  at  zero  and  0.1-g;  while  at  1  -g  and  larger 
gravitational  accelerations  (up  to  10-g)  both  double  and 
triple  flames  are  unsteady.  The  flickering  frequency  increases 
with  increasing  gravitational  acceleration.  The  correlation 
between  the  Strouhal  number  and  the  Froude  number  for 


TABLE  IV.  Properties  of  triple  flames  at  different  conditions.  For  all  the 


cases,  4>m 

=  2.5,  Vin 

=  0.6  ms  \  cf)out- 

=  0.35,  and  Vout= 

0.5  ms  h 

Gravity 

^max 

7  max 

Q  rad 

Xrad 

H 

/ 

(8) 

(K) 

(W  cm-3) 

(W) 

(%) 

(mm) 

(Hz) 

0 

1980 

1047 

31.02 

30.13 

16.8 

0.1 

1982 

1059 

23.53 

22.76 

16.7 

1 

2002 

1135 

13.12 

12.59 

16.5 

15.2 

2 

2020 

1246 

9.43 

9.44 

16.0 

20.4 

3 

2027 

1298 

9.19 

8.71 

15.8 

24.3 

5 

2042 

1402 

7.01 

7.29 

15.6 

32.1 

10 

2052 

1628 

4.79 

4.45 

15.3 

51.7 

451 
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both  the  double  and  triple  flames  follow  the  relation  St 
°cFr_0-57^  which  is  in  good  agreement  with  a  previous  com¬ 
pilation  of  normal  gravity  data  from  a  variety  of  flames. 

(2)  The  radiation  effect  is  significantly  smaller  for  PPFs 
at  1  -g  or  higher  gravitational  accelerations  than  in  hypograv- 
ity.  The  value  of  radiation  fraction  Arad  decreases  from  —0.1 
to  —0.04  in  the  range  from  1  -g  to  10-g.  However,  thermal 
radiation  effects  become  significant  for  0-g  flames  for  which 
Arad  can  be  as  large  as  0.5,  since  the  flame  volume  increases 
as  buoyancy  is  lowered.  This  causes  the  flame  temperature  to 
decrease  and  results  in  weaker  chemical  reactivity.  In  addi¬ 
tion,  the  heights  of  both  the  inner  premixed  and  outer  non- 
premixed  reaction  zones  in  the  0-g  PPFs  become  higher  due 
to  the  reduced  chemical  activity  caused  by  thermal  radiation. 

(3)  The  radiation  (fourth)  Damkohler  number,  which 
compares  heat  generated  to  the  heat  lost  by  radiation,  illus¬ 
trates  the  significance  of  radiation  through  the  relation 
Darad—  (1  +Fr_1)/(Xf,T).  Its  value  decreases  (i.e.,  relative 
significance  of  radiation  increases)  as  Fr  increases  (e.g.,  dur¬ 
ing  the  transition  from  1  -g  to  0-g). 

(4)  The  effect  of  the  coflow  is  to  counteract  the  effect  of 
gravity  on  PPFs,  since  it  enhances  the  oxidizer  advection  to 
the  nonpremixed  reaction  zone  and,  thus,  increases  the  over¬ 
all  reaction  rate.  We  show  that  Darad—  V(g)f(Xf  ,T),  which 
implies  that  the  radiative  heat  loss  decreases  (or  the  Darad 
increases)  with  an  increase  in  the  mean  flow  velocity. 

(5)  The  simulations  of  l-g  to  0-g  PPFs  indicate  that  the 
radiation-chemistry  interactions  are  significantly  enhanced  in 
the  absence  of  gravity,  implying  that  the  microgravity  condi¬ 
tions  are  well  suited  for  a  fundamental  investigation  of  such 
interactions. 

ACKNOWLEDGMENTS 

This  research  was  supported  by  the  National  Science 
Foundation  Combustion  and  Plasma  Systems  Program  for 
which  Dr.  Thomas  Chapman  is  the  Program  Director  and  by 
the  NASA  Microgravity  Research  Division  for  which  Dr. 
Uday  Hegde  serves  as  the  technical  monitor.  We  thank  Dr.  X. 
Xiao  for  assisting  with  the  deflectometry  measurements. 

lZ.  Shu,  S.  K.  Aggarwal,  V.  R.  Katta,  and  I.  K.  Puri,  “A  numerical  inves¬ 
tigation  of  the  flame  structure  of  an  unsteady  inverse  partially  premixed 
flame,”  Combust.  Flame  111,  296  (1997). 

2R.  Azzoni,  S.  Ratti,  S.  K.  Aggarwal,  and  I.  K.  Puri,  “The  structure  of  triple 
flames  stabilized  on  a  slot  burner,”  Combust.  Flame  119,  23  (1999). 

3  A.  Hamins,  K.  Konishi,  P.  Borthwick,  and  T.  Kashiwagi,  “Global  proper¬ 
ties  of  gaseous  pool  fires,”  Proc.  Combust.  Inst.  26,  1429  (1996). 

4N.  Peters,  “Partially  premixed  diffusion  flamelets  in  non-premixed  turbu¬ 
lent  combustion,”  Proc.  Combust.  Inst.  20,  353  (1984). 

5B.  Rogg,  F.  Behrendt,  and  J.  Warnatz,  “Turbulent  non-premixed  combus¬ 
tion  in  partially  premixed  diffusion  flamelets  with  detailed  chemistry,” 
Proc.  Combust.  Inst.  21,  1533  (1986). 

6B.  J.  Lee  and  S.  H.  Chung,  “Stabilization  of  lifted  tribrachial  flames  in  a 
laminar  nonpremixed  jet,”  Combust.  Flame  109,  163  (1997). 

7J.  P.  Gore,  W.  H.  Meng,  and  J.  H.  Jang,  “Droplet  flames  in  reactive  envi¬ 
ronments,”  Combust.  Flame  82,  126  (1990). 

8M.  C.  Drake,  D.  T.  French,  and  T.  D.  Fansler,  “Advanced  diagnostics  for 
minimizing  hydrocarbon  emissions  from  a  direct-injection  gasoline  en¬ 
gine,”  Proc.  Combust.  Inst.  26,  2581  (1986). 

9K.  R.  Sacksteder,  “The  implications  of  experimentally  controlled  gravita¬ 
tional  accelerations  for  combustion  science,”  Proc.  Combust.  Inst.  23, 
1589  (1990). 


10C.  K.  Law  and  G.  M.  Faeth,  “Opportunities  and  challenges  of  combustion 
in  microgravity,”  Prog.  Energy  Combust.  Sci.  20,  65  (1994). 

nM.  Kono,  K.  Ito,  T.  Niioka,  T.  Kadota,  and  J.  Sato,  “Current  state  of 
combustion  research  in  microgravity,”  Proc.  Combust.  Inst.  26,  1189 
(1996). 

12P.  D.  Ronney,  “Understanding  combustion  processes  through  microgravity 
research,”  Proc.  Combust.  Inst.  27,  2485  (1998). 

13Z.  Shu,  C.  W.  Chun,  S.  K.  Aggarwal,  Y.  R.  Katta,  and  I.  K.  Puri,  “Gravity 
effects  on  steady  two-dimensional  partially  premixed  methane-air 
flames,”  Combust.  Flame  118,  91  (1999). 

14R.  Azzoni,  S.  Ratti,  I.  K.  Puri,  and  S.  K.  Aggarwal,  “Gravity  effects  on 
triple  flames:  Flame  structure  and  flow  instability,”  Phys.  Fluids  11,  3449 
(1999). 

15  S.  K.  Aggarwal,  I.  K.  Puri,  and  X.  Qin,  “A  numerical  and  experimental 
investigation  of  ‘inverse’  triple  flames,”  Phys.  Fluids  13,  265  (2001). 

16V.  R.  Katta,  L.  P.  Goss,  and  W.  M.  Roquemore,  “Effect  of  nonunity  Lewis 
number  and  finite-rate  chemistry  on  the  dynamics  of  a  hydrogen-air  jet 
diffusion  flame,”  Combust.  Flame  96,  60  (1994). 

17N.  Peters,  in  Reduced  Kinetic  Mechanisms  for  Applications  in  Combustion 
Systems,  Lecture  Notes  in  Physics  Vol.  ml 5,  edited  by  N.  Peters  and  B. 
Rogg  (Springer,  Berlin,  1993),  pp.  3-14. 

18H.  Xue  and  S.  K.  Aggarwal,  “Effects  of  reaction  mechanisms  on  structure 
and  extinction  of  partially  premixed  flames,”  AIAA  J.  39,  637  (2001). 

19Z.  Shu,  V.  R.  Katta,  I.  K.  Puri,  and  S.  K.  Aggarwal,  “Effects  of  C2- 
chemistry  on  the  structure  of  partially  premixed  methane-air  flames,” 
Combust.  Sci.  Technol.  157,  185  (2000). 

20K.  N.  Lakshmisah,  P.  J.  Paul,  and  H.  S.  Mukunda,  “On  the  flammability 
limit  and  heat  loss  in  flames  with  detailed  chemistry,”  Proc.  Combust.  Inst. 
23,  433  (1990). 

21 C.  J.  Sung  and  C.  K.  Law,  “Extinction  mechanisms  of  near-limit  premixed 
flames  and  extended  limits  of  flammability,”  Proc.  Combust.  Inst.  26,  865 
(1996). 

22H.  Guo,  Y.  Ju,  K.  Maruta,  T.  Niioka,  and  F.  Liu,  “Radiation  extinction 
limit  of  counterflow  premixed  lean  methane-air  flames,”  Combust.  Flame 
109,  639  (1997). 

23R.  V.  Ravikrishna  and  N.  M.  Laurendeau,  “Laser-induced  fluorescence 
measurements  and  modeling  of  nitric  oxide  in  counterflow  partially  pre¬ 
mixed  flames,”  Combust.  Flame  122,  474  (2000). 

24R.  S.  Barlow,  A.  N.  Karpetis,  J.  H.  Frank,  and  J.  Y.  Chen,  “Scalar  profiles 
and  NO  formation  in  laminar  opposed-flow  partially  premixed  methane/air 
flames,”  Combust.  Flame  127,  2021  (2001). 

25B.  A.  V.  Bennett,  C.  S.  McEnally,  L.  D.  Pfefferle,  and  M.  D.  Smooke, 
“Computational  and  experimental  study  of  axisymmetric  coflow  partially 
premixed  methane/air  flames,”  Combust.  Flame  123,  522  (2000). 

26R.  Siegel  and  J.  R.  Howell,  Thermal  Radiation  Heat  Transfer  (Hemi¬ 
sphere,  New  York,  1981). 

27N.  Smith,  J.  Gore,  J.  Kim,  and  Q.  Tang,  Radiation  Models,  International 
Workshop  on  Measurement  and  Computation  of  Turbulent  Nonpremixed 
Flames  (http://www.ca.sandia.gov/tdfAVorkshop/Submodels.html)  (2001). 

28Z.  Shu,  B.  J.  Krass,  C.  W.  Choi,  S.  K.  Aggarwal,  V.  R.  Katta,  and  I.  K. 
Puri,  “An  experimental  and  numerical  investigation  of  the  structure  of 
steady  two-dimensional  partially  premixed  methane-air  flames,”  Proc. 
Combust.  Inst.  27,  625  (1998). 

29F.  Takahashi,  W.  J.  Schmoll,  and  V.  R.  Katta,  “Attachment  mechanisms  of 
diffusion  flames,”  Proc.  Combust.  Inst.  27,  675  (1998). 

30X.  Xiao,  I.  K.  Puri,  and  A.  Agrawal,  “Temperature  measurements  in 
steady  axisymmetric  partially  premixed  flames  by  use  of  rainbow 
Schlieren  deflectometry,”  Appl.  Opt.  41,  1922  (2002). 

31X.  Qin,  X.  Xiao,  I.  K.  Puri,  and  S.  K.  Aggarwal,  “Effects  of  varying 
composition  on  temperature  reconstructions  obtained  from  refractive  in¬ 
dex  measurements  in  flames,”  Combust.  Flame  128,  121  (2002). 

32M.  Y.  Bahadori,  R.  B.  Edelman,  D.  P.  Stocker,  and  S.  L.  Olson,  “Ignition 
and  behavior  of  laminar  gas-jet  diffusion  flames  in  micro  gravity,”  AIAA  J. 
28,  236  (1990). 

33D.  L.  Urban,  Z.  G.  Yuan,  P.  B.  Sunderland,  G.  T.  Linteris,  J.  E.  Voss,  K.  C. 
Lin,  Z.  Dai,  K.  Sun,  and  G.  M.  Faeth,  “Structure  and  soot  properties  of 
nonbuoyant  ethylene/air  laminar  iet  diffusion  flames,”  AIAA  J.  36,  1346 
(1998). 

34K.  C.  Lin,  G.  M.  Faeth,  P.  B.  Sunderland,  D.  L.  Urban,  and  Z.  G.  Yuan, 
“Shapes  of  nonbuoyant  round  luminous  hydrocarbon/air  laminar  jet  diffu¬ 
sion  flames,”  Combust.  Flame  116,  415  (1999). 

35R.  W.  Bilger,  “The  structure  of  turbulent  nonpremixed  flames,”  Proc. 
Comb.  Inst.  22,  475  (1988). 

36 G.  H.  Markstein,  “Relationship  between  smoke  point  and  radiant  emission 


Downloaded  28  Jun  2005  to  198.30.120.22.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://pof.aip.org/pof/copyright.jsp 


2974  Phys.  Fluids,  Vol.  16,  No.  8,  August  2004 


Qin  et  al. 


from  buoyant  turbulent  and  laminar  diffusion  flames,”  Proc.  Combust. 
Inst.  20,  1055  (1984). 

37D.  Durox,  T.  Yuan,  F.  Baillot,  and  J.  M.  Most,  “Premixed  and  diffusion 
flames  in  a  centrifuge,”  Combust.  Flame  102,  501  (1995). 

38M.  Arai,  H.  Sato,  and  K.  Amagai,  “Gravity  effects  on  stability  and  flick¬ 
ering  motion  of  diffusion  flames,”  Combust.  Flame  118,  293  (1999). 


39 A.  Hamins,  J.  C.  Yang,  and  T.  Kashiwagi,  “An  experimental  investigation 
of  the  pulsation  frequency  of  flames,”  Proc.  Combust.  Inst.  24,  1695 
(1992). 

40F.  Takahashi  and  V.  R.  Katta,  “Reaction  kernel  structure  and  stabilizing 
mechanisms  of  jet  diffusion  flames  in  microgravity,”  Proc.  Combust.  Inst. 
29,  2509  (2002). 


453 


Downloaded  28  Jun  2005  to  198.30.120.22.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://pof.aip.org/pof/copyright.jsp 


EFFECT  OF  DILUENTS  ON  LIFTED  PARTIALLY  PREMIXED  FLAMES  IN  NORMAL  AND 
MICROGRAVITY:  A  NUMERICAL  INVESTIGATION 
Alejandro  M.  Briones,  Suresh  K.  Aggarwaf,  and  Viswanath  R.  Katta' 

University  of  Illinois  at  Chicago 

Department  of  Mechanical  and  Industrial  Engineering,  Chicago,  IL  60607 

ABSTRACT 

The  effect  of  fuel  stream  dilution  on  the  liftoff  characteristics  of  partially  premixed  flames  (PPFs)  under  1-  and  0-g 
conditions  is  investigated.  Lifted  methane-air  PPFs  are  established  in  axisymmetric  coflowing  jets  using  different  diluents 
and  dilution  levels.  A  time -accurate,  implicit  algorithm  that  uses  a  detailed  description  of  the  chemistry  and  includes 
radiation  effects  is  used  for  the  simulations.  The  predictions  are  validated  through  a  comparison  of  the  flame  reaction  zone 
topologies  and  liftoff  heights.  The  effects  of  diluents  and  gravity  on  the  flame  liftoff  height,  topology,  and  base  structure  are 
characterized.  The  predominantly  inert  agents  C02  and  N2  are  considered  because  of  their  flame  suppressant  characteristics. 
Results  indicate  that  under  identical  conditions  a  lifted  0-g  PPF  is  stabilized  closer  to  the  burner  compared  to  the  1-g  flame, 
and  the  C02  dilution  is  more  effective  in  detaching  the  flame  from  the  burner  in  comparison  with  the  N  dilution. 
Additionally,  the  1-g  lifted  flames  exhibit  well-organized  oscillations  due  to  buoyancy-induced  instability,  while  the 
corresponding  0-g  flames  exhibit  steady  state  behavior. 

INTRODUCTION 

Partially  premixed  flames  (PPFs)  are  established  when  a  fuel  rich  gas  stream  flows  adjacent  to  a  fuel  lean  stream. 
The  associated  concentration  gradients  support  flames  with  multiple  reaction  zones.  In  general,  a  rich  premixed  flame  is 
established  in  the  fuel  rich  zone  and  a  nonpremixed  flame  outside  of  this  region.  Often  a  lean  premixed  flame  is  also 
established  in  the  fuel  lean  region.  Then,  the  nonpremixed  flame  is  located  between  the  rich  and  lean  premixed  flames.  PPFs 
can  be  described  as  hybrid  flames  with  the  characteristics  of  both  nonpremixed  and  premixed  flames.  Consequently,  by  using 
partial  premixing,  one  can  exploit  the  advantages  of  both  nonpremixed  and  premixed  flames  regarding  safety,  emissions 
control,  and  flame  stability. 

Unwanted  fires  can  originate  in  a  partially  premixed  mode  when  a  pyrolyzed  or  evaporated  fuel  forms  an  initial  fuel 
rich  mixture  with  the  ambient  air.  Flames  in  such  incipient  fires  are  diluted  and  partially  premixed  with  oxidation  products 
such  as  C02  as  well  as  with  partial  oxidation  products  such  as  CO  and  H2.  Flame  liftoff  is  important  since  in  many  cases  fires 
do  not  necessarily  “sit”  on  surfaces,  i.e.,  they  can  consist  of  lifted  flames  for  various  reasons  such  as  dilution,  oxidizer 
starvation,  high  velocity  pyrolyzed  jets,  etc.  Partially  premixed  combustion  is  also  important  in  space  applications, 
particularly  due  to  fire  safety  considerations  [1,2].  Fire  in  a  spacecraft  or  in  an  extraterrestrial  base  can  lead  to  mission 
termination  and/or  loss  of  life.  The  advent  of  longer  duration  missions  to  the  space  increases  the  likelihood  of  mishaps  that 
result  from  fire.  Therefore,  development  of  efficient  fire  suppressants  and  procedures  for  use  in  spacecraft  environments 
represents  a  critical  task.  For  these  reasons  studying  partially  premixed  flames  under  normal  and  partial  gravity  conditions  is 
important. 

The  extinguishment  of  a  flame  could  be  achieved  by  decreasing  the  flame  temperature  to  a  point  that  no  free  radicals 
are  formed  (thermal  effect),  and  decreasing  the  concentration  of  free  radicals  and  thus  interrupting  the  flame  chemistry  of 
chain  reactions  (chemical  effect).  Therefore,  fire  suppressants  could  be  of  those  affecting  the  flames  thermally  and/or 
chemically.  Fire  suppressants  such  as  halogenated  compounds  extinguish  fire  mainly  by  chemical  means  and  therefore  the 
ability  of  the  compound  to  remove  free  radicals  is  important.  Halon  1301  is  currently  used  worldwide  for  fire  protection  in 
earth  or  in  spacecraft.  However,  it  is  regulated  by  international  agreements  (Montreal  Protocol  [3])  because  of  concerns  with 
their  destructive  effect  on  the  stratospheric  ozone  layer.  The  regulations  have  intensified  the  research  for  new  fire 
suppressants,  but  the  search  for  a  new  fire -extinguishing  agent  with  all  the  desirable  properties  of  Halon  1301  has  not  been 
successful.  Vahdat  et  al.  ft]  have  experimentally  and  theoretically  investigated  extinction  using  binary  fire  suppressants. 
These  compounds  were  of  organic  compound/nitrogen  nature.  Although  these  mixtures  seemed  to  be  very  promising, 
halogenated  compounds  such  as  CF3Br  (Halon  1301)  were  still  found  to  be  more  efficient  fire  suppressants.  By  contrast,  inert 
gases  extinguish  fire  primarily  through  thermal  effect;  thus,  heat  capacity  plays  an  important  role  in  lowering  the  flame 
temperature.  Numerous  investigations  have  shown  that  when  an  inert  gas  such  as  N2  or  C02  is  diluted  with  fuel,  they  promote 
lifting  of  the  flame,  while  further  increase  in  dilution  leads  to  extinction  through  blowout  p,6].  Katta  et  al.  [6]  have 
extensively  studied  the  extinguishment  characteristics  of  C02  as  a  fire -suppressing  agent  using  a  coflowing  nonpremixed 
configuration.  They  showed  that  flames  under  microgravity  conditions  required  more  dilution  compared  to  flames  under 
normal  gravity. 

Most  of  the  early  work  on  flame  suppression  was  carried  out  in  premixed  flames  [7],  as  the  burning  velocity 
provides  a  convenient  parameter  for  characterizing  suppressant  effectiveness.  More  recently,  both  coflow  and  counterflow 
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configurations  have  been  employed  for  studying  the  structure  and  the  extinction  mechanism  of  nonpremixed  flames  [6,8,  9]. 
Previous  investigations  [10,11,12]  have  focused  on  the  suppression  of  low  strain  rate  nonpremixed  flames  in  a  counterflow 
configuration  for  laminar  flames  using  different  diluents  and  showed  that  CF3Br  was  the  most  efficient  inhibitor  compared 
with  other  diluents  such  as  N2  and  C02.  To  study  fire  suppressants,  it  is  needed  to  determine  the  extinguishing  concentrations 
of  a  flame  for  several  chemical  compounds  and/or  inert  gas.  Experimentally,  this  process  is  expensive  and  time  consuming. 
However,  a  method  to  computationally  estimate  the  effectiveness  of  a  given  inhibitor  would  compare  flame  liftoff  height  for 
flames  at  the  same  conditions,  but  using  different  diluents.  Therefore,  a  flame  liftoff  height  is  important  to  assess  the 
effectiveness  of  diluents  in  inhibiting  the  flame.  The  objective  of  this  paper  is  to  numerically  investigate  the  effect  of 
different  diluents  on  the  liftoff  and  blowout  characteristics  of  PPFs  under  1-  and  0-g  conditions.  Lifted  methane-air  PPFs  are 
established  in  axisymmetric  coflowing  jets  that  are  also  diluted  with  inert  gases  at  various  levels  of  partial  premixing. 
Dilution  is  applied  either  in  the  fuel  jet  flow  or  in  the  air  coflow  stream.  A  coflow  configuration  with  equal  jet  and  coflow 
velocities  is  employed  in  order  to  minimize  the  effects  of  the  jet  shear  layer  on  the  flame  liftoff  behavior.  The  flames  are 
simulated  using  a  time -accurate,  implicit  algorithm  that  uses  detailed  descriptions  of  chemistry  and  transport.  The  effects  of 
diluents,  dilution,  and  gravity  on  the  flame  liftoff  height,  topology,  base  structure,  and  oscillation  frequency  are  analyzed. 

NUMERICAL  METHOD 

The  computational  model  is  based  on  the  algorithm  developed  by  Katta  et  al.  [13]  and  the  simulation  method  is 
described  in  detail  elsewhere  [14,15].  The  numerical  model  solves  the  time-dependent  governing  equations  for  unsteady 
reacting  flows  in  a  two-dimensional  planar  or  axisymmetric  configuration.  In  axisymmetric  coordinates,  these  equations  are: 

3(p<E>)  +  3(pv<E>)  |  3(pa3>)  _  d  d®  \ |  3  9<S>  j  pv<S>  |  T*  d®  |  ^ 

dt  dr  dz  dr  J  dz  J  r  r  dr 

Here  t  denotes  the  time,  U  and  V  represent  the  axial  (z)  and  radial  (r)  velocity  components,  respectively.  The  general  form 
of  the  equation  represents  conservation  of  mass,  momentum,  species,  or  energy  conservation  equation,  depending  on  the 

variable  used?for  .  The  diffusive  transport  coefficient  and  source  terms  S °  appearing  in  the  above  equation  is 
provided  in  Table  1  of  Ref.  14.  Introducing  the  overall  species  conservation  equation  and  the  state  equation  completes  the  set 
of  equations.  In  addition,  a  sink  term  based  on  an  optically  thin  gas  assumption  is  included  in  the  energy  equation  to  account 

for  thermal  radiation  from  the  flame  [20].  The  sink  term  due  to  the  radiation  heat  loss  is  expressed  as  qrad  -  -4 oKp(r4  -Tp  ) 
[16]  where  T  denotes  the  local  flame  temperature.  The  term  K  accounts  for  the  absorption  and  emission  from  the 
participating  gaseous  species  (C02,  H20,  CO  and  CH4)  and  is  expressed  as  Kp  =  P^  X tK p  i  where  Kp  i  denotes  the  mean 

k 

absorption  coefficient  of  the  kth  species.  Its  value  is  obtained  by  using  a  polynomial  approximation  to  the  experimental  data 
provided  in  Ref.  17.  The  methane-air  chemistry  is  modeled  using  a  detailed  mechanism  that  considers  24  species  and  81 
elementary  reactions  [18].  The  mechanism  has  been  validated  for  the  computation  of  premixed  flame  speeds  and  the  detailed 
structure  of  both  nonpremixed  and  partially  premixed  flames  [14,15,19,20,21]. 

The  computational  domain  of  150x100  mm2  in  the  axial  (z)  and  radial  (r)  directions,  respectively,  is  represented  by 
a  staggered,  non-uniform  (301x101)  grid  system.  The  reported  results  are  grid  independent.  An  isothermal  insert  simulates 
the  inner  2x  1  mm  burner  wall.  The  boundary  conditions  used  here  can  be  found  elsewhere  [5,  14,  15]: 

RESULTS  AND  DISCUSSION 
Validation  of  Numerical  Model 

The  numerical  model  has  been  previously  validated  for  both  burner-stabilized  and  lifted  methane-air  PPFs  [5,  15,22, 
29].  Additional  validation  is  provided  by  comparing  the  predicted  heat  release  rates  and  measured  reaction  zone  intensities 
for  1-  and  0-g  25%  ^-diluted  and  10%  C02-diluted  lifted  partially  premixed  flames,  as  shown  in  Fig.  1.  The  experimentally 
obtained  images  of  the  1-  and  0-g  lifted  flames  presented  in  Fig.  1  have  been  converted  into  reaction  rate  intensities.  The 
reaction  rates  are  very  large  near  the  flame  base.  The  peak  values  of  the  predicted  heat  release  rate  and  the  measured  intensity 
are  similar  at  the  flame  base,  where  the  inner  and  outer  reaction  regions  are  merged.  Care  is  taken  in  comparing  the  1-g 
flames  at  the  same  time,  since  they  are  subject  to  buoyancy-induced  oscillations.  The  measured  and  predicted  reaction  zone 
topographies  are  in  relatively  good  agreement  as  are  the  flame  liftoff  heights.  However,  there  is  more  discrepancy  between 
the  predicted  and  experimental  flame  length.  Both  the  simulations  and  measurements  show  that  in  the  absence  of  gravity  both 
the  liftoff  and  flame  heights  decrease. 
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(a) 


D  fc-  II 


Figure  1:  Comparison  of  post-processed  experimentally  obtained  images  (i.e,  converted  into  reaction  rate 
contours)  (on  the  left)  and  predicted  heat  release  rate  contours  (on  the  right)  for  (a)  25%  ^-diluted  and 
(b)  10%  C02-diluted,  lifted  1-g  and  (i-g  PPFs  established  at  (|)=2.25,  Vin=Vout=50  cm/s. 


Modified  Flame  Index 

Previous  investigations  have  distinguished  the  various  reaction  zones  in  PPFs  based  on  their  spatial  locations 
[14,23].  In  lifted  flames,  however,  the  premixing  ahead  of  the  flame  front  can  be  relatively  small  depending  upon  the  liftoff 
height.  Consequently,  it  can  be  difficult  to  distinguish  the  reaction  zones  visually.  In  order  to  spatially  resolve  the  various 
reaction  zones  in  the  lifted  PPFs  more  clearly,  we  have  developed  a  method  based  on  a  modified  flame  index.  Takeno  and  co¬ 
workers  [24]  have  suggested  the  use  of  such  an  index  based  on  the  scalar  product  of  the  gradients  of  fuel  and  oxidizer  mass 
fractions,  which  distinguishes  between  the  premixed  and  nonpremixed  reaction  zones.  Their  flame  index  is  defined  as  [24] 

GFO  =  VYF  -  VY0 .  Here  YF  denotes  the  fuel  mass  fraction  and  Y0  the  oxidizer  mass  fraction.  Domingo  et  al.  g5] 

normalized  this  flame  index  as^p  =  l/2(l  +  GF0/|GFC>|),  such  that  ?p  =1  and  0  represent  the  premixed  and  nonpremixed 

reaction  zones,  respectively.  In  our  investigation,  we  modified  the  Domingo  et  al.  [25]  flame  index  based  on  the  local  mixture 
fraction  such  that  it  can  also  distinguish  between  the  rich  and  lean  premixed  reaction  zones. 

It  is  well  known  that  the  stoichiometric  mixture  fraction  fs  lies  within  the  nonpremixed  reaction  zone  [26]. 
Therefore,  the  rich  and  lean  premixed  zones  are  located  in  the  inner  and  outer  regions  in  which  the  local  mixture  fraction  / 
is  larger  and  smaller  than  fs ,  respectively.  Accordingly,  we  can  define  a  modified  flame  index 
-  ((/  ~  fs  )/\f  -/s|)'  V2{[  +  Gfo/\Gfo\)‘  Here  the  mixture  fraction  is  defined  following  Bilger  [27].  With  this  definition 
h)M  =  1  represents  the  rich  premixed  zone,  -1,  the  lean  premixed  zone,  and  ±0.5  or  0  (depending  upon  the  fuel  under 
consideration)  for  the  nonpremixed  zone.  If  the  fuel  is  completely  consumed  in  the  premixed  zones,  which  is  normally  the 
case  for  PPFs  burning  hydrocarbon  fuels  [14,  15,  21],  =  ±0.5,  with  +0.5  and  -0.5  values  corresponding  to  the 

nonpremixed  regions  adjacent  to  the  rich  premixed  and  lean  premixed  zones,  lespectively.  The  value  of  =  0  for  PPFs 

burning  hydrogen,  since  the  fuel  is  partially  consumed  in  the  premixed  reaction  zone  with  the  remaining  fuel  being  consumed 
in  the  nonpremixed  zone  [28].  Identification  of  the  various  reaction  zones  is  more  relevant  in  regions  of  high  reactivity,  i.e., 
where  the  heat  release  rates  are  significant.  Therefore,  we  have  computed  the  flame  index  in  regions  where  the  heat  release 
rate  is  at  least  1%  of  the  maximum  heat  release  rate. 

The  use  of  the  modified  flame  index  to  identify  different  reaction  zones  in  a  PPF  has  been  employed  before  [5,29]. 
We  have  computed  the  detailed  flame  structure  for  h^-diluted  at  1-  and  0-g  PPFs  established  at  (|)=2.50,  Vin=Vout=50  cm/s. 
Table  1  presents  the  liftoff  height  and  flame  base  structures  for  different  levels  of  dilution.  The  flame  base  structure 
transitions  from  a  triple  to  a  double  flame  structure  as  the  flame  liftoff  height  decreases  [5].  In  addition,  the  flame  liftoff 
height  increases  as  the  amount  of  dilution  is  increased.  Importantly,  it  is  required  more  dilution  of  N2  to  liftoff  the  flame  at  0- 
g  than  at  1-g.  While  the  0-g  flame  remains  attached  with  of  14%  N2  dilution,  the  1-g  flame  is  already  detached  from  the 
burner  and  lifted  6. 1mm  at  the  same  dilution  and  diluent  conditions. 
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Table  1  Diluted  1-  and  0-g  N2-diluted  PPFs  established  at  (|)=2.50,  Vin=Vout=50  cm/s. 


Gravity 

condition 

Dilution 
%(by  vol.) 

Liftoff 
height  (mm) 

Flame  base  structure 

i-g 

25.00 

12.5 

Triple  structure 

i-g 

14.00 

6.10 

Double  structure 

i-g 

7.5 

0.00 

Double  structure 

0-g 

25.00 

7.10 

Double  structure 

0-g 

14.00 

0.00 

Double  structure 

0-g _ 

7.5 

0.00 

Double  structure 

Furthermore,  we  have  computed  the  detailed  flame  structure  for  N2-  and  CO2 -diluted  flames  established  at  1-  andO- 
g  PPFs  established  at  <|>=2.50,  Vin=VoUt=50  cm/s.  Table  2  presents  the  liftoff  heights,  flame  lengths,  and  flame  base  structures 
for  the  cases  under  investigation.  CO2  is  more  effective  to  lift  the  flame  with  a  lower  dilution  level,  it  produces  a  larger  liftoff 
height  compared  to  the  flame  diluted  with  N2,  which  implies  that  CO2  may  be  a  better  fire  suppressant  agent  compared  to  N2. 


Table  2  Diluted  1-  and  0-g  PPFs  established  at  (|)=2.50,  Vin=Vout=50  cm/s. 


Gravity 

condition 

Diluent 

Dilution 
%(by  vol.) 

Liftoff 
height  (mm) 

Flame 
length  (mm) 

Flame  base  structure 

1-g 

n2 

25 

12.5 

68 

Triple  structure 

0-g 

n2 

25 

7.10 

86 

Double  structure 

1-g 

C02 

15 

29 

81 

Triple  structure 

0-g _ 

C02 

15 

5.00 

110 

Double  stmcture 

1-8 


P-g 


Effect  of  diluents  on  the  structure  of  PPFs 

Figure  2  presents  the  flame  structure  in  terms  of  the  iso-temperature  and  CO2  mass  fraction  contours  for  1-g  and  0-g 
N2-  and  CC>2-diluted  flames.  Note  that  for  both  the  N2-  and  C02-diluted  flames,  CO2  mass  fraction  has  been  normalized  using 
its  dilution  value  in  the  fuel  stream  ( YCOi  =  0.2288).  The  0-g  PPFs  are  broader,  longer,  and  have  larger  volume  than  the 

corresponding  1-g  flames.  Therefore,  the  radiative  heat  loss  from  0-g  flames  is  significantly  greater  than  that  from  1-g 
flames;  therefore,  lowering  the  temperature.  For  example,  both  the  N2-  and  C02-diluted  flames  under  normal  gravity  shows 
that  they  reached  a  maximum  temperature  above  1800  K  (i.e.,  1809  K  for  N2 -diluted  and  1813  K  for  C02-diluted  PPF),  while 
under  microgravity  peak  temperatures  fall  below  1800  K  (i.e.,  1786  K  for  ^-diluted  and  1776  K  for  C02-diluted  PPF).  As 
mentioned  before,  the  liftoff  height  decreases  under  0-g  conditions  compared  with  corresponding  1-g  flames. 

As  indicated  in  Fig.  2, 
for  C02 -diluted  flames  under 
both  1-  and  0-g  conditions,  the 
CO2  mass  fraction  first 
decreases  from  the  burner  exit 
to  the  flame  front,  and  then 
increased  inside  the  flame  due 
to  the  production  of  CO2 
mostly  in  the  nonpremixed 
zone.  This  CO2  production 
peaks  near  the  flame  tip.  The 
production  of  C02  in  the  N>- 
diluted  PPFs  under  both  1-  and 
0-g  conditions  is  relatively 
constant  along  the 
nonpremixed  zone  in 
comparison  with  the  CO2- 
diluted  PPFs.  As  expected, 
both  the  diluents,  N2  and  C02, 
show  no  chemical  effect  on  the 
flame. 

Figures  3  and  4  present  the 
temperature  and  axial  velocity 
profiles  along  the 
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Figure  2:  Temperature  and  normalized  CO2  mass  fraction  contours  for  1-  and  0-g 
lifted  PPFs  established  at  (])=2.50,  Vin=Vout=50  cm/s,  and  25%  N2-  (on  the  left)  and 
15  %  C02-dilution  (on  the  right). 
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stoichiometric  mixture  fraction  line  as  a  function  of  axial  distance  from  the  burner  for  the  flames  discussed  in  the  context  of 
Fig.  2.  These  profiles  indicate  notable  similarity  in  the  base  structures  of  1-g  N2-  and  C02-diluted,  and  0-g  N2-  and  C02- 
diluted  flames,  respectively.  Although  the  temperature  profiles  between  1-  and  0-g  flames  are  very  similar,  there  are 
differences  between  the  1-  and  0-g  axial  velocity  profiles.  At  1-g,  the  local  flow  velocity  increases  due  to  buoyant 
acceleration  displaying  a  parabolic  profile  and  the  flame  is  stabilized  at  a  higher  axial  location  to  balance  the  flame 
propagation  speed  with  the  local  flow  velocity.  These  parabolic  axial  velocity  profiles  along  the  stoichiometric  mixture 
fraction  indicate  that  normal  gravity  PPFs  exhibit  well-organized  oscillations.  In  addition,  the  entrainment  caused  by  buoyant 
acceleration  leads  to  larger  mixing,  which  decreases  the  mixture  fraction  gradient  [5].  This  in  turn  modifies  the  flame 
propagation  speed  and  thereby  the  liftoff  height.  On  the  other  hand,  the  higher  liftoff  height  of  1-g  flames  induces  greater 
mixing  of  fuel  into  the  oxidizer  stream.  Both  of  these  effects,  i.e.,  higher  liftoff  height  and  the  buoyant  entrainment,  lead  to 
enhanced  mixing  in  the  case  of  1-g  flames. 


Figure  3:  Temperature  and  axial  velocity 
profiles  along  the  stoichiometric  mixture 
fraction  as  function  of  the  axial  distance 
from  the  burner  for  25%  N2 -diluted  PPFs 
under  1-  and  0-g  established  at 
(|)=2.50,  Vin=VOut=50  cm/s. 


Figure  4:  Temperature  and  axial  velocity 
profiles  along  the  stoichiometric  mixture 
fraction  as  function  of  the  axial  distance 
from  the  burner  for  15%  C02 -diluted  PPFs 
under  1-  and  0-g  established  at 
(f>=2 .50,  Vin=VOut=50  cm/s. 


CONCLUSIONS 

We  have  presented  a  computational  investigation  on  the  liftoff  characteristics  of  diluted  partially  premixed  flames 
(PPFs)  under  1-  and  0-g  conditions.  Lifted  methane-air  PPFs  have  been  established  in  axisymmetric  coflowing  jets  using 
nitrogen  and  carbon  dioxide  dilution.  A  time -accurate,  implicit  algorithm  that  uses  a  detailed  description  of  methane-air 
chemistry  and  includes  radiation  effects  is  used  for  simulations.  Predictions  are  validated  through  a  comparison  of  the  flame 
reaction  zone  topologies,  liftoff  heights,  and  flame  lengths.  The  effects  of  diluents  are  discussed. 

1.  The  C02-diluted  PPF  is  more  effective  in  detaching  the  flame  since  less  dilution  is  required  to  obtain  the  same  liftoff 
height  compared  with  N2-dilution.  This  implies  that  C02  may  be  a  better  fire  suppressant  agent  compared  with  N2. 

2.  For  PPFs  diluted  with  N>  or  C02  (in  the  fuel  jet)  it  is  observed  that  1-g  flames  are  lifted  higher  than  their 
corresponding  0-g  flames.  This  occurs  because  the  buoyant  acceleration  and  entrainment  accelerate  the  gases  and 
consequently  the  lifted  flame  is  stabilized  farther  away  from  the  burner.  The  stabilization  location  is  determined  by 
the  balance  between  the  local  flow  velocity  and  flame  speed. 

3.  The  0-g  PPFs  are  broader,  longer,  and  have  larger  volume  than  the  corresponding  1-g  flames.  As  a  consequence,  the 
radiative  heat  loss  from  0-g  flames  is  significantly  greater  than  that  from  1-g  flames.  This  lowers  the  flame 
temperature,  the  flame  speed  decreases,  buoyant  acceleration  is  inhibited,  and  the  liftoff  height  of  0-g  flames 
decreases. 

4.  The  1-g  lifted  flames  exhibit  well-organized  oscillations  due  to  a  buoyancy-induced  instability  while  the 
corresponding  ja-g  flames  exhibit  steady  state  behavior. 
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Lean  combustion  has  potential  advantages  in  limiting 
NOx  and  particulate  emissions  and  in  improving  fuel- 
consumption  efficiency.  The  major  difficulty  in  achieving 
and  sustaining  lean  combustion  in  aircraft  engines  is 
associated  with  the  flame-stability  problem.  A  numerical 
study  is  performed  in  this  paper  on  a  counterflow-premixed- 
flame  system  for  understanding  the  stability  of  the  ultra  lean 
methane/air  mixture.  A  time-dependent,  axisymmetric 
mathematical  model  known  as  UNICORN  (UNsteady 
Ignition  and  COmbustion  using  ReactioNs)  is  used  for  the 
two-dimensional  simulation  of  premixed  flames  associated 
with  this  opposing-jet  burner.  Sub-limit  lean  methane/air 
flames  are  supported  in  this  burner  by  the  products  generated 
by  a  lean  hydrogen/air  premixed  flame.  A  detailed  chemical- 
kinetics  model  GRI-V1.2  (developed  by  the  Gas  Research 
Institute)  is  used  for  simulating  the  double-flame  structure 
formed  between  the  methane/air  and  hydrogen/air  mixtures. 
Extinction  of  methane  flame  is  obtained  by  increasing  the 
applied  stretch  rate  on  both  the  flames.  Numerical  results  are 
compared  with  the  experimental  data.  Role  of  the  radicals 
diffusing  from  the  stable  hydrogen  flame  in  stabilizing  the 
unstable  lean  methane  flame  is  discussed. 

INTRODUCTION: 

Lean  combustion  is  currently  under  investigation  due  to 
its  potential  advantages  in  limiting  thermal  NOx  emissions 
and  in  reducing  fuel  consumption.  It  has  been  used  in  gas 
turbines  and  direct  injection  spark  ignition  (DISI)  engines. 
But  a  critical  problem  is  that  lean  combustion  tends  to 
produce  unburned  hydrocarbon  pollutants.  For  example,  in 
DISI  engines,  ultra-lean  combustion  is  achieved  by  charge 
stratification.  The  fuel/air  mixture  is  inhomogeneous, 
leading  to  the  simultaneous  formation  of  lean,  rich  and 
stoichiometric  regions.  For  the  inhomogeneous  reactants, 
Haworth  et  al.  [1]  simulated  turbulent  inhomogeneous 
combustion  in  DISI  engines  and  found  that  hydrocarbon-rich 
fragments  and  oxidizer  penetrate  behind  the  primary  heat- 
release  zone  to  form  a  secondary  reaction  zone.  Flames 
occurring  in  an  inhomogeneously  mixed  fuel  and  air  region 
are  examples  of  partially  premixed  combustion.  Some  of  this 
partially  premixed  mixture  is  so  lean  that  it  doesn’t  bum.  But 
this  ultra  lean  mixture  may  still  react  if  hot  products  interact 
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with  it.  That  is,  under  certain  conditions,  the  lean  mixture 
region  can  bum  and  thus  reduce  the  potential  pollutants.  The 
interaction  of  lean  mixture  with  hot  products  needed  to 
maintain  the  lean  region  burning  is  the  focus  of  this  work. 
Partially  premixed  flames  have  been  studied  widely.  In 
particular,  the  downstream  interaction  between  two 
premixed  streams  was  investigated  by  Sohrab  et  al.  [2].  Most 
practical  flames  are  stretched.  The  stretch  effect  combined 
with  other  aspects  such  as  the  effect  of  Lewis  number  or 
curvature  will  modify  flame  stmcture  significantly  [3,  4]. 
Considering  the  various  conditions  that  exist  simultaneously 
in  inhomogeneous  fuel/air  reaction,  a  set  of  CH4/air  flames 
with  a  wide  range  of  equivalence  ratios  and  stretch  rates 
impinging  upon  downstream  hot  products  are  studied 
experimentally  and  numerically.  The  opposed  jet  burner 
generates  counterflow  flames  that  are  widely  used  to  study 
chemical  kinetics  and  species  transport  under  aerodynamic 
stretch.  Using  the  opposed  jet  flames,  partially  premixed 
CH4/air  versus  air  flame  stmctures  were  investigated  [5,  6]. 
Lean  partially  premixed  CH4  and  C3H8  flame  structures 
versus  hot  products  have  also  been  investigated  [7,  8].  In 
general,  premixed  flames  [9,  10]  are  much  less  sensitive  to 
stretch  than  diffusion  flames  [11].  In  the  present  work, 
stretch  effects  on  the  flame  structure  of  lean  CH4/air 
mixtures  are  studied  using  a  two-dimensional,  detailed 
transport,  complex  chemistry  numerical  model. 

NUMERICAL  MODEL: 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  [12,13]  is  used  to  simulate  the  potentially 
unsteady  jet  diffusion  flames  considered  in  this  study.  It 
solves  for  u-  and  v-momentum  equations,  continuity,  and 
enthalpy-  and  species-conservation  equations  on  a 
staggered-grid  system.  A  clustered  mesh  system  is  employed 
to  trace  the  large  gradients  in  flow  variables  near  the  flame 
surface.  A  detailed  chemical-kinetics  model  (GRI  Version 
1.2)  of  Gas  Research  Institute  [14]  is  incorporated  into 
UNICORN  for  the  investigation  of  methane  flames.  It 
consists  of  32  species  and  346  elementary-reaction  steps. 
Thermo-physical  properties  such  as  enthalpy,  viscosity, 
thermal  conductivity,  and  binary  molecular  diffusion  of  all 
the  species  are  calculated  from  the  polynomial  curve  fits 
developed  for  the  temperature  range  300  -  5000  K.  Mixture 


460 


viscosity  and  thermal  conductivity  are  then  estimated  using 
the  Wilke  and  Kee  expressions,  respectively.  Molecular 
diffusion  is  assumed  to  be  of  the  binary-diffusion  type,  and 
the  diffusion  velocity  of  a  species  is  calculated  using  Fick’s 
law  and  the  effective-diffusion  coefficient  of  that  species  in 
the  mixture.  A  simple  radiation  model  based  on  the  optically 
thin-media  assumption  [15]  is  incorporated  into  the  energy 
equation.  Only  radiation  from  CH4,  CO,  C02,  and  H20  is 
considered  in  the  present  study.  Due  to  lack  of  any  soot 
modeling  in  the  present  study  radiation  from  soot  is  not 
considered.  This  simplification  could  result  in  only  slightly 
higher  flame  temperatures  in  the  lean  flames  considered  in 
the  present  study. 

The  finite-difference  forms  of  the  momentum  equations 
are  obtained  using  an  implicit  QUICKEST  scheme  [16],  and 
those  of  the  species  and  energy  equations  are  obtained  using 
a  hybrid  scheme  of  upwind  and  central  differencing.  At 
every  time  step,  the  pressure  field  is  accurately  calculated  by 
solving  all  the  pressure  Poisson  equations  simultaneously 
and  using  the  LU  (Lower  and  Upper  diagonal)  matrix- 
decomposition  technique.  The  boundary  conditions  are 
treated  in  the  same  way  as  that  reported  in  earlier  papers 
[17]. 

EXPERIMENT: 

The  opposed  jet  burner  used  in  this  study  was  designed 
by  Seshadri  et  al.  [18]  and  has  been  used  extensively  for 
hydrogen-  and  hydrocarbonfueled  diffusion  flames  and  for 
hydrocarbon- fueled  premixed  flames.  With  the  honeycomb 
inserts,  rather  than  wire  screens,  it  has  also  been  used  for  the 
studies  of  lean  H2/air  premixed  flames  [19].  The  burner 
system  consists  of  25 -mm  diameter  inner  nozzles  that  are 
separated  by  12.6  mm.  Methane  and  air  mixture  was  issued 
from  one  nozzle  while  hydrogen  and  air  mixture  was  issued 
from  the  other.  Measurements  of  major  species  and 
temperature  were  made  along  the  centerline  using  a 
nonintrusive,  Raman  diagnostic  system  [19].  Experiments 
were  performed  for  various  equivalence  ratios  and  stretch 
rates.  Details  of  eight  flames  that  were  classified  into  three 
groups  are  described  in  Ref.  [19].  All  these  flames  used  fuel 
jets  of  300K-inlet  temperature.  Group  A  includes  three 
flames  with  the  same  CH4/air  mixtures  (with  an  equivalence 
ratio  0.68)  and  lean  H2/air  mixtures  (with  an  equivalence 
ratio  0.28)  but  subjected  to  different  stretch  rates. 

RESULTS  AND  DISCUSSION: 

Two-dimensional  calculations  for  the  opposing  jet  lean- 
premixed  flames  are  made  using  UNICORN  code.  A  grid 
system  having  421X101  node  points  is  used  for  describing 
the  physical  space  between  the  burner  nozzles.  Flat  velocity 
profiles  are  used  at  the  nozzle  exits.  Results  obtained  along 
the  stagnation  line  for  the  three  flames  in  Group  A  are 
compared  with  the  measurements  in  Figs.  1-3,  respectively. 
The  global  stretch  rates  (defined  as  twice  the  velocity 
difference  divided  by  nozzle  separation)  applied  on  these 
flames  are  90  s"1,  136  s"1,  and  204  s"1.  As  seen  from  Figs.  1- 
3,  calculations  have  yielded  double-flame  structure  for  all 
the  three  applied  stretch  rates.  Methane/air  mixture  produced 


a  flame  on  the  left  side  with  temperature  greater  than  1600  K 
and  hydrogen/air  mixture  produced  a  flame  on  the  right  side 
with  a  temperature  of  about  1300  K.  As  the  applied  stretch 
rate  on  these  flames  increased  the  peak  temperatures  and  the 
separation  between  the  two  flame  locations  decreased. 

Calculations  compared  well  with  the  measurements  for 
the  90  s"1  and  136  s"1  global  stretch  rate  cases  (Figs.  1  and  2). 
The  double-flame  structure  was  well  reproduced.  However, 
significant  differences  exist  between  the  predictions  and 
measurements  for  the  204-s"1  case  (Fig.  3).  The  temperature 
and  concentrations  of  CO  and  C02  predicted  by  the  model 
for  this  case  are  significantly  higher  than  the  measured 
values.  In  fact,  calculations  resulted  in  a  double-flame 
structure  at  this  stretch  rate  (204  s"1)  while  measurements 
indicate  a  single-flame  structure.  Calculations  were  repeated 
with  different  grid  sizes  to  make  sure  that  the  noted 
differences  in  flame  structure  are  not  associated  with  the  grid 
resolution.  Interestingly,  calculations  made  by  Cheng  et  al. 
[19]  using  OPDIFF  code  also  resulted  in  a  double-flame 
structure  under  this  stretch  rate. 

The  ability  of  the  numerical  model  in  predicting  single¬ 
flame  structure  is  tested  through  simulating  other  flames  in 
Groups  B  and  C  discussed  in  Ref.  [19].  Results  obtained  for 
d>cH4  =  0.54,  0H2  =  0.28  flame  at  a  global  stretch  rate  of  90  s" 
1  are  compared  with  the  measurements  in  Fig.  4.  Note  that 
methane  flame  is  extinguished  at  this  stretch  rate  and  only 
the  hydrogen  flame  is  present.  Calculations  reproduced  the 
single-flame  structure  well. 

Calculations  of  the  0CH4  =  0.68,  <DH2  =  0.28  flame  in  Fig. 
3  at  204  s"1  stretch  rate  yielding  a  double-flame  structure 
while  the  measurements  show  the  presence  of  only  hydrogen 
flame.  For  understanding  this  discrepancy  between  the 
prediction  and  measurement  additional  calculations  are 
performed  for  this  flame.  Typically,  flames  with  finite  rate 
chemistry  are  calculated  from  an  initial  solution  that  is  either 
generated  by  a  global-chemistry  model  or  constructed  from  a 
known  solution  at  different  flow  conditions.  Some  times 
finite-rate  calculations  are  also  performed  from  cold-flow 
solution  and  by  using  high-temperature  ignition  spot.  In  the 
present  study,  calculations  for  the  flame  at  a  given  stretch 
rate  are  performed  from  a  known  solution  at  lower  stretch 
rate.  Considering  the  possibility  of  this  approach  leading  to  a 
double-flame  structure  in  Fig.  3,  calculations  for  this  flame 
are  repeated  by  using  an  initial  flame  at  higher  stretch  rate 
and  that  has  only  hydrogen  flame  (as  in  Fig.  4). 
Interestingly,  a  second  solution  for  the  flame  in  Fig.  3  is 
obtained.  The  computed  results  are  shown  in  Fig.  5  along 
with  the  measured  values.  This  computed  single-flame 
structure  matched  well  with  the  flame  obtained  in  the 
experiments. 

The  numerical  experiments  performed  for  the  <DCh4  = 
0.68,  <DH2  =  0.28,  kgiobai  =  204  s"1  flame  suggests  that  under 
certain  conditions  flames  can  have  two  stable  states.  For 
understanding  this  dual-state  characteristics  of  the  lean 
premixed  methane  flames,  calculations  for  the  0CH4  =  0.68, 
0H2  =  0.28  flame  are  performed  from  a  low-stretch-rate 
condition  and  gradually  increasing  the  stretch  rate.  The  peak 
temperature  and  C02  concentrations  are  shown  in  Fig.  6  for 
various  stretch  rates.  As  expected,  temperature  decreased 
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from  1750  K  with  stretch  rate.  At  about  260  s"1  global  stretch 
rate  the  flame  temperature  drastically  decreased  to  1350  K 
and  any  further  increase  in  stretch  rate  increased  the 
temperature  slightly.  Actually,  at  260  s"1  global  stretch  rate 
the  methane  flame  started  extinguishing  and  at  higher  stretch 
rates  only  hydrogen  flame  survived  yielding  single-flame 
structure. 

Calculations  performed  by  decreasing  the  stretch  rate 
followed  the  same  path  till  the  stretch  rate  reached  a  value  of 
300  s"1.  Further  reduction  in  stretch  rate  did  not  yield  the 
double-flame  structure  that  was  obtained  with  decreasing- 
stretch-rate  approach.  In  fact,  methane  flame  could  not  be 
established  even  for  stretch  rates  as  low  as  60  s"1.  This 
behavior  is  also  found  in  a  slightly  richer  flame  (  0Ch4  = 
0.81,  <DH2  =  0.28).  The  variations  in  peak  temperature  and 
C02  concentrations  with  increasing  stretch  rate  for  this 
flame  are  shown  in  Fig.  7.  Note  that  the  flame  response  to 
decreasing  stretch  rate  is  similar  to  that  shown  in  Fig.  6; 
however,  it  is  not  plotted  in  Fig.  7  due  to  incomplete 
calculations. 

Two-dimensional  structures  of  the  0Ch4  =  0.68,  <DH2  = 
0.28,  kglobai  =  204  s"1  flame  in  different  states  are  shown  in 
Fig.  8.  The  double-flame  structure  is  shown  on  the  left  half 
and  the  single-flame  structure  is  shown  on  the  right  half. 
Methane/air  mixture  is  flowing  from  the  bottom  and 
hydrogen/air  mixture  is  flowing  from  top.  As  seen  from 
velocity  field  (Fig.  8a)  the  stagnation  point  (zero  velocity 
location)  is  shifted  toward  hydrogen  jet  when  the  methane 
flame  is  established  in  State  A.  The  volumetric  expansion 
associated  with  methane  flame  caused  such  a  shift  in 
stagnation  point.  The  temperature  (Fig.  8b)  and  OH 
concentration  (Fig.  8c)  fields  further  suggest  that  the 
hydrogen  flame  established  on  the  hydrogen-fuel  side  of  the 
stagnation  point  is  also  shifted  with  the  establishment  of 
methane  flame. 

The  structure  of  <DCh4  =  0.68,  <DH2  =  0.28  flame  in  State  A 
along  stagnation  line  is  shown  in  Fig.  9.  Temperature  and 
heat  release  rate  along  the  stagnation  line  are  shown  in  Fig. 
9a  and  the  rates  of  destruction  of  reactants  are  shown  in  Fig. 
9b.  The  concentrations  and  rates  of  production  of  CH3  and 
OH  radicals  are  shown  in  Fig.  9c.  Even  though  the  hot 
products  generated  along  the  methane  and  hydrogen  flames 
are  getting  mixed  and  resulting  a  monotonically  decreasing 
temperature  from  former  to  latter,  the  two  flames  are 
chemically  well  separated.  Heat  release  and  reactant 
consumption  associated  with  each  flame  are  occurring 
locally  and  independently.  However,  abundant  species  such 
as  OH  radicals  generated  at  one  flame  are  transported  to  the 
other  flame;  which  might  be  having  some  secondary  effects 
on  local  chemical  kinetics. 

Even  though  methane  flame  is  extinguished  in  the  State- 
13  solution,  part  of  the  methane/air  mixture  is  consumed  near 
the  hydrogen  flame.  The  structure  of  <DCh4  =  0.68,  <DH2  = 
0.28  flame  in  State  B  along  stagnation  line  is  shown  in  Fig. 

10.  Heat-release-rate  profile  (Fig.  10a)  in  the  shoulder  region 
of  the  hydrogen  flame  is  modified  due  to  the  burning  of 
methane/air  mixture.  However,  such  burning  is  not 
triggering  chain-branching  reactions  of  methane-oxygen 
system  and  consequently  methane  flame  is  not  established. 


The  rates  of  destruction  of  reactants  in  State-B  solution  are 
shown  in  Fig.  10b  while  the  concentrations  and  rates  of 
production  of  CH3  and  OH  radicals  are  shown  in  Fig.  10c.  A 
very  weak,  but  distinct,  methane  combustion  is  taking  place 
in  the  shoulder  region  of  the  hydrogen  flame.  For  example, 
the  peak  production  rate  of  CH3  radical  in  State-B  solution 
(-2.5  mole/cm3/s)  is  only  half  of  that  established  in  the 
State-A  solution. 
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Fig.  1.  Computed  (lines)  and  measured  (symbols) 
temperature  and  species  distributions  along  stagnation  line 
for  0CH4  =  0.68,  <tH2  =  0.28,  kglobal  =  80  s'1  flame. 


Fig.  3.  Computed  (lines)  and  measured  (symbols) 
temperature  and  species  distributions  along  stagnation  line 
for  <DCh4  =  0.68,  0H2  =  0.28,  kglobai  =  204  s"1  flame. 


z  (mm) 

Fig.  2.  Computed  (lines)  and  measured  (symbols) 
temperature  and  species  distributions  along  stagnation  line 
for  <DCh4  =  0.68,  <DH2  =  0.28,  kgiobai  =  136  s"1  flame. 


z  (mm) 

Fig.  4.  Computed  (lines)  and  measured  (symbols) 
temperature  and  species  distributions  along  stagnation  line 
for  <DCh4  =  0.54,  <DH2  =  0.28,  kgiobai  =  90  s"1  flame. 
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Fig.  5.  Computed  (lines)  second  state  of  the  <DCH4  =  0.68, 
<DH2  =  0.28,  kgiobai  =  204  s"1  flame.  Symbols  show 
measurements. 


Fig.  6.  Variation  of  peak  temperature  (solid  circles)  and  C02 
(open  circles)  concentration  with  increasing  (solid  lines)  and 
decreasing  (broken  lines)  stretch  rates  for  flame  in  Fig.  1. 


Fig.  7.  Variation  of  peak  temperature  (solid  circles)  and  C02 
(open  circles)  concentration  with  increasing  stretch  rates  for 
Och4  —  0.81,  Oh2  —  0.28  flame. 


Fig.  8.  Two  states  of  0CH4  =  0.68,  0H2  =  0.28  flame  shown 
between  z  =  2  and  10  mm  and  between  r  =  0  and  4  mm.  (a) 
Velocity  field,  (b)  temperature  and  (c)  OH  concentration 
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Fig.  9.  Structure  of  ®CH4  =  0.68,  <PH2  =  0.28  flame  in  State  A 
along  stagnation  line,  (a)  Temperature  and  heat  release  rate, 
(b)  rates  of  production  of  reactants,  and  (c)  concentrations 
and  rates  of  production  of  CH3  and  OH  radicals. 


z  (mm) 

Fig.  10.  Structure  of  <DCh4  =  0.68,  <Dh2  =  0.28  flame  in  State 
B  along  stagnation  line,  (a)  Temperature  and  heat  release 
rate,  (b)  rates  of  production  of  reactants,  and  (c) 
concentrations  and  rates  of  production  of  CH3  and  OH 
radicals. 
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Residence  time  and  thermo-chemical  environment  are 
important  factors  in  the  soot-formation  processes  of  jet 
diffusion  flames.  For  understanding  the  chemical  and 
physical  structure  of  the  soot  formed  in  jet  flames 
knowledge  on  flow  dynamics  of  diffusion  flames  is  required. 
A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  is  used  for  the  simulation  of  Heptane/ Air 
unsteady  jet  diffusion  flames.  A  detailed  chemical-kinetics 
model  is  incorporated  into  UNICORN  for  the  investigation 
of  PAH  formation  in  heptane  flames.  It  consists  of  up  to  197 
species  and  2800  elementary-reaction  steps.  A  simple  soot 
model  based  on  two  conservation  equations  and  acetylene 
concentration  is  used  for  estimating  soot  production  in  these 
flames.  The  effect  of  nitromethane  on  the  PAH  species  and 
soot  formed  in  these  flames  is  investigated  by  incorporating 
nitromethane  chemistry.  Small  amounts  of  nitromethane  are 
added  to  fuel  jet. 

INTRODUCTION: 

Considerable  progress  has  been  made  in  recent  years  in 
understanding  the  chemical  and  physical  aspects  of  soot 
formation  in  hydrocarbon  flames.  After  the  first  aromatic 
rings  (such  as  benzene  and  small  PAHs)  are  formed  in  the 
gas  phase,  acetylene  and  other  molecules  react  with  these 
small  PAHs  to  form  larger  PAHs  [1].  The  first  soot  particles 
are  thought  to  be  formed  when  two  or  more  PAHs  react  to 
form  a  three  dimensional  particle.  This  process  is  known  as 
particle  inception  [2].  The  soot  particles  formed  interact  with 
the  gas-phase  molecules  by  the  addition  of  acetylene  to  their 
surfaces  (surface  growth)  and  by  the  reaction  with  molecular 
oxygen  and/or  hydroxyl  radical  (oxidation).  Another  process 
thought  to  increase  soot  mass  is  the  collision  of  PAHs  with  a 
soot  particle. 

Several  experimental  and  numerical  investigations  of  soot 
formation  have  been  performed  using  coflow  and 
counterflow  diffusion  flames  [3-6].  A  few  have  focused  on 
the  importance  of  soot  particle  pathways  (i.e.,  residence 
time,  temperature,  and  chemistry)  [7,8].  Santoro  et  al.  [7] 
used  soot  volume  fraction,  temperature,  and  velocity 
measurements  from  an  ethylene-air  jet  diffusion  flame  to 
examine  the  soot  growth  process  along  individual  particle 
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paths.  Based  on  experimental  data,  they  argued  that  the  soot 
formation  rate  increases  in  the  annular  region  of  the  flame 
due  to  an  increase  in  residence  time.  Lin  and  Faeth  [8]  found 
that  the  direction  of  soot  particle  movement  with  respect  to 
the  flame  sheet  is  important.  They  argued  that  if  soot 
particles  forming  on  the  fuel  rich  side  of  the  flame  remained 
entrained  in  the  fuel-rich  region  for  a  long  time  before 
crossing  the  flame  surface,  then  surface  growth  could  be 
enhanced.  In  contrast,  Lin  and  Faeth  [8]  argued  that  the 
amount  of  soot  generated  could  be  reduced  if  the  soot 
particle  is  made  to  cross  the  flame  surface  quickly.  Recent 
calculations  of  Katta  et  al.  [9]  have  suggested  that  presence 
of  large-scale  structures  in  dynamic  flames  could  influence 
the  way  PAH  species  are  formed  and  hence,  could  impact 
the  amount  of  soot  produced.  The  purpose  of  this  paper  is  to 
investigate  the  influence  of  additives  on  soot  formation  in  jet 
diffusion  flames. 

Various  attempts  have  been  made  in  the  past  to  develop 
models  for  soot  predictions.  Some  of  these  models  are 
detailed,  and  have  been  calibrated  against  experimental  data 
obtained  in  laminar,  premixed  or  diffusion  flames  of  simple 
configurations.  For  example,  Frenklach  and  coworkers  [10] 
proposed  a  detailed  kinetic  model  of  soot  formation  and 
validated  [10,11]  using  measurements  of  laminar,  premixed 
flames  while  Mauss,  Bockhom  and  their  coworkers  [12,13] 
established  a  different  detailed  soot  model  that  was  tested  in 
laminar,  counter-flow  diffusion  flames.  The  detailed  kinetic 
soot  model  consists  of  1)  gas-phase  chemistry  and  2) 
kinetics  describing  the  particle  growth  and  destruction 
processes.  The  gas-phase  chemistry  describes  the  formation 
of  PAHs  [14,15].  The  particle  growth  and  destruction 
involve  inception/  nucleation  of  particles  resulting  from 
coagulation  of  PAHs  and  are  modeled  via  a  set  of  surface 
reactions  [10-13],  and  particle  coagulation  is  modeled  based 
on  the  method  of  moments  [10-13]  or  the  discrete-sectional 
method  [16,17]. 

The  most  widely  used  soot  models  are  based  on  the 
assumption  that  soot  consists  of  particles  with  monodisperse 
size  distribution.  Then  the  soot  formation,  coupled  directly 
to  the  fuel  concentration,  is  modeled  by  one  or  two 
equations:  one  for  the  particle  volume  fraction  and  the  other 
for  the  particle  number  density.  Leung  et  al.  [18]  argued  that 
the  intermediate  species  contributing  to  the  soot  particle 
formation  should  be  connected  to  at  least  the  pyrolysis 
kinetics  of  the  fuel.  For  simplicity,  they  assumed  acetylene 
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to  be  the  intermediate  species  and  proposed  a  simplified  soot 
model  combined  with  the  gas-phase  kinetics  of  fuel 
pyrolysis  for  counterflow,  ethylene  and  propane  flames  [18] 
as  well  as  coflow,  methane  flames  [19].  The  results  showed 
that  with  this  approach  good  agreement  with  measured  data 
for  soot  volume  fraction,  particle  growth  and  number  density 
could  be  obtained.  In  the  present  work,  a  model  similar  to 
that  of  Leung  et  al.  [18]  is  used  for  the  predictions  of  soot 
formation  in  jet  diffusion  flames. 

NUMERICAL  MODEL: 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  [20,21]  is  used  to  simulate  the  potentially 
unsteady  combusting  flows  considered  in  this  study.  It 
solves  for  u-  and  v-momentum  equations,  continuity,  and 
enthalpy-  and  species-conservation  equations  on  a 
staggered-grid  system.  The  body-force  term  due  to  the 
gravitational  field  is  included  in  the  axial-momentum 
equation  for  simulating  vertically  mounted  flames.  A 
clustered  mesh  system  is  employed  to  trace  the  large 
gradients  in  flow  variables  near  the  flame  surface.  A  detailed 
chemical-kinetics  model  developed  by  NIST  [22]  is 
incorporated  into  UNICORN  for  the  investigation  of  PAH 
formation  in  heptane  flames.  It  consists  of  197  species  and 
2800  elementary-reaction  steps.  Thermo-physical  properties 
such  as  enthalpy,  viscosity,  thermal  conductivity,  and  binary 
molecular  diffusion  of  all  the  species  are  calculated  from  the 
polynomial  curve  fits  developed  for  the  temperature  range 
300  -  5000  K.  Mixture  viscosity  and  thermal  conductivity 
are  then  estimated  using  the  Wilke  and  Kee  expressions, 
respectively.  Molecular  diffusion  is  assumed  to  be  of  the 
binary-diffusion  type,  and  the  diffusion  velocity  of  a  species 
is  calculated  using  Fick's  law  and  the  effective-diffusion 
coefficient  of  that  species  in  the  mixture.  A  simple  radiation 
model  based  on  the  optically  thin-media  assumption  is 
incorporated  into  the  energy  equation.  Only  radiation  from 
CH4,  CO,  C02,  H20,  and  soot  is  considered  in  the  present 
study. 

The  finite-difference  forms  of  the  momentum  equations 
are  obtained  using  an  implicit  QUICKEST  scheme  [23],  and 
those  of  the  species  and  energy  equations  are  obtained  using 
a  hybrid  scheme  of  upwind  and  central  differencing.  At 
every  time  step,  the  pressure  field  is  accurately  calculated  by 
solving  all  the  pressure  Poisson  equations  simultaneously 
and  using  the  LU  (Lower  and  Upper  diagonal)  matrix- 
decomposition  technique.  The  boundary  conditions  are 
treated  in  the  same  way  as  that  reported  in  earlier  papers 
[24], 

Soot  Model 

This  study  utilized  a  two-equation  model  for  soot  with 
transport  equations  for  particle  number  density,  Ns,  and  soot 
mass  fraction,  Ys.  These  equations  can  be  written  for 
unsteady  flow  as 

(1) 


^‘+V-(pVr,)-V-(oDs  (2) 

where  V  is  the  velocity  vector,  p  is  density,  D  is  the 
molecular  diffusion  coefficient,  and  co  is  the  production  term 
from  chemical  reactions.  The  two  source  terms  in  Eqs.  1 
and  2  are  obtained  using  Lindstedf  s  model  [25],  which  is 
based  on  the  simplifying  assumption  that  nucleation  and 
growth  are  first-order  functions  of  acetylene  concentrations. 
The  underlying  chemical  reactions  for  nucleation  and  growth 
are  similar  and  given  as 

C2H2  =>  2CS  +  H2  (3) 

with  the  reaction  rates 

n  =  ki(T)  [C2H2]  and  r2  =  k2(T)  f(As)  [C2H2] 

for  nucleation  and  growth,  respectively,  where  f(As)  denotes 
a  functional  dependence  on  soot  surface  area  per  unit 
volume.  Brookes  and  Moss  [26]  analyzed  the  functional 
dependence  of  the  soot  growth  rate  on  As  and  found  that 
under  simplified  conditions  with  no  soot  oxidation  and 
radiation  the  appropriate  functional  dependence  is  linear  and 
therefore  f(As)  is  set  equal  to  As. 

The  reaction  steps  for  02  and  OH  oxidation  can  be 
written  as 

Cs  +  1/2  02  =>  CO,  (4) 

Cs  +  OH  =>  CO  +  H.  (5) 

The  reaction  rates  for  equations  (4)  and  (5)  are  approxi¬ 
mated  by  r3  =  k3(T)  As  [02]  and  r4  =  k4(T)  As  [OH]. 

The  expression  for  02  oxidation  is  essentially  the  one 
derived  by  Lee  et  al.  [27].  Reaction  rate  constants  for  OH 
attack  on  soot  particles  are  taken  from  Bradley  et  al.  [28] 
and  a  collision  efficiency  of  0.04  [29]  is  assumed. 

Using  the  above  expressions,  the  source  terms  for  soot 
mass  fraction  and  particle  density  can  be  obtained  from 

oos  =  2ki(T)  [C2H2]  Ms  +  2k2(T)  As  [C2H2]  Ms 

-  k3(T)  As  [02]  Ms  -  k4(T)  As  [OH]  Ms  (6) 

and 

cdNs  =  2ki(T)  [C2H2]  Na/nc  min 

-  2Ca  (dp)1/2  (6ctbT/Ps)1/2  (pNs)2  (7) 

The  last  term  on  the  right  of  Eq.  7  accounts  for  the  decrease 
in  particle  number  density  by  particle  agglomeration.  Here 
cjb  =  1.38  x  10"23  J/K  is  the  Boltzmann  constant,  Mi  is  the 
molecular  weight  of  species  i,  NA  =  6.0232  x  1026  is  the 
Avogadro  number,  Ca  =  9  is  the  agglomeration  constant,  and 
nc,min  =  60  is  the  minimum  particle  number  required  for 
particle  nucleation.  The  density  of  the  soot  particles  (ps)  is 
assumed  to  be  1800  kg/m3.  The  particle  surface  area  is 
defined  by 
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As  =  7i  (dp)2  Ns  (8) 

with  the  particle  diameter,  dp,  given  as 

dp  =  (6Ys/7ipsNs).  (9) 

Finally,  soot  volume  fraction  (fv)  is  calculated  from  soot 
mass  fraction  using  the  relationship  fv  =  p  Ys/ps. 

RESULTS  AND  DISCUSSION 

The  CFD  model  UNICORN  has  been  extensively 
validated  in  the  past  by  simulating  various  steady  and 
unsteady  counterflow  and  coflow  jet  diffusion  flames  and  by 
comparing  the  results  with  experimental  data.  This  gives 
confidence  that  UNICORN  can  simulate  the  structure  of 
dynamic  flames  accurately.  However,  the  integration  of 
heptane  and  PAH  chemistry  into  UNICORN  needs  to  be 
validated.  This  is  achieved  by  simulating  partially  premixed 
opposing  jet  flames  of  Berta  et  al.  [30].  Computed  solutions 
obtained  for  a  flame  with  global  strain  rate  of  50  s"1  and  fuel- 
stream  equivalence  ratio  of  4  are  compared  with  the 
experimental  data  in  Fig.  1.  Predictions  for  temperature  and 
various  species  including  benzene  seem  to  follow  the 
measurements. 

Calculations  are  performed  for  a  jet  diffusion  flame  with 
fuel  jet  and  coflow  air  velocities  of  0.05  m/s  and  0.2  m/s, 
respectively.  The  fuel  jet  diameter  is  1  cm.  Pure  fuel  (100% 
heptane)  and  bended  fuel  (80%  heptane  +  20%  toluene)  are 
used  as  fuels.  Effect  of  nitromethane  on  soot  formation  in 
these  flames  is  studied  by  adding  various  amounts  of 
nitromethane  to  the  fuel  jet.  Two-dimensional  calculations 
are  performed  using  a  grid  system  with  151x101  nodes  on  a 
physical  domain  of  150  x  50  mm. 

Results  obtained  for  100%  heptane  flame  are  shown  in 
Figs.  2-4.  Distributions  of  soot  mass  fraction  in  these  flames 
are  shown  in  Fig.  2.  Peak  value  corresponding  to  white  color 
is  ~  3%  of  the  total  gas  mass.  Regions  shaded  with  white 
represent  flame  locations  where  soot  mass  fraction  has 
increased  beyond  3%  level.  As  seen  from  Fig.  2  soot  is 
increasing  with  the  addition  of  nitromethane.  However, 
addition  of  nitromethane  is  also  reducing  the  flame  height 
and  flame  diameter.  Consequently,  increase  in  local  soot 
concentration  may  not  necessarily  result  into  an  increase  in 
total  soot  generated  in  these  flames.  For  investigating  this 
possibility,  flame  structures  in  radial  and  axial  directions  are 
shown  in  Figs.  3  and  4.  The  axial  velocity  and  temperature 
profiles  obtained  at  a  height  of  60  mm  (Fig.  3)  indicate  that 
the  flame  diameter  decreases  with  the  addition  of 
nitromethane.  Flame  is  also  accelerating  at  the  centerline  due 
to  volumetric  expansion  resulting  from  higher  temperature. 
As  seen  from  Fig.  4a  heptane  is  more  rapidly  consumed  in 
the  presence  of  nitrometane.  Consistent  with  the  increase  in 
soot  mass  fraction,  peak  concentrations  of  benzene, 
acetylene  and  biphenyl  are  increasing  with  the  addition  of 
nitromethane. 

In  order  to  assess  the  overall  effect  of  nitromethane  in 
these  jet  flames,  mass  fractions  of  heptane,  benzene, 


acetylene  and  biphenyl  are  integrated  over  the  flame  cross 
section  at  different  flame  heights  and  the  results  are  shown 
in  Figs.  4c  and  4d.  Interestingly,  net  mass  fractions  of 
benzene,  acetylene  and  biphenyl  are  decreasing  with  the 
addition  of  nitromethane.  This  suggests  that  even  though 
nitromehane  increases  the  local  concentrations  of  PAH 
species  and  soot  in  a  jet  flame,  the  over  all  production  of 
these  species  is  actually  decreased. 

Results  obtained  for  80%  heptane+20%  toluene  fuel 
blend  are  shown  in  Figs.  5-7.  Even  though  addition  of 
nitromethane  flame  up  to  18%  yielded  stable  flames, 
addition  of  20%  nitrimethane  destabilized  the  flame  base 
and  the  flame  became  extinguished  in  time.  The  soot  image 
shown  in  Fig.  5  for  the  20%  nitromethane  case  is  an 
instantaneous  solution  obtained  during  the  blowout  process. 
Similar  to  the  pure  heptane  flames,  local  soot  mass  fraction 
increased  with  the  addition  of  nitromethane  in  the  blend- fuel 
case  also.  Due  to  the  reduction  in  the  flame  size,  the  net 
production  of  benzene,  acetylene  and  biphenyl  are  decreased 
with  the  addition  of  nitromethane. 
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Fig.  1.  Comparison  of  predicted  (lines)  and  measured  (symbols)  flame  structures  of  partially  premixed  opposing  jet  diffusion 
flame.  Experimental  data  were  made  by  Berta  et  al  [30].  (a)  Temperature,  (b)  molar  concentrations  of  CO,  C02,  H20,  H2 ,  (c) 
molar  concentrations  of  CH4,  C2H2,  C2H4  ,  and  (d)  benzene  concentration  along  the  stagnation  line. 


4 


469 


6%  14%  20% 


Fig.  2  Soot  distribution  in  a  jet  diffusion  flame  with  different 
levels  of  nitromethane  added  to  heptane  fuel  jet.  Each  image 
represents  120  mm  height.  Excess  soot  is  marked  in  white. 


Fig.  3.  Distributions  of  axial  velocity  and  temperature  at  a 
height  of  60  mm  above  the  burner. 


Fig.  4.  Heptane  decomposition  and  formation  of  benzene,  acetylene  and  biphenyl  for  various  concentrations  of  nitromethane. 
Lines  with  open  circles,  no  symbols,  crosses,  and  solid  circles  represent  0,  6,  14,  and  20  %  nitromethane,  respectively.  Figs,  (a) 
and  (b)  represent  flame  structure  at  a  height  of  60  mm.  Figs,  (c)  and  (d)  represent  total  mass  fractions  at  different  heights. 


5 


470 


6%  14%  20% 


Fig.  5  Soot  distribution  in  heptane+toluene  flame  with 
different  levels  of  nitromethane  added  to  fuel.  Each  image 
represents  120  mm  height.  Excess  soot  is  marked  in  white. 
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Fig.  6.  Distributions  of  axial  velocity  and  temperature  at  a 
height  of  60  mm  above  the  base  for  heptane+toluene  flame. 
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Fig.  7.  Heptane  decomposition  and  formation  of  benzene,  acetylene  and  biphenyl  in  heptane+toluene  flame.  Lines  with  open 
circles,  no  symbols,  crosses,  and  solid  circles  represent  0,  6,  14,  and  20  %  nitromethane  added  to  the  fuel  jet,  respectively.  Figs, 
(a)  and  (b)  represent  flame  structure  at  a  height  of  60  mm.  Figs,  (c)  and  (d)  represent  total  mass  fractions  at  different  heights. 


6 


471 


CFD  Based  Global  and  Detailed  Chemistry  Predictions  for  Inverse  Laminar  Ethane  Jet  Diffusion 
Flames  under  Oxygen  Enhancement  and  Gravity  Variation. 


Pramod  Bhatia*’a,  V.  R.  Kattab,  S.S.  Krishnaif  P.B.  Sunderlandd  and  J.  P.  Gorea 
a  School  of  Mechanical  Engineering, Purdue  University, West  Lafayette,  IN  47907, USA 
b Innovative  Scientific  Solutions,  Inc., 27 66  Indian  Ripple  Road, Dayton,  OH  45440-3638,  USA 
c Department  of  Mechanical  Engineering,  Purdue  School  of  Engineering  and  Technology,  IUPUI, 

723  W.  Michigan  Street,  Indianapolis,  IN  46202,  USA 
d Department  of  Fire  Protection  Engineering,  University  of  Maryland,  College  Park,  MD  20742,  US 

Abstract 

Global  chemistry  calculations  (involving  five  species)  and  detailed  chemistry  calculations  (involving  99  species  including  PAH  and 
1066  reactions  )  at  four  different  oxidizer  compositions  (21,  30,  50  and  100  %  02  mole  fraction  in  N2),  for  ethane  inverse  jet  diffusion 
flames  in  earth  gravity  and  in  microgravity  conditions  were  made  using  an  axisymmetric,  time  dependent  computational  fluid  dynamics 
code.  Computations  were  compared  with  the  experimental  photographs  of  microgravity  and  1-g  flames.  Enhancement  in  oxygen 
resulted  in  increased  flame  temperatures.  Calculations  reveal  that  oxygen  enhancement  causes  an  increase  in  PAH,  CO  and  C2H2 
emission  for  earth  gravity  inverse  diffusion  flames,  whereas  they  decrease  for  microgravity  inverse  diffusion  flames.  However  their 
maximum  PPM  (by  mass)  in  general  increases  with  oxygen  enhancement  and  gravity  reduction.  The  flame  width  also  increased  with 
oxygen  enhancement  and  gravity  reduction. 
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(xxx) 


Inverse  diffusion  flame  under  microgravity 
with  oxidizer  composed,  respectively,  of  xx 
and  (100  -  xx)  mole  %  of  02  and  N2. 

Inverse  diffusion  flame  under  normal 
gravity  with  oxidizer  composed, 
respectively,  of  xx  and  (100  -  xx)  mole  %  of 
02  and  N2. 
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Introduction 

Laminar  jet  diffusion  flames  are  fundamental  to 
combustion.  Their  study  has  contributed  to  myriad  advances  in 
combustion  science,  including  the  development  of  theoretical, 
computational,  and  diagnostic  combustion  tools.  Laminar  jet 
flames  are  pertinent  to  the  turbulent  flames  of  more  practical 
interest.  These  flames  were  one  of  the  first  flame 
configurations  to  be  observed  in  microgravity  (Edelman  et  al. 
1972  [1]  and  references  therein).  This  work  and  subsequent 
studies  by  Bahadori  and  co-workers  [2,  3]  were  mostly 
confined  to  measurements  of  luminous  flame  shapes.  These 
early  efforts  involved  tests  in  the  NASA  2.2-  and  5.2-second 
drop  facilities.  These  studies  considered  only  normal  diffusion 
flames  burning  in  air.  Bahadori  et  al.  (1993)  considered 
microgravity  methane  and  propane  gas  jet  flames  burning  in 
various  pressure  ambients  of  15-50%  02  in  N2  [3].  They  noted 
that  increased  oxygen  concentrations  led  to  shorter  flames  and 
increased  soot  concentrations. 

Blevins  et  al.  (2001)  considered  laminar  ethylene 
inverse  diffusion  flames  for  soot  structure  and  chemical 
analysis  in  1-g  [4].  Sunderland  et  al.  (2003)  studied  pure 
oxygen  ethylene  diffusion  flames  in  normal  and  inverse 
spherical  configurations  [5].  However,  they  used  diluted  fuel 
and  their  objective  was  to  study  flame  structure  and 
hydrodynamic  effects  under  microgravity  conditions.  Van- 
Hulle  (2002)  studied  turbulent  methane  diffusion  flames  with 
two  oxidizers:  air  and  oxygen  [6]. 

Hence,  both  jet  diffusion  and  inverse  diffusion  flames 
have  been  studied  with  great  interest  over  the  past  few 
decades.  Both  configurations  can  arise  on  earth  [7]  and  in 
space.  Oxygen  enrichment  and  gravity  variation  can  have 
significant  effect  on  flame  properties.  For  example,  the  2000 
species  equilibrium  calculations  show  that  the  adiabatic  flame 
temperature  for  ethane  increases  from  2250  K  in  air  to  3082  K 
in  oxygen  i.e.,  an  increase  of  about  37%  in  the  presence  of 
oxygen  compared  to  air.  Also,  normal  jet  diffusion  non- 
buoyant  flames  are  reported  to  be  longer  than  buoyant  flames 
[8], 
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Objectives 

In  the  present  work  the  primary  objectives  are  to 
understand  and  predict  inverse  diffusion  flame  behavior  under: 

(a)  Microgravity  (0-g)  and  earth-gravity  (1-g)  environments. 

(b)  Varying  levels  of  oxygen  in  the  oxidizer. 

The  calculations  have  been  performed  using  global- 
chemistry  (5  species  and  1  reaction)  and  detailed-chemistry  (99 
species  and  1066  reactions  mechanism  involving  Polycyclic 
Aromatic  Hydrocarbons  (PAHs)  [9])  using  the  axi-symmetric 
computational  tool  developed  by  Katta  [10,  11,  12]. 

Comparisons  between  steady-state  computational  results  and 
experimental  flame  photographs  [13]  (not  presented  here)  were 
made.  Ethane  fuel  (1.0  mole  fraction)  was  used  to  examine  the 
effects  of  oxygen- enhancement  (0.21,  0.3,  0.5  and  1.0  mole 
fraction)  in  nitrogen.  Table  1  summarizes  the  test  conditions 
for  the  performed  computations. 

Computational  Model 

A  steady  state  version  of  time-dependent, 
axisymmetric  computational  fluid  dynamics  (CFD)  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactionNs)  [10,  11]  is  used  to  simulate  the  steady  jet 
inverse  diffusion  flames  considered  in  this  study.  It  solves  for 
u-  and  v-  momentum  equations,  continuity,  and  enthalpy-  and 
species-conservation  equations  using  cylindrical  coordinates 
on  a  staggered-grid  system.  Introducing  the  overall  species 
conservation  equation  and  the  perfect  gas  state  equation 
completes  the  set  of  equations.  In  addition,  the  detailed 
chemistry  calculations  also  include  a  sink  term  based  on  an 
optic  ally-thin  gas  assumption  (accounting  for  the  absorption 
and  emission  from  the  gaseous  species  C02,  H20,  CO  and 
CH4)  in  the  energy  equation  to  account  for  thermal  radiation  in 
the  flame.  The  effect  of  radiation  heat  losses  were,  however, 
neglected  for  global  chemistry  computations. 

The  body-force  term  due  to  the  gravitational  field  is 
included  in  the  axial-momentum  equation  for  simulating 
normal  gravity  flames.  A  clustered  mesh  system  is  employed 
for  the  computations  to  trace  the  large  gradients  in  flow 
variables  near  the  flame  surface.  Detailed  chemical-kinetics 
model  of  Wang  and  Frenklach  [9]  incorporated  into 
UNICORN  [10,  11]  is  used  for  investigation  of  PAH  formation 
in  Ethane  (C2H6)  flames.  It  consists  of  99  species  and  1066 
elementary-reaction  steps.  Five  species  involved  in  the  global 
chemistry  calculations  are:  ethane  (C2H6),  oxygen  (02), 
nitrogen  (N2),  H20  and  carbon  dioxide  (C02).  Thermo¬ 
physical  properties  such  as  enthalpy,  viscosity,  thermal 
conductivity,  and  binary  molecular  diffusion  of  all  the  species 
are  calculated  from  polynomial  curve  fits  developed  for  the 
temperature  range  300  -  5000  K.  Mixture  viscosity  and 
thermal  conductivity  are  then  estimated  using  the  Wilke  and 
Kee  expressions,  respectively.  Molecular  diffusion  is  assumed 
to  be  binary  diffusion,  and  the  diffusion  velocity  of  species  is 
calculated  using  Fick’s  law  and  the  effective-diffusion 
coefficient  of  that  species  in  the  mixture.  The  finite-difference 
forms  of  the  momentum  equations  are  obtained  using  an 
implicit  QUICKEST  scheme  [17],  and  those  of  the  species  and 
energy  equations  are  obtained  using  a  hybrid  scheme  of 
upwind  and  central  differencing.  The  pressure  field  is 
accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  using  the  Tower  and  Upper 
diagonal  matrix-decomposition  technique.  The  boundary 


conditions  are  treated  in  the  same  way  as  that  reported  in 
earlier  papers  [18]. 

The  CFD  model  UNICORN  has  been  extensively 
validated  in  the  past  by  simulating  various  steady  and  unsteady 
counterflow  [19,  11]  and  coflow  [17,  19,  20]  jet  diffusion 
flames  and  by  comparing  the  results  with  experimental  data. 
This  gives  confidence  that  UNICORN  can  simulate  flame 
structure  and  other  parameters  accurately. 

Computational  Domain 

The  present  simulations  involved  a  round  5.5  mm 
diameter  burner,  quiescent  ambient  gas  at  0.98  bar  and  298  K 
under  enhanced-oxygen  conditions.  Figure  1  presents  the 
geometry  of  the  axisymmetric  computational  domain.  The 
computational  domain  extending  100  mm  x  50  mm  in  the  axial 
(z)  and  radial  (r)  directions,  respectively,  is  represented  by  a 
staggered,  clustered  401  x  191  grid  system.  The  co-flow 
velocity  is  set  at  1/1 0th  of  the  jet  velocity.  The  effect  of  round 
5.5  mm  diameter  burner  on  flow  dynamics  is  modeled  by 
including  an  adiabatic  rectangular  body  of  thickness  0.45  mm 
and  height  5  mm  inside  the  computational  domain. 


Free  Flow 


Results  and  discussion 

Figures  2  and  3  show  the  axial  velocity  profiles  at  the 
centerline  plotted  as  a  function  of  distance  from  the  burner 
exit.  Upstream  of  the  flame  tip,  the  axial  velocity  increases  for 
all  cases  because  of  the  volumetric  expansion  caused  by  the 
combustion  heat  release.  Beyond  the  flame  tip  the  axial 
velocities  increase  with  distance  for  the  1-g  cases  whereas  they 
decrease  for  the  0-g  cases,  because  of  the  high  product 
temperatures  leading  to  lower  density  and  resultant  buoyant 
accelerations  in  the  normal  gravity  cases,  in  contrast  to  the 
deceleration  caused  by  shear  forces  for  the  microgravity  cases. 
These  effects  decrease  with  downstream  distance  and  the  axial 
velocities  start  approaching  uniform  profiles. 

The  values  of  flame  lengths  and  widths  are  presented 
in  Table  2.  The  flame  lengths  and  widths  from  the 
computations  are  calculated  based  on  the  following  definitions: 
Flame  length  was  defined  as  the  distance  between  the  burner 
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tip  and  the  location  of  the  peak  temperature  along  the 
centerline.  Flame  width  was  defined  as  twice  the  maximum 
radial  distance  of  the  maximum  temperature  location  from  the 
centerline.  The  experimental  flame  lengths  and  widths  were 
obtained  from  Ref.  [13].  These  flame  lengths  correspond  to 
blue  regions,  except  for  case  3  (lg_IDF50)  and  case  7 
(0g_IDF50),  which  are  luminous  lengths.  All  experimental 
widths  correspond  to  blue  regions. 
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Figure  2.  Centerline  axial  velocity  plot  for  1-g  inverse 
diffusion  flames  (Detailed  and  Global  Chemistry) 
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Figure  3 .  Centerline  axial  velocity  plot  for  0-g  inverse 
diffusion  flames  (Detailed  and  Global  Chemistry) 


Global  chemistry  computations  revealed  that  with 
identical  oxygen  mole  fraction  there  are  no  significant 
differences  in  maximum  flame  temperatures  and  the  maximum 
temperature-based-flame  lengths  increase  very  slightly  for  0-g 
inverse  diffusion  flames  in  comparison  to  the  1-g  inverse- 
diffusion  flames  (Table  2).  Results  from  detailed  chemistry 
computations  also  follow  a  similar  trend  except  for  cases  2  and 
3  (intermediate  02  concentrations),  where  the  1-g  flame 
lengths  are  significantly  lower  than  their  0-g  counterparts.  The 
detailed  chemistry  predictions  are  closer  to  the  experimental 
results  in  view  of  an  expected  logarithmic  relationship  between 
stoichiometry  and  flame  length.  Flame  widths  increase  with 
gravity  and  oxygen  enhancement. 

For  global  chemistry  computations  the  temperature 
(Figure  4  &  5)  along  the  axial  direction  (at  r=0)  show  similar 
values  for  both  1-g  and  0-g  inverse-diffusion  flames.  The 
flame  temperatures  increase  with  an  increase  in  the  inlet 
oxygen  mole  fraction.  Also,  because  of  many  step  reactions, 
the  detailed  chemistry  computations  predict  a  much  wider  high 
temperature  zone  when  compared  to  the  corresponding  global 
chemistry  results.  Detailed  chemistry  computations  also  reveal 
that  because  of  larger  velocities  and  resultant  mixing  for  1-g 
flames  this  zone  is  relatively  thinner  for  them.  Pure  oxygen  1-g 
flames  however  show  an  opposite  trend.  This  is  because  of 
their  excessive  large  downstream  velocity  leading  to  thermal 
convection  in  the  axial  direction.  Thickness  of  this  zone 
however  increases  with  oxygen  enhancement. 
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Figure  4.  Centerline  temperature  plot  for  1-g  inverse 
diffusion  flames  (Detailed  and  Global  Chemistry) 

The  flame  temperature  contours  were  compared  with 
the  experimental  flame  photographs  from  Ref.  [13].  The 
comparisons  were  only  qualitative  because  of  the  differences 
in  the  quantities  being  compared  as  well  as  the  differences 
between  the  boundary  conditions  in  the  experiments  and  the 
computations.  These  comparisons  showed  excellent 
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qualitative  similarities  between  the  shapes  and  locations  of 
color  changes  observed  in  the  flame  photographs  and  contour 
changes  observed  in  the  calculated  temperature  contour  plots. 
These  trends  are  encouraging  but  because  of  space  limitation 
they  are  not  presented  in  this  paper 


Z0  (mm) 

Figure  5.  Centerline  temperature  plot  for  0-g  inverse 
diffusion  flames  (Detailed  and  Global  Chemistry) 

Calculation  of  species  production  (as  mass  percent  of 
jet  inflow)  and  maximum  PPM  are,  respectively,  presented  in 
figures  6  (a  -  e)  and  7(a  -  e).  These  figures  reveal  that  for  1-g 
flames,  PAHs  (soot  precursors)  and  acetylene  production 
increase  with  oxygen  enhancement.  These  species  are  indicator 
of  soot  production  so  for  1-g  inverse  diffusion  flames  soot 
production  will  increase  with  oxygen  enhancement.  Further, 
for  these  flames  the  emission  of  harmful  gases  such  as  CO  and 
PAH  increase  with  oxygen  enhancement.  For  0-g  inverse 
diffusion  flames,  there  is  no  significant  change  in  the  emission 
of  these  species  with  oxygen  concentration.  Species  maximum 
PPM  plots  (figure  7(a  -  f))  for  0-g  flames  show  similar  trends 
as  that  of  1-g  flames.  This  indicates  that  these  flames  can  be 
more  sooting  and  harmful  at  high  oxygen  concentrations. 
Also,  the  observed  appearance  of  maximum  PAH  outside  the 
flame  surface  on  the  fuel  side  is  supported  by  the  Ref.  [12]. 

Conclusions 

Computations  were  performed  for  ethane  fueled  laminar  gas- 
jet  diffusion  flames,  emphasizing  the  effects  of  oxygen 
enhancement  and  gravity  under  inverse  burning.  The  mole 
fraction  of  oxygen  in  the  oxidizer  was  varied  from  0.21-1. 
Qualitative  comparisons  were  performed  with  the  experimental 
results  [13].  The  major  findings  were: 

1 .  Oxygen-enhanced  conditions  caused  increase  in 

flame  temperatures  and  gas  velocities. 


2.  The  axial  velocities  increase  significantly  before  the 
flame  tip  for  the  1-g  and  0-g  flames  as  a  result  of 
expansion  caused  by  heat  release.  Beyond  the  flame 
tip  the  velocities  increase  for  the  1-g  flames  (due  to 
buoyancy)  whereas  they  decrease  for  0-g  flames  (due 
to  shear). 

3.  Flame  widths  increase  with  gravity  and  oxygen 
enhancement. 

4.  Computational  results  indicate  that  both  1-g  and  0-g 
inverse  diffusion  flames  can  be  more  sooting  and  can 
emit  harmful  gases  at  high  oxygen  concentrations. 
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Table  1.  Test  Conditions 

CASES 

GRAVITY 

DIFFUSION 

INLET  02  MOLE 
FRACTION 

V0  (mm/s) 

Fr 

Re 

g(W) 

CASE  1  [lg_IDF21] 

1-g 

Inverse 

0.21 

866 

13.9 

312 

72 

CASE  2  [lg_IDF30] 

i-g 

Inverse 

0.3 

866 

13.9 

310 

102 

CASE  3  [lg_IDF50] 

1-g 

Inverse 

0.5 

866 

13.9 

310 

171 

CASE  4  [lgIDFlOO] 

i-g 

Inverse 

1.0 

866 

13.9 

311 

342 

CASE  5  [0g_IDF21] 

0-g 

Inverse 

0.21 

866 

00 

312 

72 

CASE  6  [0g_IDF30] 

0-g 

Inverse 

0.3 

866 

00 

310 

102 

CASE  7  [0g_IDF50] 

0-g 

Inverse 

0.5 

866 

00 

310 

171 

CASE  8  [Og  IDFlOO] 

0-g 

Inverse 

1.0 

866 

00 

311 

342 

Table  2.  Flame  Lengths,  widths  and  maximum  temperatures 


CASE  1  [lg_IDF21] 

16.5 

16.3 

14 

5.0 

5.2 

— 

2170 

2490 

2382 

2250 

CASE  2  [lg_IDF30] 

16.5 

14.2 

13 

5.2 

5.4 

— 

2650 

2760 

2977 

2553 

CASE  3  [lg_IDF50] 

16.8 

13.7 

14 

6.0 

6.0 

— 

3440 

2970 

3981 

2839 

CASE  4  [lgIDFlOO] 

18.2 

19 

17 

7.6 

7.6 

— 

4520 

3150 

5491 

3082 

CASE  5  [0g_IDF21] 

17.3 

17 

16 

5.0 

5.4 

6 

2170 

2509 

2382 

2250 

CASE  6  [0g_IDF30] 

17.7 

17.1 

14 

5.4 

5.6 

6 

2640 

2808 

2977 

2553 

7.8  7.3  3450  2978  3981  2839 


CASE  7  [0g_IDF50]  18  17.7  15  6.^ 
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Figure  6:  Relevant  species 9  Production 
by  mass  as  a  percent  of  jet  inflow  vs. 
inflow  oxygen  mole  fraction 


Figure  7:  Maximum  PPM  by  mass  of 
relevant  species 9  vs.  inflow  oxygen 
mole  fraction 
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ABSTRACT 

Residence  time  and  thermo-chemical  environment  are 
important  elements  in  the  soot-formation  processes  in 
combustors,  especially  which  use  swirl  for  flame 
stabilization.  For  understanding  the  chemical  and  physical 
structure  of  the  soot  formed  in  these  combustors  knowledge 
on  flow  dynamics  and  formation  of  polycyclic  aromatic 
hydrocarbons  (PAHs)  is  required.  A  time-dependent, 
detailed-chemistry  computational-fluid-dynamic  (CFD) 
model  is  developed  for  the  simulation  of  the  reacting  flows 
in  a  model  swirl-stabilized  combustor.  While  commercial 
JP-8  fuel  was  used  in  the  experiments,  a  6-component 
surrogate  mixture  was  used  in  the  calculations  for 
mimicking  the  JP-8-fuel  combustion.  Detailed  chemical 
kinetics  were  used  for  the  simulation  of  combustion  as  well 
as  formation  of  PAH  species.  Several  calculations  were 
made  for  different  equivalence  ratios  obtained  by  varying 
the  fuel  jet  velocity  and  by  keeping  the  airflow  unaltered. 
Turbulent-flow  simulations  revealed  that  two  recirculation 
zones  that  are  separated  by  the  air  jet  establish  in  the  swirl- 
stabilized  combustor.  Stabilization  of  flames  between  the 
air  jets  and  the  recirculation  zones  depends  on  the 
equivalence  ratio.  For  the  highly  fuel-lean  cases  (<|)  =  0.65) 
flame  is  stabilized  between  the  air  jet  and  the  central 
recirculation  zone  and  for  the  fuel-rich  cases  flame  is 
stabilized  between  the  air  jets  and  the  comer  recirculation 
zone.  However,  both  flames  seem  coexist  for  slightly  fuel- 
lean  cases  ((|)  =  0.85).  Predicted  OH  concentration  fields  are 

* 
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compared  with  the  OH  images  obtained  using  planar-laser- 
induced-fluorescence  (PLIF)  technique.  Probe 
measurements  made  in  the  exhaust  products  are  also 
compared. 

INTRODUCTION 

Swirling  jets  are  commonly  used  in  gas-turbine  engines  to 
achieve  compact,  stable,  and  efficient  combustion.  The 
flowfield  in  the  primary  zone  of  a  swirl  combustor  is 
characterized  by  recirculation  zones  with  high  shear 
stresses  and  turbulent  intensities  that  result  in  vortex 
breakdown  and  motion  of  large-scale  flow  structures 1,2 
These  unsteady  fluid  elements  and  recirculation  zones  can 
significantly  increase  the  formation  of  pollutants  such  as 
carbon  monoxide  (CO),  nitric  oxide  (NO),  unburned 
hydrocarbons  (UHC),  and  soot3"5  However,  the 
mechanisms  that  lead  to  enhanced  pollutants  formation  in 
swirl- stabilized,  liquid- fueled  combustors  are  not  fully 
understood.  Previous  experimental  investigations  have 
relied  on  exhaust-gas  measurements  and  parametric  studies 
to  gain  insight  into  the  effects  of  various  input  conditions 
on  soot  loading.6'10  Much  of  the  fundamental  knowledge 
concerning  soot  formation  is  derived  from  theoretical 
investigations  of  laminar  diffusion  flames,11’12  with  only  a 
limited  number  of  studies  being  focused  on  turbulence 
effects.13,14  The  importance  of  considering  unsteadiness  and 
fluid-flame  interactions  was  demonstrated  by  Shaddix  et 
al.,14  who  found  that  a  forced  unsteady  methane/air 
diffusion  flame  produced  a  four-fold  increase  in  soot 
volume  fraction  (as  a  result  of  increased  particle  size)  as 
compared  with  a  steady  flame  having  the  same  mean  fuel- 
flow  velocity.  Recent  calculations  of  Katta  et  al.15  have 
suggested  that  presence  of  large-scale  structures  in  dynamic 
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flames  could  influence  the  way  polycyclic-aromatic- 
hydrocarbon  (PAH)  species  are  formed  and;  thereby,  could 
impact  the  amount  of  soot  produced.  The  goal  of  the  current 
investigation  is  to  simulate  and  understand  soot  formation 
in  the  highly  dynamic  environment  of  a  modeled  swirl- 
stabilized,  liquid-fueled  combustor. 

Soot  is  an  undesirable  combustion  product  and  its 
formation  represents  one  of  the  most  complex  chemical 
systems  in  flames.  Considerable  progress  has  been  made  in 
recent  years  in  understanding  the  chemical  and  physical 
aspects  of  soot  formation  in  hydrocarbon  flames.  Soot 
particles  containing  several  thousands  of  carbon  atoms  are 
formed  from  simple  fuel  molecules  within  a  few 
milliseconds.  After  the  first  aromatic  rings  (such  as  benzene 
and  small  PAHs)  are  formed  in  the  gas  phase,  acetylene  and 
other  molecules  react  with  these  small  PAHs  to  form  larger 
PAHs16.  The  first  soot  particles  are  thought  to  be  formed 
when  two  or  more  PAHs  react  to  form  a  three  dimensional 
particle.  This  process  is  known  as  particle  inception17.  The 
soot  particles  interact  with  the  gas-phase  molecules  by  the 
addition  of  acetylene  to  their  surfaces  (surface  growth)  and 
react  with  molecular  oxygen  and/or  hydroxyl  radical 
(oxidation).  Another  process  thought  to  increase  soot  mass 
is  the  collision  of  PAHs  with  a  soot  particle.  Accurate 
predictions  for  soot  formation  in  swirl  combustors  should 
consider  all  these  processes  and  the  effects  of  flow 
unsteadiness  and  recirculation  zones  on  these  processes. 

Various  attempts  have  been  made  in  the  past  to  develop 
models  for  soot  predictions17.  Some  of  these  models  are 
detailed,  and  have  been  calibrated  against  experimental  data 
obtained  in  laminar,  premixed  or  diffusion  flames  of  simple 
configurations.  For  example,  Frenklach  and  coworkers18 
proposed  a  detailed  kinetic  model  of  soot  formation  and 
validated18,19  using  measurements  of  laminar,  premixed 
flames  while  Mauss,  Bockhom  and  their  coworkers20,21 
established  a  different  detailed  soot  model  that  was  tested  in 
laminar,  counter-flow  diffusion  flames.  The  detailed  kinetic 
soot  model  consists  of  1)  gas-phase  chemistry  and  2) 
kinetics  describing  the  particle  growth  and  destruction 
processes.  The  gas-phase  chemistry  describes  the  formation 
of  PAHs22,23.  The  particle  growth  and  destruction  involve 
inception/  nucleation  of  particles  resulting  from  coagulation 
of  PAHs  and  are  modeled  via  a  set  of  surface  reactions,18"21 
and  particle  coagulation  is  modeled  based  on  the  method  of 
moments18'21  or  the  discrete-sectional  method.24,25 

The  complexity  and  the  uncertainties  associated  with  the 
detailed  kinetic  soot  models  made  their  application  limited 
to  simple  laminar  flames.  On  the  other  hand,  for  the 
simulation  of  turbulent  combustor  flows,  a  variety  of 
simplified  soot  models  that  can  be  easily  implemented  into 
design  codes  have  been  proposed26.  The  most  widely  used 
models  are  based  on  the  assumption  that  soot  consists  of 
particles  with  mono-disperse  size  distribution.  Then  the 
soot  formation,  coupled  directly  to  the  fuel  concentration,  is 
modeled  by  one  or  two  equations:  one  for  the  particle 
volume  fraction  and  the  other  for  the  particle  number 
density. 

Leung  et  al.27  argued  that  the  intermediate  species 
contributing  to  the  soot  particle  formation  should  be 


connected  to  at  least  the  pyrolysis  kinetics  of  the  fuel.  For 
simplicity,  they  assumed  acetylene  to  be  the  intermediate 
species  and  proposed  a  simplified  soot  model  combined 
with  the  gas-phase  kinetics  of  fuel  pyrolysis  for 
counterflow,  ethylene  and  propane  flames27  as  well  as 
coflow,  methane  flames28.  The  results  showed  that  with  this 
approach  good  agreement  with  measured  data  for  soot 
volume  fraction,  particle  growth  and  number  density  could 
be  obtained.  In  the  present  work,  a  model  similar  to  that  of 
Leung  et  al.27  is  used  for  the  prediction  of  soot  formation  in 
swirl- stabilized  combustors  fueled  with  JP-8  fuel.  Detailed 
chemical  kinetics  for  JP-8  fuel  and  the  two-step  soot  model 
are  incorporated  into  a  well-tested  CFD  code  UNICORN. 
Numerical  results  obtained  for  combusting  flows  with 
different  equivalence  ratios  and  swirl  velocities  are 
compared. 

MATHEMATICAL  MODEL 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)29,30  is  used  for  simulating  the  turbulent 
combusting  flows  in  the  model  swirl  combustor.  It  solves 
for  u-  and  v-momentum  equations,  continuity,  and 
enthalpy-  and  species-conservation  equations  on  a 
staggered-grid  system.  A  clustered  mesh  system  is 
employed  to  trace  the  large  gradients  in  flow  variables  near 
the  flame  surface.  A  detailed  chemical-kinetics  model  of 
Violi  et  al.31  is  incorporated  into  UNICORN  for  the 
investigation  of  soot  formation  in  JP-8  flames.  It  consists  of 
161  species  and  1538  reaction  steps.  JP-8  fuel  is  considered 
as  a  surrogate  mixture  of  30%  (by  volume)  n-dodecane  (n- 
C12H26),  20%  n-tetradecane  (n-Ci4H30),  10%  of  iso-octane 
(I-C8H18),  20%  of  methylcyclohexane  MCH  (C7H14),  5%  of 
tetrlin  (Ci0H12),  and  15%  of  m-xylene  (C8H10).  Thermo¬ 
physical  properties  such  as  enthalpy,  viscosity,  thermal 
conductivity,  and  binary  molecular  diffusion  of  all  the 
species  are  calculated  from  the  polynomial  curve  fits 
developed  for  the  temperature  range  300  -  5000  K.  Mixture 
viscosity  and  thermal  conductivity  are  then  estimated  using 
the  Wilke  and  Kee  expressions,  respectively.  Molecular 
diffusion  is  assumed  to  be  of  the  binary-diffusion  type,  and 
the  diffusion  velocity  of  a  species  is  calculated  using  Fick’s 
law  and  the  effective-diffusion  coefficient  of  that  species  in 
the  mixture.  Turbulence  is  modeled  using  k-c  approach.  A 
simple  radiation  model  based  on  the  optically  thin-media 
assumption  is  incorporated  into  the  energy  equation  for 
treating  radiation  heat  loss  from  gaseous  spcies32.  Only 
CH4,  CO,  C02,  and  H20  are  considered  as  radiating  species 
in  the  present  study.  Heat  losses  from  soot  particles  are 
computed  assuming  blackbody  radiation  from  the 
carbonatious  soot  particles.33 

The  finite-difference  forms  of  the  momentum  equations 
are  obtained  using  an  implicit  QUICKEST  scheme34,  and 
those  of  the  species,  energy,  k  and  s  equations  are  obtained 
using  a  hybrid  scheme  of  upwind  and  central  differencing. 
At  every  time  step,  the  pressure  field  is  accurately 
calculated  by  solving  all  the  pressure  Poisson  equations 
simultaneously  and  using  the  LU  (Lower  and  Upper 
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diagonal)  matrix-decomposition  technique.  The  boundary 
conditions  are  treated  in  the  same  way  as  that  reported  in 
earlier  papers35. 

Soot  Model 

Computational  soot  models  based  on  the  fundamental 
physics  of  soot  formation  and  oxidation  are  not  yet 
available.  The  research  groups  around  Moss  and  Lindstedt 
have  made  some  progress  in  modeling  soot  formation  using 
semiempirical  models  based  on  the  mechanisms  of  particle 
inception,  agglomeration,  surface  growth,  and  oxidation. 
Both  the  groups  utilized  two  equation  models  with  transport 
equations  for  particle  number  density,  Ns,  and  soot  mass 
fraction,  Ys.  These  equations  can  be  written  for  unsteady 
flow  as 

^+V-(pVN,)-V-(f>DNyN,y«,„i  (1) 

^+V-(pVY,) -V(pD,VY,)=m,  (2) 

where  V  is  the  velocity  vector,  p  is  density,  D  is  the 
molecular  diffusion  coefficient,  and  co  is  the  production 
term  from  chemical  reactions.  The  two  source  terms  in  Eqs. 
1  and  2  are  obtained  using  Lindstedt’ s  model36,  which  is 
based  on  the  simplifying  assumption  that  nucleation  and 
growth  are  first-order  functions  of  acetylene  concentrations. 
Soot  oxidation  was  considered  primarily  due  to  the 
presence  of  02  and  OH.  Finally,  soot  agglomeration  was 
treated  as  a  source  term  in  Eq.  2. 

The  simulations  presented  here  are  performed  on  a 
AMD  Opteron  Personal  Computer  with  2.0  GB  of  memory. 
Typical  execution  time  is  ~40  s/time-step  for  the  swirl- 
stabilized-combustor  simulations.  Steady  state  solutions  are 
typically  obtained  in  about  20,000  time  steps  starting  from 
the  solution  obtained  using  the  global  combustion 
chemistry  model. 

RESULTS  AND  DISCUSSION 

Studies  on  Jet  Diffusion  Flames: 

The  CFD  model  UNICORN  has  been  extensively 
validated  in  the  past  by  simulating  various  steady  and 
unsteady  counterflow  ’  and  coflow  ’  jet  diffusion 
flames  and  by  comparing  the  results  with  experimental 
data.  This  gives  confidence  that  UNICORN  can  simulate 
the  structure  of  dynamic  flames  accurately.  However,  the 
integration  of  JP-8  chemistry  into  UNICORN  needs  to  be 
validated  to  establish  the  accuracy  of  the  present 
predictions.  For  this  purpose  a  number  of  calculations  are 
performed  for  simple  jet  diffusion  flames  for  which 
qualitative  understanding  has  been  established. 

The  flame  chosen  is  a  pure  diffusion  flame  formed 
between  gaseous  JP-8  fuel  and  air.  The  velocity  of  the  fuel 
injected  from  a  1 .0-cm  diameter  tube  at  room  temperature  is 
varied  between  1.0  and  3.0  cm/s,  while  that  of  the  annulus 
air  is  fixed  at  10  cm/s.  Axisymmetric  calculations  for  this 


jet  diffusion  flame  are  performed  on  a  non-uniform  grid 
system  of  151x71.  Fuel  and  air  jets  are  separated  by  a  0.5- 
mm-thick  tube  wall  which  is  treated  as  an  isothermal  one  at 
600  K,  which  is  a  reasonable  assumption  for  the  simulation 
of  attached  flames. 

Results  obtained  for  three  fuel-jet  velocities  are  shown 
in  Fig.  1.  The  iso-temperature  plots  in  Fig.  1(a)  suggest  that 
significant  preheating  of  fuel  is  taking  place  at  all  velocity 
conditions.  Flames  are,  in  general,  burning  intensely  in  the 
shoulder  region  with  a  slightly  cooled  flame  tip.  As 
expected  flame  height  is  linearly  increased  with  fuel  jet 
velocity.  The  peak  temperature  is  about  2000  K.  It  is 
important  to  note  that  the  presence  of  tube  wall  was  critical 
in  obtaining  attached  flames  even  for  the  low  velocities 
used  in  these  simulations. 

Concentration  distributions  of  benzene,  an  important 
species  in  soot  formation,  are  shown  in  Fig.  2  for  the  three 
velocity  cases  considered.  Even  though,  the  overall 
distribution  of  benzene  is  increasing  with  the  velocity  the 
peak  mole  fraction  (0.0014)  is  decreasing — suggesting  that 
soot  index  decreases  with  fuel  jet  velocity.  The  two  step- 
soot  model  used  in  the  present  study  also  predicts  a 
decrease  in  soot  concentration  with  velocity  as  shown  in 
Fig.  3.  These  observations  on  flame  height  and  temperature 
and  soot  distributions  for  different  fuel  jet  velocities  are  in 
agreement  with  the  general  observations  of  jet  diffusion 
flames. 

Decomposition  of  parent  fuel  components  along  the 
centerline  is  shown  in  Fig.  4  for  0.01 -m/s  fuel  jet  velocity 
case.  Preheating  of  fuel  promoted  endothermic  reactions 
and  decomposed  parent  species  of  JP-8  surrogate  rather 
slowly  till  a  flame  height  of  10  mm.  At  this  location, 
ignition  is  taking  place  and  consumption  of  the  remaining 
parent  species  occurring  rather  quickly.  Interestingly, 
among  all  the  parent  species,  consumption  of  m-xylene  is 
noticeably  slower,  even  though,  the  low-temperature 
decomposition  of  this  species  was  similar  to  that  of  other 
species. 

Studies  Swirl-  Stabilized-Combustor : 

The  near-field  structure  of  swirl- stabilized  flames  is 
highly  dependent  upon  the  characteristics  of  the  fuel 
injector  and  the  geometry  of  the  surrounding  flame  tube. 
The  injector  configuration  used  in  the  modeled  swirl- 
stabilized  combustor  is  a  generic  swirl-cup  liquid-fuel 
injector  studied  at  the  Atmospheric-Pressure  Combustor- 
Research  Complex  of  the  Air  Force  Research  Laboratory’s 
Propulsion  Directorate.39  It  employs  pressure  atomization 
and  dual-radial,  counter-swirling  co-flows  of  air  to  entrain 
the  fuel,  promote  droplet  break-up,  and  enhance  mixing. 
The  near-axisymmetric,  conical  flame  obtained  under 
overall-fuel-lean  operating  conditions  is  shown  in  Fig.  5(a). 
It  composed  of  an  outer  droplet- vaporization/preheat  region 
(A)  and  an  inner  turbulent  flame  brush  region  (B).40  The 
flame  is  stabilized  by  a  recirculation  zone  (C)  that  brings 
hot  combustion  products  upstream  along  the  centerline.  The 
40-mm-exit-diameter  swirl  cup  is  installed  at  the  entrance 
of  a  15.25  cm  x  15.25  cm  square-cross-section  flame  tube, 
as  shown  in  Fig.  5(b).  After  exiting  the  primary  flame  zone, 


American  Institute  of  Aeronautics  and  Astronautics 


480 


the  combustion  products  are  allowed  to  mix  thoroughly 
along  the  48-cm  long  flame  tube  before  entering  a  43 -cm- 
long,  5.7-cm  exit-diameter  exhaust  nozzle  that  is  designed 
to  create  a  uniform  exhaust-gas  temperature  and 
concentration  profiles. 

Changes  in  overall  equivalence  ratio  from  §  =  0.5  to 
1.15  were  achieved  in  the  experiments41  by  varying  the 
pressure  drop  across  the  fuel-spray  nozzle  from  about  1.5  to 
10  atm,  which  resulted  in  fuel  mass  flow  rates  of  1.0  to  2.2 
g/s,  respectively.  The  fuel  flow  rate  is  measured  using  a 
Max  Machinery  positive-displacement  flow  meter  with 
±0.5%  full-scale  accuracy.  The  airflow  system  consists  of 
three  Sierra  5600  SLPM  mass  flow  controllers  with  ±1% 
full-scale  accuracy.  The  inlet  air  is  heated  to  450  K  with  a 
constant  flow  rate  of  ~  0.028  kg/s.  The  air-pressure  drop 
across  the  combustor  dome  was  -  4.8  to  5.2%  of  the  main 
supply.  Most  of  the  airflow  enters  the  combustor  through 
the  swirl-cup  injector,  but  a  small  percentage  enters  through 
aspiration  holes  along  the  aft  wall.  No  liner  air  jets  are  used 
in  the  secondary  zone;  therefore,  the  fuel-air  ratio  depends 
almost  entirely  on  the  flow  rates  through  the  injector  cup. 

The  combustor  is  optically  accessible  via  75 -mm- wide 
quartz  windows  along  the  top  and  sides  for  in-situ  laser- 
based  diagnostics.  In  addition,  a  sampling  probe  for 
measuring  particulate  counts  is  located  at  the  exit  of  the 
combustor. 

Axisymmetric  mathematical  model  for  the  swirl- 
stabilized  combustor  is  constructed  using  a  17.2-cm 
diameter,  48-cm  long  chimney  and  with  thin  tubes 
separating  the  fuel  and  air  flows  at  the  combustor  entrance. 
Gaseous  JP-8  fuel  is  injected  at  the  center  while  the  two 
outer  air  jets  are  forced  into  the  combustor  with  counter 
swirling  motions.  The  computational  domain  was 
discritised  using  a  non-uniform  grid  system  of  25 1x126. 

Calculations  for  the  swirl- stabilized  combustor  shown  in 
Fig.  5  are  made  for  different  equivalence  ratios.  Flow  fields 
obtained  for  a  fuel-lean  and  for  a  fuel-rich  condition  are 
shown  in  Figs.  6(a)  and  6(b),  respectively.  The  nozzle 
geometry  incorporated  in  the  model  is  also  shown  in  these 
figures.  Gaseous  JP-8  is  injected  from  a  4-mm  hole  at  the 
center  with  an  axial  velocity  of  15  m/s  and  swirl  angle  of 
70°.  Such  high  swirl  angle  for  the  fuel  jet  was  used  in  order 
for  representing  the  cone  angle  of  the  liquid  spray.  Fuel  jet 
is  immediately  surrounded  with  a  2-mm-thick  wall  and  then 
a  high-speed  air  jet  with  axial  velocity  of  100  m/s  and  a 
swirl  angle  of  -30°.  A  second  air  jet  of  100  m/s  is  issued 
through  the  5  mm  annulus  gap  between  the  nozzle  walls  at 
a  velocity  of  100  m/s  and  at  a  swirl  angle  of  45°.  The 
velocity  of  the  fuel  jet  was  changed  for  achieving  different 
equivalence-ratio  conditions.  The  two  cases  in  Fig.  6  are 
obtained  with  fuel  velocities  of  15  and  30  m/s,  which 
correspond  to  equivalence  ratios  of  0.65  and  1.15, 
respectively. 

As  shown  in  Fig.  6  the  swirling  air  jets  are  merging 
together  and  expanding  radially  as  they  propagate 
downstream.  Such  radial  expansion  of  high  momentum  air 
jets  has  created  two  torroidal  recirculation  regions;  one  in 
the  comer  and  the  other  one  at  the  center.  Interestingly, 
when  the  fuel  jet  velocity  is  increased  from  15  m/s  to  30 


m/s,  the  height  of  the  corner  recirculation  zone  decreased 
while  that  of  the  center  recirculation  zone  increased.  Note 
the  shift  in  jet  impinging  location  on  the  combustor  wall 
from  12  cm  to  10  cm  in  Figs.  6(a)  and  6(b),  respectively. 
This  suggests  that  the  high  swirl  associated  with  the  fuel  jet 
is  also  contributing  to  the  expansion  of  the  air  jets  and  such 
contribution  increases  with  the  fuel  jet  momentum  (or 
velocity).  Decrease  in  comer-recirculation-zone  length 
improves  the  stability  characteristics  of  the  combustor. 
However,  an  increase  in  the  length  of  the  center 
recirculation  zone  might  also  contribute  to  additional 
pollutants  formation  due  to  increase  in  residence  time. 

Combustion  characteristics  associated  with  0.65- 
equivalence-ratio  case  are  shown  in  Fig.  7.  Iso-temperature 
contours  are  shown  in  color  in  Fig.  7(a)  while  the 
concentration  distributions  of  soot,  benzene,  and  OH  are 
shown  in  Figs.  7(b),  7(c),  and  7(d),  respectively.  Under  this 
fuel-lean  condition,  flame  is  anchored  in  the  region  between 
the  air  jets  and  the  center  recirculation  zone.  While  the  peak 
flame  temperature  is  ~  2100  K,  the  temperature  of  the 
exhaust  products  at  the  combustor  exit  decreased 
significantly  due  to  their  mixing  with  the  excess  air.  Very 
little  soot  is  produced  [Fig.  7(b)]  under  this  fuel-lean 
condition,  which  qualitatively  agrees  with  the  experiments 
[Fig.  5(a)].  Both  the  benzene  and  OH  are  confined  to  the 
high-temperature  flame  zone  and  very  little  of  these  species 
are  found  in  the  exhaust  products.  The  OH-concentration 
distribution  obtained  in  the  experiments  using  PLIF 
technique  is  shown  in  the  insert  next  to  Fig.  7(d).  The 
corresponding  location  for  the  experimental  OH  image  in 
the  combustor  is  marked  with  a  square  in  Fig.  7(d).  The  v- 
shaped  OH  distribution  supports  the  prediction  that  the 
flame  is  sandwiched  between  the  air  jets  and  the  central 
recirculation  zone  and  that  almost  all  of  OH  is  confined  to 
this  flame  region. 

The  overall  equivalence  ratio  has  been  increased  to  0.85 
when  the  velocity  of  the  fuel  jet  is  increased  to  20  m/s.  The 
predicted  combustion  field  for  this  fuel-lean  condition  is 
shown  in  Fig.  8.  Significant  change  in  flame  structure  could 
be  noticed  when  comparing  the  temperature  distributions  in 
Figs.  7(a)  and  8(a).  At  an  equivalence  ratio  of  0.85,  not  only 
a  flame  is  established  between  the  air  jets  and  the  central 
recirculation  zone,  similar  to  that  seen  with  0.65- 
equivalence-ratio  case,  but  also  a  flame  is  established 
between  the  air  jets  and  the  comer  recirculation  zone.  Part 
of  the  fuel  injected  at  the  center  is  carried  by  the  air  jets  into 
the  comer  recirculation  zone  and  establishes  the  second 
flame  when  this  fuel  mixes  with  the  air  jet.  Even  though  the 
peak  flame  temperature  remained  at  2100  K,  the 
temperature  of  the  exhaust  products  increased  for  0.85- 
equivalence-ratio  case.  Interestingly,  very  little  soot  and 
benzene  are  produced  under  this  fuel-lean  condition  also. 
However,  experiments  have  shown  some  soot  generation 
under  0.85-equivalence-ratio  condition.  It  is  speculated  that 
the  dynamic  behavior  of  the  central  recirculation  zone 
might  be  contributing  to  the  production  of  pollutants  and 
soot41.  Use  of  k-s  turbulence  model  and  the  relatively 
coarse  grid  system  in  the  calculations  might  have  dissipated 
the  flow  oscillations  and  yielded  a  steady  flow  field,  which, 
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in  turn,  might  have  contributed  to  the  elimination  of  soot. 
Further  calculations  with  fine  grid  system  are  required  for 
capturing  the  large-scale  dynamic  behavior  of  the  central 
recirculation  region.  However,  the  overall  flame  structure  is 
well  captured  in  the  present  simulations.  A  comparison 
between  the  predicted-OH  distribution  [Fig.  8(d)]  and  the 
experimentally  obtain  PLIF-OH  image  (insert  in  Fig.  8) 
suggests  that  the  model  has  correctly  captured  the  two- 
flame  structure  and  the  excess  amount  of  OH  radicals  in  the 
central  recirculation  zone. 

Soot  production  has  significantly  increased  when  the 
equivalence  ratio  was  increased  to  1.15.  The  fuel  jet 
velocity  corresponding  to  this  condition  is  30  m/s  and  the 
simulated  flow  field  was  shown  in  Fig.  6(b).  The  predicted 
combustion  field  is  shown  in  Fig.  9.  In  contrast  to  the  fuel- 
lean  cases,  comer  recirculation  zone  has  become  the  hottest 
region  in  the  fuel-rich  case.  Flame  is  anchored  between  the 
air  jets  and  the  corner  recirculation  zone.  More 
interestingly,  the  flame  established  between  the  air  jets  and 
the  central  recirculation  zone  in  the  fuel-lean  cases  has 
disappeared  in  the  fuel-rich  case.  This  is  more  evident  in 
the  OH  plot  in  Fig.  8(d).  OH  is  formed  along  the  outer  edge 
of  the  comer  recirculation  zone  and  is  not  connected  at  the 
center.  The  OH-PLIF  image  obtained  in  the  experiments 
(insert  in  Fig.  8)  support  the  prediction  that  the  flame 
established  along  the  central  recirculation  zone  in  fuel-lean 
conditions  is  extinguished  under  fuel-rich  conditions. 

As  expected,  significant  amount  of  soot  has  been 
generated  for  the  fuel-rich  condition  [Fig.  8(b)]. 
Experiments  [Fig.  5(b)]  have  confirmed  this  prediction. 
Interestingly,  not  much  soot  is  produced  in  the  comer 
recirculation  zone,  even  though  it  is  found  to  be  the  hottest 
region.  This  is  mainly  because  of  the  local  equivalence  ratio 
within  the  corner  recirculation  region.  The  fuel  entrained 
into  this  zone  is  not  sufficient  to  make  it  fuel  rich.  In 
contrast,  the  central  recirculation  zone  became  fuel  rich  and 
contributed  to  decrease  in  temperature  and  increase  in  soot 
production. 

Temperature  and  species  distributions  along  the 
centerline  of  the  combustor  are  plotted  in  Fig.  10  for 
different  equivalence-ratio  cases.  Inline  with  the  images 
shown  in  Figs.  7-9,  OH  is  present  in  the  central 
recirculation  zone  only  for  fuel-lean  conditions  and  its 
concentration  decreases  with  decrease  in  equivalence  ratio 
[Fig.  10(a)].  Measurements  made  in  the  exhaust  gases42  for 
fuel-lean  cases  are  shown  in  Fig.  10  with  large  filled 
symbols.  The  predicted  exhaust  temperatures  are  ~  150  K 
higher  than  the  measurements  for  both  the  0.65  and  0.85 
equivalence-ratio  cases.  The  lower  exhaust  temperatures  in 
the  experiments  could  have  resulted  from  the  radiation 
losses  from  the  43 -cm  long  exhaust  nozzle  inserted  at  the 
end  of  the  combustor.  On  the  other  hand,  excellent 
agreement  is  found  for  C02/N2  and  02/N2  ratios  for  these 
two  cases  as  seen  in  Fig.  10(b). 


CONCLUSIONS 

A  time-dependent,  axisymmetric,  detailed-chemistry  CFD 
model  was  developed  for  the  simulation  of  combusting 
flows  inside  a  model  swirl- stabilized  combustor. 
Combustion  chemistry  and  PAHs  formation  associated  with 
JP-8  fuel  are  simulated  using  the  161-species,  1538- 
reactions  mechanism  of  Violi  et  al31.  Soot  formation  is 
modeled  using  a  two-variable  approach  and  turbulence  is 
modeled  using  k  and  s  equations.  The  CFD  code 
(UNICORN)  was  tested  through  the  simulation  of  a  laminar 
jet  diffusion  flame  for  different  fuel  jet  velocities.  The 
swirl- stabilized  combustor  with  a  square  chimney  was 
modeled  as  an  axisymmetric  combustor.  Several 
calculations  were  made  by  varying  the  equivalence  ratio  (by 
changing  the  fuel  flow)  and  by  keeping  the  swirl  and  air 
flow  constant. 

The  high  swirl  used  for  the  fuel  and  air  jets  in  the 
combustor  expanded  the  air  jets  rapidly  and  created  comer 
and  central  recirculation  zones.  Increasing  equivalence  ratio 
via  increasing  fuel  jet  velocity  decreased  the  size  of  the 
corner  recirculation  zone  and  increased  that  of  the  central 
recirculation  zone.  For  highly  fuel-lean  cases  =  0.65) 
flame  is  stabilized  in  between  the  air  jets  and  the  central 
recirculation  zone,  resulting  a  v-shaped  flame  stmcture.  For 
slightly  fuel-lean  cases  (<\>  =  0.85)  two  flames  are  stabilized. 
While  the  first  one  is  formed  in  between  the  air  jets  and  the 
central  recirculation  zone,  the  second  one  is  formed 
between  the  air  jets  and  the  comer  recirculation  zone  from 
the  excess  fuel  transported  along  the  combustor  walls.  For 
all  the  fuel-rich  cases,  the  first  flame  between  the  air  jets 
and  the  central  recirculation  zone  could  not  be  stabilized, 
leaving  the  combustor  to  operate  on  the  flame  anchored  in 
between  the  air  jets  and  comer  recirculation  zone.  This 
resulted  in  an  open- v-shaped  flame  stmcture.  The  very  little 
quantities  of  soot  predicted  for  the  fuel-lean  cases  and  the 
rapid  increase  of  soot  with  equivalence  ratio  for  fuel-rich 
cases  qualitatively  agree  with  the  experimental 
observations.  The  measurements  made  for  temperature, 
C02,  and  02  in  the  exhaust  gases  matched  with  the 
predictions.  The  combustion  chemistry  of  Violi  et  al31  for 
JP-8  fuel  seems  a  reliable  mechanism  that  can  be  easily 
incorporated  into  multi-dimensional  CFD  codes. 
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Fig.  1.  Co-axial  jet  diffusion  flames  of  JP-8  fuel  at  (a) 
0.01  m/s,  (b)  0.02  m/s,  and  (c)  0.03  m/s.  Iso-temperature 
contours  are  shown  between  300  K  (purple)  and  2000  K 
(red). 
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Fig.  3.  Soot  volume  fraction  in  JP-8  fueled,  co-axial,  jet 
diffusion  flames  at  (a)  0.01  m/s,  (b)  0.02  m/s,  and  (c)  0.03 
m/s.  Red  color  indicates  peak  volume  fraction  of  5%. 
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Fig.  2.  Benzene  concentration  in  JP-8  co-axial,  jet 
diffusion  flames.  Fuel-jet  velocities  are  (a)  0.01  m/s,  (b) 
0.02  m/s,  and  (c)  0.03  m/s.  Red  color  indicates  peak 
concentration  of  0.14  %. 


Axial  Distance  (mm) 


Fig.  4.  Decomposition  of  parent  species  of  JP-8  surrogate 
fuel  with  height  in  a  co-axial,  jet  diffusion  flame  of  0.01- 
m/s  fuel  jet  velocity. 
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Fig.  5.  Operation  of  JP-8  fueled,  swirl- stabilized,  model  gas-turbine  combustor  under  different  equivalence-ratio  conditions, 
(a)  Photograph  of  the  near-field  flame  structure  under  fuel-lean  conditions  and  (b)  photograph  of  the  flame  and  test  rig  under 
fuel-rich  conditions. 
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Fig.  6.  Axi-symmetric  simulations  of  swirl- stabilized,  model  gas-turbine  combustor  with  detailed  chemistry  for  JP-8  fuel. 
Velocity  fields  obtained  for  overall  equivalence  ratios  of  (a)  0.65  and  1.15.  Change  in  overall  equivalence  ratio  was  obtained 
by  varying  the  fuel  jet  issued  from  the  center. 
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Fig.  7.  Flame  structure  and  species  distributions  of  swirl-stabilized,  model  gas-turbine  combustor  operating  under  fuel-lean 
equivalence  ratio  of  0.65.  Distributions  of  (a)  temperature  with  red  indicating  a  peak  value  of  2100  K,  (b)  soot  volume 
fraction  with  a  peak  value  of  0.2  %,  (c)  benzene  concentration  with  a  peak  value  of  0.15  %,  and  (d)  OH  concentration  with  a 
peak  value  of  0.5  %.  Insert  shows  the  OH-PLIF  image  obtained  in  the  experiments. 
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Fig.  8.  Flame  structure  and  species  distributions  of  swirl-stabilized,  model  gas-turbine  combustor  operating  under  fuel-lean 
equivalence  ratio  of  0.85.  Distributions  of  (a)  temperature  with  red  indicating  a  peak  value  of  2100  K,  (b)  soot  volume 
fraction  with  a  peak  value  of  0.2  %,  (c)  benzene  concentration  with  a  peak  value  of  0.15  %,  and  (d)  OH  concentration  with  a 
peak  value  of  0.5  %.  Insert  shows  the  OH-PLIF  image  obtained  in  the  experiments. 
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Fig.  9.  Flame  structure  and  species  distributions  of  swirl-stabilized,  model  gas-turbine  combustor  operating  under  fuel-lean 
equivalence  ratio  of  1.15.  Distributions  of  (a)  temperature  with  red  indicating  a  peak  value  of  2100  K,  (b)  soot  volume 
fraction  with  a  peak  value  of  0.8  %,  (c)  benzene  concentration  with  a  peak  value  of  0.15  %,  and  (d)  OH  concentration  with  a 
peak  value  of  0.5  %.  Insert  shows  the  OH-PLIF  image  obtained  in  the  experiments. 


Fig.  10.  Distributions  of  temperature  and  species  concentrations  along  the  centerline  of  the  combustor  computed  under 
different  equivalence-ratio  conditions,  (a)  Variations  of  temperature  and  OH  concentration,  and  (b)  variations  of  02  and  C02 
concentrations  normalized  with  local  N2  concentration.  Large  symbols  indicate  experimental  data  of  Roy  et  al.42 
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Abstract 

Laminar  flamelet  theory  in  often  used  for  representing  the  structure  of  a  turbulent  diffusion  flame.  Limitations  of 
such  representation  are  examined  by  studying  various  vortex/flame  interactions  in  a  hydrogen/air  opposing-jet  diffusion 
flame.  Vortices  are  injected  from  the  air  side  toward  the  flat  flame  formed  between  the  fuel  and  air  jets.  A  centimetre- 
size  vortex  is  made  to  interact  with  a  7.0-mm-thick  flame  and  a  micron-size  vortex  is  made  to  interact  with  a  2.4-mm- 
thick  flame.  Sufficiently  high  vortex  propagation  velocities  are  used  for  creating  flame  extinction  in  both  cases.  While 
the  larger  vortices,  irrespective  of  the  their  propagation  velocity,  tend  to  create  a  wrinkled,  strained  flame  before 
causing  extinction— representing  a  laminar  flamelet,  the  smaller  vortices  tend  to  replace  the  local  fluid  in  the  flame  zone 
with  the  constituent  fluid  and  destroyed  the  flame  structure— representing  a  distributed  reaction  zone.  As  the  micron-size 
vortex  is  larger  than  the  Kolmogorov  length  scale,  a  portion  of  the  possible  turbulent  processes  (events)  in  a  hydrogen 
diffusion  flame  must  be  viewed  as  distributed  reaction  zones. 

Introduction 

According  to  flamelet  theory  [1],  the  local  instantaneous  composition  and  temperature  of  the  mixture  in  a 
nonpremixed  system  can  be  modeled  as  being  the  same  as  those  in  a  stretched  laminar  diffusion  flame.  The  mixture 
fraction  and  scalar  dissipation  rate  are  then  used  in  linking  the  turbulent  flame  structure  to  that  of  the  laminar  flames.  At 
a  critical  value  of  scalar  dissipation  rate,  the  laminar  diffusion  flame  extinguishes  due  to  large  mixture  fraction 
gradients.  The  reaction  zone  in  physical  space  becomes  so  narrow  that  diffusive  heat  loss  will  lead  to  quenching.  This 
scalar-dissipation-rate  analogy  has  been  used  in  flamelet  theories  in  modeling  extinction  and  ignition  phenomena  in 
turbulent  flames.  The  unsteady  effects  in  the  reaction  zone  are  usually  considered  by  incorporating  the  unsteady 
diffusion  of  reactants  and  heat  conduction  [2].  Flamelet  theories  have  been  successful  applied  to  the  modeling  of 
various  nonpremixed  flame  systems  [3]. 

A  necessary  condition  for  flamelet  concepts  to  apply  is  that  the  reaction  zone  must  be  thinner  than  the  smallest  scales 
of  the  turbulence  which  is  Kolmogorov  length  scale.  Performing  asymptotic  expansion  for  high  Damkohler  numbers  for 
hydrogen  flames,  Bilger  [4]  derived  an  expression  for  reaction  rate  and  argued  that  flamelets  are  not  asymptotically  thin 
due  to  the  influence  of  reverse  reactions;  that  is,  the  reaction  zones  are  equilibrium  broadened.  Even  though,  the  regular 
asymptotic  analysis  and  the  non-reacting  experimental  data  used  by  Bilger  [4]  are  not  ideal  for  judging  the  validity  of 
the  flamelet  theories,  they  certainly  raised  important  issues  about  the  applicability  of  the  flamelet  theories  to  the 
turbulent-combustion  process.  It  has  been  widely  recognized  that  highly-resolved  measurements  and  numerical 
simulations  are  needed  for  addressing  the  existence  of  laminar  flamelets  in  turbulent- flow  environment  [5]. 

A  numerical  investigation  is  performed  in  the  present  study  to  aid  the  understanding  of  the  extinction  process 
associated  with  laminar  flamelets  and,  thereby,  verify  the  validity  of  the  laminar  flamelet  theory.  Vortex/flame 
interactions,  which  are  often  considered  to  be  the  building  blocks  of  statistical  theories  of  turbulence,  are  utilized  for 
establishing  highly  strained  flamelets.  These  interactions  were  studied  in  the  past  for  understanding  the  effects  of 
curvature  on  unsteady  flames  [6].  In  particular,  experiments  designed  by  Roberts  et  al.  [7]  and  by  Rolon  et  al.  [8]  have 
generated  considerable  interest,  especially  because  of  their  unique  ability  to  inject  a  well  characterized  vortex  toward 
the  flame  surface.  Numerous  investigations  have  been  performed  using  Rolon  burner  and  by  varying  the  size  and 
strength  of  the  vortex  in  attempts  to  understand  global  features  such  as  scale  [9,10]  and  origin  [11]  effects  and  localized 
features  such  as  annular-quenching  [12]  and  nonadiabatic-equilibrium-temperature  [13,14]  phenomena. 

Complete  simulation  of  the  opposing-jet  flame  using  multi-dimensional  models  not  only  eliminate  concerns 
regarding  the  simplified  analyses  but  also  provide  a  valuable  tool  for  studying  vortex/flame  interactions.  Several  two- 
and  three-dimensional  computational-fluid-dynamics  models  with  detailed  chemical  kinetics  (CFDC)  have  been 
developed  [15,16]  for  the  study  of  the  interaction  between  a  planar  flame  formed  in  counterflow  burners  and  an  induced 
vortex.  In  the  present  investigation,  a  well-tested  CFDC  model  [17]  was  used  for  understanding  the  flame  structure  near 
extinction  and  for  testing  the  validity  of  flamelet  theories. 

Numerical  Model 

Time-dependent,  axisymmetric  Navier-Stokes  equations  written  in  the  cylindrical-coordinate  (z-r)  system  are  solved 
along  with  species-  and  energy-conservation  equations  [16].  A  detailed-chemical-kinetics  model  is  used  to  describe  the 
hydrogen-air  combustion  process.  This  model  consists  of  thirteen  species— namely,  H2,  02,  H,  O,  OH,  H20,  H02, 
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H202,  N,  NO,  N02,  N20,  and  N2.  A  detailed-chemical-kinetics  model  having  74  reactions  among  the  constituent 
species  is  used;  the  rate  constants  for  this  H2-02-N2  reaction  system  were  obtained  from  Ref.  [18]. 

Temperature-  and  species-dependent  property  calculations  are  incorporated.  The  governing  equations  are  integrated 
on  a  nonuniform  staggered-grid  system.  An  orthogonal  grid  having  rapidly  expanding  cell  sizes  in  both  the  axial  and 
radial  directions  is  employed.  The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit 
QUICKEST  scheme  [16]  and  those  of  the  species  and  energy  equations  are  obtained  using  a  hybrid  scheme  of  upwind 
and  central  differencing.  At  every  time  step  the  pressure  field  is  calculated  by  solving  the  pressure  Poisson  equations 
simultaneously  and  utilizing  the  LU  (Lower  and  Upper  diagonal)  matrix-decomposition  technique.  This  model,  called 
UNICORN  (UNsteady  Ignition  and  COmbustion  with  ReactioNs),  has  been  extensively  validated  [17]  by  simulating 
various  steady  and  unsteady  counterflow  [12]  and  coflow  [16,19]  jet  diffusion  flames  and  by  comparing  the  results  with 
experimental  data. 

Burner  Details 

The  opposing-jet-flame  burner  used  for  these  studies  was  designed  by  Rolon  [8].  The  burner  assembly  consists  of 
25-mm-diameter  nozzles  (d0),  40-mm-diameter  outer  nozzles  (D0),  and  syringe  tubes  of  0.2-mm  to  5-mm  diameter  (di). 
A  flat  flame  is  formed  between  the  fuel  and  air  jets  having  velocities  of  0.69  and  0.5  m/s,  respectively.  An  annular 
nitrogen  flow  of  0.1  m/s  is  used  from  both  the  fuel  and  air  side  nozzles.  The  hydrogen- to-nitrogen  ratio  employed  for 
the  fuel  jet  is  0.38.  Only  the  region  between  the  lower  and  upper  nozzle  exits  was  modeled  in  the  present  study.  The  fuel 
(d0),  air  (d0),  nitrogen  (D0),  and  injection  (di)  jet  diameters  used  in  the  simulations  were  identical  to  those  used  in  the 
experiment. 

Results  and  Discussion 

Calculations  for  the  steady-state  axisymmetric  flame  were  made  using  a  non-uniform  401  x  301  mesh  system 
distributed  over  a  physical  domain  of  40  x  40  mm,  which  yielded  a  mesh  spacing  of  0.1  mm  in  both  the  axial  (z)  and  the 
radial  (r)  directions  in  the  region  of  interest.  Flat  profile  for  the  velocity  is  used  at  the  exit  of  the  each  nozzle.  The  air- 
side  strain  rate  along  the  stagnation  line  calculated  from  the  rate  of  change  in  the  axial  velocity  (u)  with  respect  to  the 
distance  (z)  is  48  s"1.  The  peak  temperature  of  1560  K  of  this  weakly  strained  flame  is  only  slightly  lower  than  the 
corresponding  adiabatic-equilibrium  flame  temperature  of  1598  K.  The  flame  thickness  based  on  temperature  is  7.0 
mm. 

A  centimeter-size  vortex  is  generated  on  the  air  side  by  injecting  air  from  the  5.0-mm  diameter  central  injection  tube. 
Several  vortex/flame  interactions  are  obtained  by  injecting  air  at  different  velocities.  In  general,  the  propagation 
velocity  of  the  vortex  emerging  from  the  nozzle  decreases  as  it  travels  toward  the  flame  surface.  If  the  vortex 
propagation  velocity  becomes  low  by  the  time  it  reaches  the  flame  surface,  the  interaction  generates  a  weakly  stretched 
and  wrinkled  flame.  Note  that  stretch  rate  inversely  corresponds  to  the  flame  thickness.  Consequently,  during  the 
interaction  between  a  centimeter-size  vortex  and  the  flame  surface,  the  thickness  of  the  latter  decreases.  As  the  vortex 
propagation  velocity  increases  with  the  air  injection,  wrinkling  of  the  flame  surface  decreases  while  stretch  rate 
increases  and  flame  thickness  decreases  further.  For  a  sufficiently  high  propagation  velocity,  vortex  extinguishes  the 
flame  locally  and  penetrates  through  the  hole  formed  on  the  flame  surface.  Only  interactions  that  extinguish  the  flame 
are  considered  in  the  present  study. 

Interaction  of  a  large  vortex  injected  from  the  5-mm  diameter  nozzle  with  a  air  jet  velocity  of  30  m/s  revealed  that 
the  vortex  grows  to  ~1.2  cm  in  diameter  by  the  time  it  starts  penetrating  through  the  flame  and  the  flame  thickness 
reduces  to  -  2.0  mm.  Flame  becomes  wrinkled  before  it  is  being  extinguished  at  the  center.  In  fact,  flame  wrinkling  and 
thickness  did  not  change  much  with  vortices  injected  over  a  wide  range  of  velocities  (20  -  160  m/s).  Finally,  flame  is 
extinguished  at  the  center  and  vortex  has  penetrated  through  the  hole.  This  interaction  process  follows  the  description 
given  by  flamelet  theory  as  the  vortex  increases  the  oxidizer  fluxes  into  the  flame  zone  and  eventually  extinguishes  the 
flame  when  cooling  becomes  dominant. 

The  interaction  between  a  large-vortex  and  the  flame  surface  suggests  that  flame  thickness  decreases  to  -  2  mm 
before  it  is  being  extinguished.  That  means,  in  order  to  verify  the  validity  of  the  flamelet  theory,  a  sub-millimeter  vortex 
must  be  injected  toward  the  flame  surface.  To  preserve  the  grid  resolution  for  the  simulation  of  micron-size- 
vortex/flame  interaction,  a  stationary  opposing-jet  flame  is  established  between  nozzles  that  are  separated  by  4  mm.  A 
grid  system  having  800  x  336  nodes  and  a  spacing  of  4pm  in  z  and  r  directions  is  utilized.  The  generated  steady-state 
flame  has  a  thickness  of  -  2.4  mm  based  on  temperature  profile.  Vortex  on  the  air  side  is  generated  by  injecting  fluid 
through  an  80-pm  diameter  nozzle  at  a  velocity  of  30  m/s.  The  interaction  between  the  micron-size  vortex  and  the  flame 
at  an  instant  (200ps  after  the  start  of  air  injection)  is  shown  in  Fig.  1.  Instantaneous  distributions  of  temperature  and  OH 
concentration  are  shown  in  the  left  and  right  halves,  respectively.  Vortex  structure  is  also  shown  in  these  figures  by 
plotting  instantaneous  locations  of  the  particles  injected  from  the  exit  of  the  air  jet  nozzle. 

The  size  of  the  micro  vortex  injected  from  the  80-pm-diameter  nozzle  increased  as  it  passed  through  the  flame.  The 
core  of  the  vortex  has  reached  a  diameter  of  540  pm  in  200  ps.  Micron-sized  vortices  seem  to  grow  rapidly  in  the  flame 
zone  compared  to  the  centimeter-sized  vortices.  Unlike  in  large- vortex/flame-interaction  case,  the  micron-size  vortex  in 
Fig.  1  has  penetrated  through  the  flame  without  wrinkling  the  latter.  On  the  other  hand,  micro  vortices  entrain 
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significant  amount  of  products  and  carry  with  it  as  seen  in  Fig.  1.  As  described  in  our  previous  paper  [14],  the  small  size 
vortices  quickly  become  reactant  deficient,  entrain  combustion  products  and  carry  high-temperature  gases  with  it  [green 
color  fluid  that  represents  a  temperature  of  ~  800  K  within  the  vortex  in  Fig.  1].  This  interaction  process  did  not  follow 
the  typical  flamelet  theory.  Flame  is  not  stretched  by  the  vortex  at  any  instant. 

The  flame  structures  at  different  instants  are  shown  in  Figs.  2  and  3  for  the  centimeter-  and  micron-size  vortex/flame 
interaction  cases,  respectively.  The  temperature  profiles  at  different  instants  in  Fig.  2(a)  represent  those  of  a  stretched 
flame.  Thickness  and  peak  temperature  decreased  as  the  flame  is  stretched  and  shifted  (while  flame  is  wrinkled).  On  the 
other  hand,  during  the  most  of  the  micron-size-vortex/flame-interaction  process  the  flame  temperature  upstream  of  the 
vortex  head  was  not  perturbed  [Fig.  3(a)].  When  the  vortex  came  out  of  the  flame  zone,  it  carried  hot  products  with  it. 
These  temperature  profiles  suggest  that  flame  is  not  being  stretched  by  the  vortex. 

The  heat-release-rate  profiles  shown  in  Fig.  2(b)  represent  that  of  a  stretched  laminar  flame.  Peak  heat  release  rate 
increased  as  the  flame  is  stretched  by  the  large-size  vortex.  Interestingly,  heat  release  rate  near  the  head  of  the  micron- 
size  vortex  [Fig.  3(b)]  has  increased  an  order  of  magnitude  more  than  that  was  seen  in  centimetre-size  vortex/flame 
interaction.  The  super-high  reactivity  (20  times  more  heat  release  rate)  in  micron- size  vortex/flame  interaction  is 
resulting  from  mixing  of  products  and  air— not  from  the  flame  stretch. 

Super  reactivity  in  the  case  of  micron-size  vortex/flame  interaction  is  also  evident  in  the  production  rates  of  OH  and 
H  species  [Figs.  2(c)  and  2(d)].  In  a  stretched  flame  (as  in  the  case  of  centimetre-size  vortex)  both  the  production  and 
destruction  of  these  species  increased  with  stretch  rate  [Figs.  3(c)  and  3(d)].  However,  as  the  micron-size  vortex  rapidly 
introduces  fresh  air  into  the  products,  production  rate  of  OH  [Fig.  2(c)]  increased  significantly  while  destruction  of  this 
species  is  nearly  unperturbed.  Similarly,  destruction  of  H  radical  [Fig.  2(d)]  is  significantly  enhanced  in  the  micron-size 
vortex  case  while  production  of  it  was  nearly  unperturbed. 

The  micron-size  vortex  used  in  this  study  reached  0.3  mm  in  diameter  when  it  was  passing  through  the  flame  zone. 
This  is  much  larger  than  the  Kolmogorov  length  scale  of  0.03  mm  obtained  based  on  turbulence  Reynolds  number  and 
length-scales  of  500  and  3  mm,  respectively.  This  implies  that  significant  portion  of  length  scales  in  a  turbulent  reacting 
flow  promote  mixing  in  the  reaction  zone  rather  than  wrinkling  the  reaction  layer.  In  other  words,  a  significant  part  of 
turbulence-chemistry  interaction  can  not  follow  laminar  flamelet  theory. 
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Fig.  1.  Interaction  of  micro  vortex  with  flame  surface  at  200 
ps.  In  each  image  instantaneous  locations  of  particles  are 
superimposed  on  temperature  and  OH-concentration  fields 
on  left  and  right  halves,  respectively. 
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Fig.  2.  Interaction  of  a  large-size  vortex  with  the  flame 
surface.  Variations  in  flame  structure  along  the  stagnation 
line  as  a  centimetre-size  vortex  passes  through  the  flame 
surface.  Distributions  of  (a)  temperature,  (b)  heat  release  rate, 
(c)  rate  of  production  of  OH  molecules,  and  (d)  rate  of 
production  of  H  atoms  plotted  at  different  phases  of  the 
interaction  between  t  =  500  ps  and  2  ms.. 
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Fig.  3.  Variations  in  flame  structure  along  the  stagnation  line 
as  a  micro  vortex  passes  through  the  flame  surface. 
Distributions  of  (a)  temperature,  (b)  heat  release  rate,  (c)  rate 
of  production  of  OH  molecules,  and  (d)  rate  of  production  of 
H  atoms  plotted  at  different  phases  of  the  interaction  between 
t  =  100  ps  and  240  ps.  Vortex  motion  is  from  left  to  right. 
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The  effects  of  fuel  stream  dilution  on  the  liftoff,  stabilization,  and  blowout  characteristics  of  laminar 
nonpremixed  flames  (NPFs)  and  partially  premixed  flames  (PPFs)  are  investigated.  Lifted 
methane-air  flames  were  established  in  axisymmetric  coflowing  jets.  Because  of  their  flame 
suppression  characteristics,  two  predominantly  inert  agents,  C02  and  N2,  were  used  as  diluents.  A 
time-accurate,  implicit  algorithm  that  uses  a  detailed  description  of  the  chemistry  and  includes 
radiation  effects  is  used  for  the  simulations.  The  predictions  are  validated  using  measurements  of  the 
reaction  zone  topologies  and  liftoff  heights  of  both  NPF  and  PPF.  While  an  undiluted  PPF  is 
stabilized  at  the  burner  rim,  characterized  by  significant  radical  destruction  and  heat  loss  to  the 
burner,  the  corresponding  undiluted  NPF  is  lifted  and  stabilized  in  a  low- velocity  region  extending 
from  the  wake  of  the  burner.  Detailed  comparison  of  diluted  NPF  with  PPF  reveals  that  the  base 
structures  of  both  the  flames  are  similar  and  exhibit  a  double  flame  structure  in  the  near-field  region, 
where  the  flame  stabilization  depends  on  a  balance  between  the  reaction  rate  and  the  scalar 
dissipation  rate,  which  could  also  be  interpreted  as  a  balance  between  the  edge-flame  speed 
undergoing  its  local  scalar  dissipation  rate  and  the  local  flow  velocity.  As  diluent  concentration  is 
increased,  the  flames  become  weaker,  move  downstream  along  the  stoichiometric  mixture  fraction 
line,  and  stabilize  at  a  location  where  they  can  find  a  local  flow  field  that  has  a  lower  scalar 
dissipation  rate.  Further  increase  of  the  diluent  concentration  moves  the  flames  further  downstream 
into  the  far-field  region,  where  both  the  NPF  and  PPF  exhibit  a  triple  flame  structure,  and  the  flame 
stabilization  mechanism  also  involves  a  balance  between  the  triple  flame  speed  and  local  flow 
velocity.  The  PPFs,  however,  shift  to  a  higher  liftoff  height  and  blow  out  at  a  lower  diluent 
concentration  compared  to  the  NPF,  which  can  withstand  larger  amounts  of  dilution.  In  addition, 
both  NPF  and  PPF  are  stabilized  at  lower  liftoff  heights  and  blowout  at  a  lower  diluent 
concentration,  when  they  are  diluted  with  N2  compared  to  that  with  C02.  The  observed  effects  of 
fuel  stream  dilution  and  partial  premixing  on  flame  liftoff  and  blowout  can  be  explained  using  the 
existing  flame  stabilization  theories.  ©  2006  American  Institute  of  Physics. 
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INTRODUCTION 

Flame  liftoff  and  blowout  are  important  for  both  funda¬ 
mental  and  practical  considerations.  In  a  coflow  jet  configu¬ 
ration,  depending  on  fuel  jet  and  coflow  conditions  (i.e.,  ve¬ 
locity,  dilution,  and  amount  of  premixing),  flames  can  be 
stabilized  either  at  the  burner  or  they  can  be  lifted  and  sta¬ 
bilized  downstream  of  the  burner.  Moreover,  as  liftoff  height 
increases,  the  flame  structure  can  transition  from  a  nonpre¬ 
mixed  flame  to  a  double  flame  containing  two  reaction 
zones,  and  then  to  a  triple  flame  containing  three  reaction 
zones,  i.e.,  a  lean  premixed  zone,  a  rich  premixed  zone,  and 
a  nonpremixed  zone.1  Phillips2  first  described  these  lifted 
triple  flames.  Subsequently,  several  stabilization  criteria  for 
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lifted  jet  diffusion  flames  have  been  proposed. 

Most  previous  studies  have  based  the  flame  stabilization 
mechanism  in  terms  of  a  balance  between  the  local  flow 
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velocity  and  the  tribrachial  flame  speed.  Chung  and  Lee3 
employed  a  cold  jet  theory,9  and  derived  a  theoretical  for¬ 
mula  for  liftoff  height  and  blowout  conditions  of  nonpre¬ 
mixed  jet  flames.  Their  analysis  showed  that  the  Schmidt 
number  (Sc)  plays  an  important  role  in  flame  liftoff,  and 
stable  lifted  flames  are  possible  only  for  fuels  for  which 
Sc  >  1 .  Increasing  the  fuel  flow  rate  increases  the  liftoff 
height  for  propane  and  n-butane  flames  (Sc>l)  and  de¬ 
creases  it  for  methane  and  ethane  flames  (0.5<Sc<  1),  im¬ 
plying  that  methane  and  ethane  flames  blowout  directly  in 
the  burner- stabilized  mode.  However,  Kioni  et  alm  and 
Plessing  et  al.n  established  lifted  methane  flames  using  ni¬ 
trogen  dilution  and  investigated  the  effect  of  strain  rate. 
Ghosal  and  Vervisch12  demonstrated  analytically  that  a  lifted 
laminar  flame  is  possible  for  a  fuel  for  which  Sc  is  greater 
than  a  critical  value  Sccr,  which  is  less  than  unity.  For  values 
of  Sc  <  Sccr,  they  showed  that  a  lifted  flame  is  subcritical  and 
can  only  survive  in  a  narrow  parametric  region.  In  a  subse- 
quent  study,  Lee  et  al.  investigated  the  effect  of  partial 
premixing  on  flame  liftoff  and  blowout  for  propane  and 
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n-butane  flames,  and  observed  that  the  jet  velocity  at  flame 
liftoff  and  blowout  decreases  as  the  level  of  partial  premix¬ 
ing  is  increased. 

Ruetsch  et  al.5  reported  that  the  effect  of  heat  release  on 
lifted  triple  flames  provides  an  upper  bound  for  the  flame 
speed.  Increasing  the  heat  release  and  reducing  the  mixture 
fraction  gradient  increases  the  flame  speed  over  that  of  the 
corresponding  planar  premixed  flame.  Buckmaster14  demon¬ 
strated  that  in  a  special  case  of  unity  Lewis  number  (Le),  the 
edge  flame  speed  (UF)  increases  with  decreasing  scalar  dis¬ 
sipation  rate  (^)  in  a  linear  form,  UF/S°L=  1-*/*°,  where  x0 
is  the  scalar  dissipation  rate  when  UF  is  zero.  Chen  and 
Bilger6  reported  that  the  flame  propagation  speed  (U P)  in¬ 
creases  monotonically  with  decreasing  x  along  the  stoichio¬ 
metric  mixture  fraction  contour.  They  combined  the  above 
theories  to  propose  a  general  expression  for  the  triple  flame 
propagation  velocity,  UPIS°L={pul  pb)\l2[\-{xJ  xX\ 
where  the  correlation  constants  m  and  Xa  are  determined 
from  a  linear  regression  analysis.  This  equation  is  consistent 
with  the  argument  that  Up/S^  is  bounded  by  the  heat  release 
for  small  scalar  dissipation  rates.  Based  on  the  above  flame 
stabilization  theories,  most  previous  investigations  have  fo¬ 
cused  on  determining  the  critical  inlet  flow  velocities  for 
flame  liftoff  and  blowout.  However,  the  liftoff  and  blowout 
characteristics  of  NPFs,  and  especially  those  of  PPFs,  with 
respect  to  the  effects  of  diluents,  have  not  been  extensively 
investigated.  This  provided  the  major  motivation  for  the 
present  study. 

The  flame  stabilization  theories3-6  described  above  are 
based  on  the  tribrachial  flame  speed  hypothesis.  Takahashi 
and  Katta8  reported,  however,  that  flames  stabilized  near  the 
burner  do  not  exhibit  a  triple  flame  structure,  and  therefore 
the  flame  stabilization  cannot  be  explained  in  terms  of  the 
tribrachial  flame  speed.  Instead  they  hypothesized  that  a 
lifted  nonpremixed  flame  is  stabilized  by  a  reaction  kernel,  in 
which  a  subtle  balance  is  maintained  between  the  residence 
time  and  reaction  time.  They  also  highlighted  the  importance 
of  detailed  chemistry  in  simulating  flame  liftoff  and  stabili¬ 
zation,  as  global  chemistry,  which  neglects  the  radical  reac¬ 
tions,  led  to  an  incorrect  understanding  of  the  flame  base  or 
reaction  kernel  structure. 

Studies  dealing  with  the  effects  of  diluents  on  the  liftoff 
and  blowout  characteristics  of  flames  are  also  important  for 
practical  considerations.  For  instance,  Halon  1301  is  cur¬ 
rently  used  worldwide  for  fire  protection,  but  because  of  con¬ 
cerns  with  its  effect  on  the  stratospheric  ozone  layer,  it  is 
regulated  by  international  agreements  (Montreal  Protocol15). 
While  these  regulations  have  intensified  research  for  new  fire 
suppressants,  the  search  for  a  new  fire-extinguishing  agent 
with  all  the  desirable  properties  of  Halon  1301  has  not  been 
successful  so  far.  Vahdat  et  al 16  investigated  flame  extinction 
using  binary  fire  suppressants  of  organic  compounds  mixed 
with  nitrogen.  Although  these  mixtures  appear  to  be  promis¬ 
ing,  halogenated  compounds  such  as  CF3Br  (Halon  1301)  are 
still  found  to  be  more  efficient.  The  inert  gases  extinguish 
fire  primarily  through  the  thermal  effect,  and  thus  being 
harmless  to  the  environment,  provide  justification  for  study¬ 
ing  their  effects  on  lifted  flames. 

The  major  objective  of  our  investigation  is  to  character¬ 


ize  the  effects  of  fuel  stream  dilution  and  partial  premixing 
on  flame  liftoff,  stabilization,  and  blowout.  Lifted  methane- 
air  nonpremixed  (NPF)  and  partially  premixed  flames  (PPFs) 
are  established  in  axisymmetric  coflowing  jets.  The  flames 
are  simulated  using  a  time-accurate,  implicit  algorithm  that 
uses  detailed  descriptions  of  chemistry  and  transport.  Results 
of  simulations  are  used  to  (i)  distinguish  between  the  burner- 
stabilized  and  lifted  flames  in  terms  of  velocity  profiles  along 
the  stoichiometric  mixture  fraction  line  and  heat  transfer 
from  the  flame  to  the  burner,  (ii)  perform  a  detailed  compari¬ 
son  of  the  structures  of  NPF  and  PPF  in  terms  of  the  various 
reaction  zones  near  the  flame  base;  the  base  flame  structure  is 
important  for  the  flame  stabilization  criteria,  (iii)  examine  the 
flame  stabilization  criteria  for  lifted  flames  stabilized  in  both 
the  near-field  and  far-field  regions,  and  (iv)  characterize  the 
effectiveness  of  two  common  fire  suppression  agents,  N2  and 
C02,  in  extinguishing  the  NPFs  and  PPFs. 

Depending  on  the  liftoff  height,  diluent  concentration, 
and  other  conditions,  the  liftoff  behavior  of  nonpremixed  jet 
flames  falls  into  three  different  categories:17  (i)  both  liftoff 
and  blowout  occurring  in  the  laminar  region,  (ii)  liftoff  oc¬ 
curring  in  the  laminar  region,  but  blowout  in  the  turbulent 
region,  and  (iii)  both  liftoff  and  blowout  occurring  in  the 
turbulent  region.  In  the  present  study,  we  focus  on  the  liftoff 
and  blowout  occurring  in  the  laminar  region  of  coflowing 
jets.  A  coflow  jet  configuration  is  employed,  since  it  provides 
more  stable  flow  conditions  compared  to  free  jets,  and  also 
facilitates  the  treatment  of  boundary  conditions. 


THE  COMPUTATIONAL  MODEL 

The  computational  model  is  based  on  the  algorithm  de¬ 
veloped  by  Katta  et  al 18  and  the  simulation  method  is  de¬ 
scribed  in  detail  elsewhere.19,20  The  numerical  model  solves 
the  time-dependent  governing  equations  for  unsteady  react¬ 
ing  flows  in  an  axisymmetric  configuration.  The  governing 
equations  can  be  written  in  a  generalized  form  as 

d(p<$>)  d(pvQ)  d(pu<&) 

dt  dr  dz 

=  ±(r***)  +  )  -  ^  +  — —  +  s*. 

dr\  dr  J  dz\  dz)  r  r  dr 

Here  t  denotes  the  time,  and  u  and  v  represent  the  axial 
(z)  and  radial  (r)  velocity  components,  respectively.  The  gen¬ 
eral  form  of  the  equation  represents  conservation  of  mass, 
momentum,  species,  or  energy  conservation  equation,  de¬ 
pending  on  the  variable  used  for  O.  The  diffusive  transport 
coefficient  T®  and  source  terms  S °  appearing  in  the  above 
equation  are  provided  in  Table  1  of  Ref.  19.  Introducing  the 
overall  species  conservation  equation  and  the  state  equation 
completes  the  set  of  equations.  In  addition,  a  sink  term  based 
on  an  optically  thin  gas  assumption  is  included  in  the  energy 
equation  to  account  for  thermal  radiation  from  the  flame.25 
The  sink  term  is  expressed  as  qrad=-4aKp(IA-T^),21  where 
T  denotes  the  local  flame  temperature,  and  Kp  accounts  for 
the  absorption  and  emission  from  the  participating  gaseous 
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FIG.  1.  Schematic  of  the  computational  domain  and  boundary  conditions. 


species  (C02,  H20,CO  and  CH4),  and  is  expressed  as 
Kp=P^XiKp  b  where  Kp  i  denotes  the  mean  absorption  coef- 

k 

ficient  of  the  kth  species.  Its  value  is  obtained  by  using  a 
polynomial  approximation  to  the  experimental  data  provided 
in  Ref.  21. 

The  thermodynamic  and  transport  properties  appearing 
in  the  governing  equations  are  considered  to  be  temperature- 
and  species-dependent.  The  thermal  conductivity  and  viscos¬ 
ity  of  the  individual  species  are  estimated  based  on 
Chapman-Enskog  collision  theory,  following  which  those  of 
the  mixture  are  determined  using  the  Wilke  semiempirical 
formulas.  Chapman-Enskog  theory  and  the  Lennard-Jones 
potentials  are  used  to  estimate  the  binary-diffusion 
coefficient  between  each  species  and  nitrogen.  The  methane- 
air  chemistry  is  modeled  using  a  detailed  mechanism 
that  considers  24  species  and  81  elementary  reactions.23 
The  major  species  included  in  the  mechanism  are 

ch4,  o2,  co2,  co,  ch2o,  h2,  h2o,  c2h2,  c2h4, 

C2H6,  and  N2,  while  the  radical  species  include 

ch3,  ch2,  ch,  cho,  h,  o,  oh,  ho2,  h2o2,  c2h, 

C2H3,  C2H5,  and  CHCO.  The  mechanism  has  been  validated 
previously  for  the  computation  of  premixed  flame  speeds  and 
the  detailed  structure  of  both  nonpremixed  and  partially  pre¬ 
mixed  flames.19,20,24-26 

While  the  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  the  QUICKEST  scheme,27 
those  of  the  species  and  energy  are  obtained  using  a  hybrid 
scheme  of  upwind  and  central  differencing.  The  pressure 
field  is  calculated  at  every  time  step  by  solving  all  of  the 
pressure  Poisson  equations  simultaneously  and  using  the  LU 
(lower  and  upper  diagonal)  matrix-decomposition  technique. 

Figure  1  illustrates  the  computational  domain.  It  consists 
of  150  mm  X  100  mm  in  the  axial  (z)  and  radial  (r)  direc¬ 
tions,  respectively,  and  is  represented  by  a  staggered,  non- 
uniform  grid  system.  The  reported  results  are  grid- 
independent,  as  discussed  in  the  next  section.  An  isothermal 
insert  simulates  the  inner  2X1  mm  burner  wall.  The  bound¬ 
ary  conditions  used  here  can  be  found  elsewhere.19,20  Both 


FIG.  2.  Temperature  isocontour  of  1000  K  for  a  C02-diluted  partially  pre¬ 
mixed  flame  computed  using  four  different  grids.  For  all  cases,  the  flame  is 
computed  using  the  same  initial  conditions. 


the  inner  and  outer  jets  are  set  with  a  constant  and  uniform 
velocity  of  50  cm/s.  The  inner  jet  issues  fuel-air  mixture  at 
equivalence  ratios  of  </>=o°  (pure  fuel)  and  2.25  for  the  simu¬ 
lation  of  nonpremixed  and  partially  premixed  flames,  respec¬ 
tively,  while  the  outer  jet  issues  air.  The  diluent  (C02  or  N2) 
is  introduced  through  the  inner  jet,  and  its  concentration  is 
varied  in  order  to  investigate  the  flame  liftoff,  stabilization, 
and  blowout  phenomena. 

The  two  base  cases  simulated  correspond  to  undiluted 
NPF  and  PPF.  These  two  base  flames  are  obtained  starting 
from  the  respective  global-chemistry  (CH4  +  02^C02 
+  H20)  solutions  as  initial  conditions  and  by  performing 
detailed-chemistry  calculations  for  sufficiently  long  times 
(—10000  time  steps  corresponding  to  2  s).23  Once  the  undi¬ 
luted  flames  are  established,  diluents  are  gradually  added  un¬ 
til  blowout  is  reached.  Blowout  is  achieved  when  a  critical 
concentration  of  diluents  moves  the  flames  further  down¬ 
stream  rapidly  and  out  of  the  computational  domain,  as  de- 
28 

scribed  by  Katta  et  al. 

RESULTS  AND  DISCUSSION 
Validation  of  numerical  model 

Egolfopoulos  and  Law  demonstrated  that  by  minimiz¬ 
ing  the  effect  of  numerical  diffusivity  through  mesh  refine¬ 
ment,  the  computed  flame  speed,  which  plays  a  key  role  in 
flame  stabilization,  converges  to  a  grid-independent  value. 
Results  of  numerical  simulations  to  achieve  grid  indepen¬ 
dence  for  the  present  case  are  illustrated  in  Fig.  2,  which 
presents  an  isotemperature  contour  (1000  K)  for  a  typical 
C02-diluted  PPF  computed  using  four  different  grids,  i.e., 
371  X  101,  401  X  101,  401  X  121,  and  401  X  141.  The  mole 
fraction  of  C02  added  to  the  fuel  stream  is  5%  for  this  case. 
For  all  four  grids,  the  calculations  begin  using  the  same  ini- 
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FIG.  3.  Comparison  of  predicted  heat 
release  rate  contours  (right)  and  mea¬ 
sured  luminosity  contours  (left)  for  the 
10%  C02-diluted  nonpremixed  (NPF) 
and  partially  premixed  flames  (PPF). 
The  rich  premixed,  nonpremixed,  and 
lean  premixed  reactions  zones  are  rep¬ 
resented  by  RPZ,  NPZ,  and  LPZ, 
respectively. 


tial  conditions.  Grid  lines  are  clustered  near  the  flame  sur¬ 
faces  (not  shown)  to  resolve  the  steep  gradients  of  the  de¬ 
pendent  variables.  The  differences  between  the  results 
computed  using  these  four  grids  are  small,  suggesting  the 
convergence  of  the  simulated  flame.  Therefore,  the  minimum 
grid  spacing  used  for  our  simulations  is  0.103  mm  in  the  z 
direction  and  0.150  mm  in  the  r  direction  corresponding  to  a 
401  X  101  grid.  In  order  to  further  assure  that  both  the  tem¬ 
perature  and  radical  species  layers  are  sufficiently  resolved  in 
our  simulations,  we  plotted  (not  shown)  the  radial  profiles  of 
temperature  and  CH  radical  near  the  lifted  flame  base  (at  an 
axial  distance  of  10.0  mm  from  the  flame  base).  The  thick¬ 
nesses  of  the  temperature  and  CH  radical  layers  computed 
from  these  profiles  were  found  to  be  7.9  and  1.2  mm,  re¬ 
spectively.  We  also  computed  the  structure  of  the  corre¬ 
sponding  PPF  established  at  (f)=  2.25  in  a  counterflow  (one¬ 
dimensional)  configuration,  and  found  (not  shown)  that  the 
temperature  and  CH  radical  layers  had  thicknesses  of  7.7  and 
1.5  mm,  and  contained  47  and  10  grid  points,  respectively. 
These  results  provided  additional  confirmation  that  both  the 
temperature  and  radical  layers  are  sufficiently  resolved  in  our 
simulations. 

The  numerical  model  has  been  previously  validated  us¬ 
ing  experimental  data  for  a  variety  of  steady  and  unsteady 
flames,  including  opposed-jet  diffusion  flames,  burner- 
stabilized  flames,20,31,32  and  lifted  flames.7,28  Katta  et  al .30 
compared  the  predicted  OH  concentrations  in  opposed-jet 
flames  with  the  measurements  from  planar  laser-induced 
fluorescence  (PLIF),  and  showed  good  agreement.  Shu 
et  al.  reported  good  agreement  between  the  predicted  and 
the  measured  velocity  fields  using  PIV,  as  well  as  between 
the  predicted  heat  release  rate  contours  and  the  measured 

C?-chemiluminescence  images,  for  methane-air  partially  pre- 

^  20 

mixed  flames.  Azzoni  et  al.  reported  similarly  good  agree¬ 


ment  for  triple  flames  stabilized  on  a  slot  burner.  Likewise, 
Takahashi  et  al.7  reported  good  agreement  between  the  pre¬ 
dicted  and  measured  velocity  fields  using  particle  imaging 
velocimetry  (PIV)  for  methane- air  jet  diffusion  flames  under 
near-lifting  conditions.  Recently,  Katta  et  al.  accurately 
predicted  the  minimum  diluent  concentration  for  blowout  of 
methane-air  cup-burner  flames. 

In  the  present  study,  we  provide  additional  validation  of 
the  numerical  model  by  comparing  the  predicted  heat  release 
rate  contours  with  the  measured  luminosity  contours  for 
C02-diluted  lifted  nonpremixed  and  partially  premixed 
flames.  As  shown  in  Fig.  3,  the  numerical  model  reproduces 
the  measured  flame  topology  and  liftoff  height  for  both  NPF 
and  PPF.  Both  flames  are  located  about  9  mm  above  the 
burner  rim.  Mixing  of  the  reactants  is  enhanced  in  the  wake 
region  above  the  burner  rim,  allowing  entrainment  of  air  into 
the  fuel  side.  Consequently,  the  NPF  exhibits  a  double  flame 
structure  containing  a  rich  premixed  zone  and  a  nonpremixed 
zone,  while  the  PPF  exhibits  a  triple  flame  structure.  The 
locations  of  the  various  reaction  zones  are  well  predicted  by 
the  numerical  model.  The  detailed  flame  structure  for  these 
cases  is  discussed  in  a  later  section.  As  these  flames  are 
established  at  normal  gravity,  both  the  simulations  and  mea¬ 
surements  exhibit  well-organized  oscillations,  induced  by 
buoyant  acceleration,  and  so  care  is  taken  in  comparing  the 
two  flames  at  the  same  phase  angle.  In  the  NPF,  the  buoyant 
acceleration  of  hot  gases  outside  the  flame  surface  causes 
shear-layer  rollup,  leading  to  the  formation  of  a  toroidal  vor¬ 
tex  that  interacts  with  the  flame  surface  at  locations  down¬ 
stream  of  the  flame  base.  On  the  other  hand,  the  PPF  does 
not  indicate  this  toroidal  vortex  ring;  instead,  the  flame 
pinches  off  when  the  flame  tip  reaches  its  maximum  ampli¬ 
tude.  The  blue  color  in  the  experimental  images  represents 
the  flame  shape  and  the  bright  yellow  in  the  NPF  corre- 


Downloaded  19  Oct  2006  to  129.92.250.43.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://pof.aip.org/pof/copyright.jsp 


043603-5  A  numerical  investigation  of  flame  liftoff 


Phys.  Fluids  18,  043603  (2006) 


r(mm) 


FIG.  4.  Computed  temperature  contours  (7),  equivalence  ratio  contours  ((f)), 
heat  release  rate  contours  ( q ),  velocity  vectors  (v),  and  mass  flux  vectors  of 
CH4(Mch4),  02(M02),  and  H-atoms  (MH)  for  the  undiluted  (a)  NPF  and  (b) 
PPF.  The  mass  flux  vectors  are  shown  on  the  left  side,  while  q-contours  are 
shown  on  both  sides  of  the  axis  of  symmetry. 


sponds  to  the  soot-containing  region.  Notice  that  the  flame 
luminosity  is  greatly  diminished  in  the  PPF,  implying  a  sig¬ 
nificant  reduction  in  soot  volume  fraction  due  to  partial  pre¬ 
mixing.  Although  the  numerical  model  does  not  account  for 
soot  formation,  which  enhances  thermal  radiation,  the  liftoff 
heights  between  the  experiments  and  simulations  match  quite 
well.  This  is  mainly  due  to  a  lack  of  soot  in  the  flame-base 
region  and,  hence,  ignoring  soot  and  the  related  thermal  ra¬ 
diation  in  the  numerical  simulations  did  not  affect  the  accu¬ 
racy  of  the  predicted  flame  base  structure. 

Structure  of  undiluted  nonpremixed 
and  partially  premixed  flames 

Figure  4  presents  the  computed  flame  structures  of  the 
undiluted  NPF  and  PPF  in  terms  of  temperature  contours  (T) 
(in  solid  lines),  equivalence  ratio  contours  (</>)  (in  broken 
lines),  and  velocity  vectors  (u)  on  the  right  side  and  mass 
flux  vectors  ( Mcm,MQ2 ,  and  MH)  on  the  left  side  of  the  axis 


FIG.  5.  State  relationships  in  terms  of  scalar  profiles  at  two  axial  locations 
with  respect  to  mixture  fraction  (f)  for  the  (a)  NPF  and  (b)  PPF  discussed  in 
the  context  of  Fig.  4.  An  analogous  steady  counterflow  flame  at  0=2.25  and 
strain  rate  of  100  s-1  is  also  shown  for  comparison  with  the  coflow  PPF  in 
Fig  5(b).  The  thin  blue  lines  represent  the  results  from  the  counterflow 
flame.  The  vertical  dashed  line  represents  the  stoichiometric  mixture  fraction 
( /, )• 


of  symmetry.  The  heat  release  rate  contours  ( q )  (in  rainbow 
color  scheme)  are  shown  on  both  sides.  As  noted  earlier, 
these  flames  at  normal  gravity  exhibit  well-organized  oscil¬ 
lations.  Consequently,  the  plots  in  Fig.  4  depict  the  instanta¬ 
neous  flame  structure.  For  the  NPF,  the  flame  base  is  lifted 
and  stabilized  in  a  low-velocity  region  that  extends  from  the 
wake  of  the  burner  rim.  The  mixing  of  the  reactants  is  en¬ 
hanced  in  the  wake  region,  as  indicated  by  the  overlapping  of 
CH4  and  02  mass  flux  vectors  and  the  equivalence  ratio  con¬ 
tours.  The  flame  is  located  on  the  air  side,  where  the  flame 
reaches  stoichiometric  conditions.  The  heat  release  rate  con¬ 
tours  show  the  high  reactivity  region  near  the  flame  base. 
The  velocity  vectors  show  the  thermal  expansion,  as  well  as 
the  axial  acceleration,  as  the  flow  approaches  the  hot  flame. 
Because  the  flame  base  was  formed  on  the  air  side  (due  to 

the  low  value  of  stoichiometric  ratio  for  methane  fuel  and 
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FIG.  6.  Predicted  heat  release  rate 
contours  ( q ),  stoichiometric  mixture 
fraction  line  (fs),  and  OH  mass  frac¬ 
tion  (Foh)  contours  for  three  cases:  (a) 
undiluted,  (b)  15%  C02-diluted,  and 
(c)  30%  C02-diluted  NPFs.  The  loca¬ 
tion  of  the  leading  edge  is  indicated  by 

^LE- 


oxygen),  the  mass  flux  of  02  dominates  compared  to  that  of 
CH4.  Consequently,  the  high  oxygen  concentration  that  sur¬ 
rounds  the  flame  base  and  the  H  atoms  that  diffuse  in  every 
direction  enhance  the  chain-branching  reaction  H  +  02 
— >OH+0,  as  discussed  by  Takahashi  and  Katta.8 

In  summary,  the  NPF  is  lifted  and  stabilized  downstream 
of  the  burner  on  the  oxidizer  side  with  negligible  heat  trans¬ 
fer  to  the  burner,  while  the  PPF  is  stabilized  at  the  burner  rim 
with  a  significant  heat  transfer  to  the  burner,  as  indicated  by 
the  temperature  contours  near  the  burner  rim  in  Fig.  4(b). 
This  implies  that  partial  premixing  affects  flame  stabilization 
near  the  burner  rim.  This  can  be  expected  since  the  flame 
stabilization  near  the  burner  has  been  argued  to  depend  upon 
the  leakage  of  oxygen  to  the  fuel  side.  ’  Since  oxygen  is 
already  present  in  the  fuel  stream  for  the  PPF,  its  stabiliza¬ 
tion  behavior  is  expected  to  be  different  from  that  of  the 
corresponding  NPF.  These  two  flames  also  provide  a  clear 
distinction  between  the  characteristics  of  the  lifted  and 
burner- stabilized  flames. 

In  order  to  further  examine  the  structures  of  the  two 
flames  depicted  in  Fig.  4,  we  present  in  Fig.  5  the  state  rela¬ 
tionships  in  terms  of  the  profiles  of  major  reactant  and  prod¬ 
uct  species  (CH4,  02,  H20,  and  C02),  and  “intermediate” 
fuel  species  (H2  and  CO)  with  respect  to  the  mixture  fraction 
(f).35  Here  f=l  and  0  indicate  the  fuel  and  oxidizer  sides, 
respectively.  Scalar  profiles  for  a  counterflow  flame  simula¬ 
tion  at  cf)= 2.25  and  strain  rate  100  s-1  are  also  included  for 
comparison  with  the  coflow  PPF.  As  discussed  by  Smooke36 
and  Naha  and  Aggarwal,37  partially  premixed  combustion 
can  be  grouped  into  two  distinct  regimes,  namely  a  double¬ 
flame  regime  and  a  merged-flame  regime.  In  the  first  regime, 
a  PPF  contains  two  physically  separated  reaction  zones, 
while  in  the  second  regime,  the  two  reaction  zones  are  nearly 
merged.  In  both  the  coflow  and  counterflow  PPFs  [cf.  Fig. 
5(b)],  the  incoming  CH4  and  02  from  the  fuel  side  are  com¬ 
pletely  consumed  in  the  rich  premixed  zone  before  reaching 
the  stoichiometric  mixture  fraction  (fs).  The  “intermediate” 
fuel  species  CO  and  H2  are  formed  in  the  rich  premixed 
zone,  and  then  transported  and  consumed  in  the  nonpremixed 


zone.  The  C02  and  H20  mass  fractions,  however,  peak  near 
the  rich  premixed  zone,  indicating  a  nearly  merged-flame 
structure.  The  NPF  also  shows  a  similar  flame  structure  in 
terms  of  the  relative  locations  of  the  consumption  of  reac¬ 
tants  and  the  peak  intermediate  species.  The  smaller/^  value 
for  NPFs  implies  that  more  mixing  is  required  for  establish¬ 
ing  these  flames  compared  to  that  of  PPFs.  Also,  note  that  the 
mass  fraction  of  oxygen  penetrating  into  the  fuel  side  of 
NPF,  YO2~0.12,  is  comparable  to  the  corresponding  value, 
YO2~0.20,  for  PPF.  Since  state  relationships  of  both  NPF 
and  PPF  are  similar,  these  flames  contain  a  nearly  merged 
flame  structure  corresponding  to  a  (double)  partially  pre¬ 
mixed  flame. 

Effect  of  dilution  on  the  lifted  flame  structure 

Figure  6  presents  the  global  flames  structure  of 
C02-diluted  NPFs  in  terms  of  the  heat  release  rate  ( q ),  sto¬ 
ichiometric  mixture  fraction  (fs),  and  OH  mass  fraction 
(Y0h)  contours  for  three  different  dilution  levels.  The  flame 
leading  edge  (Lle)  is  defined  as  the  intersection  of  the  sto¬ 
ichiometric  mixture  fraction  (fs)  line  and  the  flame  surface, 
which  is  represented  by  a  specific  OH  mass  fraction  contour 
(i.e.,  Y0h=2  X  10-5),  following  Qin  et  a/.38  As  expected,  the 
liftoff  height  (Ly),  which  is  taken  as  the  distance  from  the 
burner  rim  to  Lle,  increases,  and  Lle  shifts  radially  outward 
with  increasing  diluent  concentration. 

Previous  investigations  have  generally  distinguished  the 
various  reaction  zones  in  jet  flames  based  on  their  spatial 
locations.19,39  In  lifted  flames,  however,  the  premixing  ahead 
of  the  flame  front  can  be  relatively  small  depending  upon  the 
liftoff  height,  and  it  may  be  difficult  to  distinguish  between 
the  double  and  triple  flame  structures  at  the  flame  base.  This 
distinction,  however,  is  important  in  the  context  of  examin¬ 
ing  the  flame  stabilization  mechanisms.  In  order  to  spatially 
resolve  the  various  reaction  zones  of  the  flames  more  clearly, 
we  employ  the  modified  flame  index  (£M)  developed  in  our 
previous  investigation,1 
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FIG.  7.  Flame  structures  of  various  C02-diluted  NPFs  and  PPFs  are  shown  through  the  modified  flame  index  (fM)  contours  (right),  the  OH  (color  rainbow) 
and  CH  (monochrome)  mass  fraction  contours  (left).  For  NPFs,  a  double  flame  structure  [with  a  rich  premixed  zone  (RPZ)  and  a  nonpremixed  zone  (NPZ)] 
is  indicated  for  0%  and  10%  C02-dilutions,  and  a  triple  flame  structure  for  35%  and  40%  C02-dilutions.  For  PPFs,  a  double  flame  structure  is  indicated  for 
0%  and  5%  C02-dilutions,  and  a  triple  flame  structure  for  10%  and  15%  C02-dilutions. 


Here  the  mixture  fraction  (f)  is  defined  following  Bilger,35 
and  Gfo  is  the  flame  index  proposed  by  Takeno  and 
co-workers.40  With  this  definition,  £M=  1  represents  a  rich 
premixed  zone,  -la  lean  premixed  zone,  and  |0.5|  a  nonpre¬ 
mixed  zone  for  hydrocarbon  flames.  Since  identification  of 
the  various  reaction  zones  is  more  relevant  in  regions  of  high 
reactivity,  i.e.,  where  the  heat  release  rates  are  significant,  we 
have  computed  only  in  regions  where  the  heat  release  rate 
is  at  least  1%  of  the  maximum  heat  release  rate. 

Figure  7  presents  contours  as  well  as  the  OH  (rain¬ 
bow  color)  and  CH  (monochrome)  mass  fraction  contours 
for  NPFs  and  PPFs  established  at  various  C02-dilution  con¬ 
centrations.  The  CH  and  OH  mass  fractions  have  previously 
been  used  to  indicate  the  flame  structure  in  counterflow 
configuration.36,41  Whereas  the  OH  mass  fraction  peaks  in 
the  nonpremixed  reaction  zone  when  the  flame  exhibits  a 
nearly  merged  flame  structure,  the  CH  mass  fraction  peaks  in 


the  premixed  reaction  zones,  Therefore,  OH  and  CH  con¬ 
tours  can  also  be  used  to  visualize  the  flame  structure,  in 
addition  to  the  modified  flame  index  (£M).  As  noted  earlier, 
the  undiluted  NPF  is  lifted  and  stabilized  at  an  axial  location 
downstream  of  the  burner  rim  wake.  As  the  diluent  concen¬ 
tration  increases,  Lf  increases,  and  there  is  a  transition  from  a 
double  flame  to  a  triple  flame  structure,  characterized  by  the 
appearance  of  a  lean  premixed  zone  indicated  by  the  blue 
color  and  the  presence  of  CH  in  the  outermost  region  of  the 
flame  base  (i.e.,  the  lean  premixed  zone).  In  contrast,  for  low 
diluent  concentrations,  the  PPF  is  stabilized  at  the  burner  rim 
and  exhibits  a  double  flame  structure.  As  the  diluent  concen¬ 
tration  increases,  the  PPF  is  lifted.  Further  increase  in  diluent 
concentration  increases  Lf,  and  additional  mixing  in  the  re¬ 
gion  between  burner  rim  and  flame  leads  to  a  transition  from 
a  double  flame  to  a  triple  flame  structure.  The  lean  premixed 
zone  becomes  more  pronounced  as  Lf  increases  with  the  in¬ 
crease  in  diluent  concentration.  Therefore,  the  base  structure 
of  a  lifted  flame  depends  largely  on  Lf ,  which  in  turn  de- 
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FIG.  8.  State  relationships  in  terms  of  scalar  profiles  with  respect  to  mixture 
fraction  (f)  at  two  axial  locations  for  (a)  20%  C02-diluted  NPF  and  (b)  10% 
C02-diluted  PPF.  The  vertical  dashed  line  represents  the  stoichiometric  mix¬ 
ture  fraction  (fs)  value. 


pends  on  mixture  composition  (i.e.,  diluent  concentration, 
partial  premixing,  and  premixing  outside  the  nozzle38,42),  jet 
velocity,  coflow  velocity,  and  nozzle  shape. 

Figure  8  presents  the  detailed  structure  of  a  20% 
C02-diluted  NPF  and  a  10%  C02-diluted  PPF.  State  relation¬ 
ships  are  presented  for  the  major  reactant  and  product  spe¬ 
cies  (CH4,  02,  H20,  and  C02)  and  the  “intermediate”  fuel 
species  (H2  and  CO)  with  respect  to  f5  at  two  axial  loca¬ 
tions.  The  existence  of  a  rich  premixed  zone  in  both  the 
flames  is  indicated  by  the  relatively  high  mass  fraction  of  02 
on  the  fuel  side  (FO2~0.16).  In  this  zone,  both  CH4  and  02 
are  completely  consumed,  producing  “intermediate”  fuel 
species  H2  and  CO,  which  are  transported  and  oxidized  in 
the  nonpremixed  zone  to  form  C02  and  H20.  The  nonpre- 
mixed  zone  is  located  near  f=fs,  as  indicated  by  the  peak 
mass  fractions  of  C02  and  H20.  The  leakage  of  CH4  to  the 
air  side  leads  to  the  formation  of  a  lean  premixed  reaction 
zone,  which  is  located  near  f-  0.07  and  0.3  for  the  NPF  and 


FIG.  9.  Temporal  evolution  of  temperature  for  undiluted,  15%  C02-diluted, 
and  25%  C02-diluted  NPFs.  The  horizontal  lines  indicate  the  time-averaged 
temperature.  The  temperature  values  are  taken  35  mm  above  the  leading 
edge  of  each  flame. 


PPF,  respectively.  The  existence  of  a  lean  premixed  zone  is 
also  illustrated  by  the  comparison  of  flame  structures  de¬ 
picted  in  Figs.  6  and  8.  The  location  of  the  lean  premixed 
zone  is  indicated  by  the  second  (smaller)  CO  and  H20  peaks 
in  both  NPF  and  PPF  in  Fig.  8.  These  peaks  are  located  near 
/=0.07  and  0.3  for  the  NPF  and  PPF,  respectively. 

Buoyancy-induced  flame  oscillations 

As  noted  earlier,  the  flames  simulated  in  the  present 
study  exhibit  well-organized  oscillations  induced  by  buoyant 
acceleration.  In  order  to  characterize  these  oscillations,  Fig.  9 
presents  the  temporal  evolution  of  temperature  at  a  location 
35  mm  above  the  flame  leading  edge  for  three  C02-diluted 
NPFs.  The  interaction  between  the  flame  surface  and  the 
toroidal  vortex,  formed  by  buoyant  acceleration  of  hot  gases 
outside  the  flame  surface,  leads  to  oscillations  in  tempera¬ 
ture.  As  the  diluent  concentration  is  increased  and  the  flame 
is  stabilized  at  a  further  downstream  location,  the  amplitude 
of  oscillation  increases,  while  the  frequency  of  oscillation 
remains  nearly  constant  in  the  range  15-20  Hz.  (The  ampli¬ 
tude  of  oscillation  refers  to  the  amplitude  of  temperature 
variation  at  the  probing  point.)  In  addition,  the  mean  tem¬ 
perature  decreases,  indicating  a  reduction  in  flame  reactivity 
with  increased  dilution. 

Effects  of  partial  premixing  and  dilution 
on  flame  liftoff  and  blowout 

In  order  to  characterize  the  effects  of  partial  premixing 
and  diluents,  the  variation  of  flame  liftoff  height  with  diluent 
mole  fraction  is  presented  in  two  different  formats.  Figure  10 
depicts  the  effect  of  partial  premixing  by  plotting  the  liftoff 
height  versus  the  amount  of  dilution  in  N2-diluted  flames 
[Fig.  10(a)]  and  C02-diluted  flames  [Fig.  10(b)],  while  Fig. 
11  compares  the  effectiveness  of  N2  and  C02  diluents  in 
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FIG.  10.  Liftoff  height  (Lf)  plotted  as  a  function  of  diluent  mole  fraction  for 
the  N2-  (a)  and  C02-diluted  (b)  NPFs  and  PPFs.  The  blowout  conditions  are 
also  shown. 


FIG.  1 1 .  Liftoff  height  (Lf)  plotted  as  a  function  of  diluent  mole  fraction  for 
N2-  and  C02-diluted  NPFs  (a)  and  PPFs  (b).  The  double  flame,  triple  flame, 
and  blowout  regions  are  also  shown. 


causing  flame  liftoff  and  blowout  in  NPF  [Fig.  11(a)]  and 

PPF  [Fig.  11(b)].  Important  observations  are  as  follows: 

(1)  As  noted  earlier,  the  undiluted  NPF  is  lifted  and  stabi¬ 
lized  downstream  of  the  burner  rim,  while  the  corre¬ 
sponding  PPF  is  stabilized  at  the  burner  rim.  With  the 
addition  of  diluent,  the  liftoff  height  of  NPF  first  in¬ 
creases  gradually,  and  then  quite  rapidly  until  the  blow¬ 
out  occurs  (cf.  Fig.  10).  In  contrast,  the  PPF  first  lifts  off 
from  the  burner  rim  due  to  local  extinction  caused  by 
dilution,  which  reduces  heat  transfer  to  the  rim  and  the 
rate  of  H-atom  destruction.  Once  the  flame  is  lifted,  its 
liftoff  height  increases  much  more  rapidly  compared  to 
that  of  a  NPF.  Consequently,  its  liftoff  height  exceeds 
that  of  a  NPF,  and  the  diluent  mole  fraction  required  for 
its  extinction  (through  blowout)  is  significantly  smaller 
than  that  for  a  NPF.  For  the  results  presented  in  Fig.  10, 
the  C02  dilutions  required  for  the  extinction  of  PPF  and 


NPF  are  16%  and  41%,  respectively.  The  corresponding 
values  for  N2  dilution  are  25%  and  55%,  respectively.  In 
addition,  a  PPF  blows  out  at  a  lower  height  compared  to 
a  NPF.  The  superior  blowout  characteristics  of  NPFs  are 
due  to  the  higher  amount  of  fuel  contained  in  the  fuel 
jet,  which  leads  to  a  lower  scale  dissipation  rate  for  these 
flames. 

(2)  The  addition  of  diluent  in  the  fuel  jet  reduces  the  chemi¬ 
cal  activity  in  the  flame  base,  as  indicated  by  the  reduced 
temperature.  As  the  flame  gets  weaker,  it  shifts  further 
downstream  to  a  stabilization  location  corresponding 
to  a  lower  scalar  dissipation  rate  (^),  defined  as 
X=2DF_mix(Vf)2,  where  DF_mix  is  the  fuel  diffusivity  with 
respect  to  the  mixture.  Figure  12  presents  x  plotted  ver¬ 
sus  the  axial  position  along  the  stoichiometric  mixture 
fraction  line  for  various  NPFs  and  PPFs.  For  each  case, 
the  flame  is  located  at  the  minimum  x  value.  The  addi- 
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FIG.  12.  Scalar  dissipation  rate  (x)  plotted  versus  the  axial  position  (z) 
along  the  stoichiometric  mixture  fraction  line  for  N2-  and  C02-diluted  NPFs 
(top)  and  PPFs  (bottom). 


tion  of  diluent  increases  the  local  scalar  dissipation  rate 
while  decreasing  the  flame  reactivity.  (The  effect  of  fuel 
stream  dilution  on  the  flame  reactivity  and  scalar  dissi¬ 
pation  rate  is  further  discussed  in  the  next  section.)  Con¬ 
sequently,  the  flame  moves  downstream  to  a  location  of 
smaller  x  in  order  to  achieve  a  balance  between  scalar 
dissipation  rate  and  reaction  rate.  For  a  mole  fraction  of 
C02  greater  than  41%  (or  that  of  N2  greater  than  55%), 
the  NPF  blows  out  as  it  cannot  find  a  stabilization  point 
within  the  computational  domain  [cf.  Fig.  11(a)].  The 
corresponding  mole  fractions  of  C02  and  N2  for  the 
blowout  of  PPFs  are  16%  and  25%,  respectively.  The 
existence  of  a  triple  flame  structure  at  the  flame  base 
also  plays  an  important  role  in  the  stabilization  of  lifted 
flames  in  the  far  field  region.  This  aspect  is  discussed  in 
the  next  section. 

(3)  For  low  diluent  concentrations,  the  PPF  is  located  at  a 


lower  axial  position  compared  to  the  NPF.  However,  as 
the  diluent  concentration  exceeds  a  critical  value,  the 
PPF  shifts  to  a  higher  axial  location  compared  to  the 
NPF.  Thus,  a  PPF  exhibits  a  greater  sensitivity  to  fuel 
stream  dilution  compared  to  a  NPF  (cf.  Figs.  10  and  11). 

(4)  For  the  same  diluent  mole  fraction,  C02-diluted  flames 
are  lifted  higher  compared  to  N2-diluted  flames.  More¬ 
over,  the  diluent  mole  fraction  required  for  the  extin¬ 
guishment  (through  blowout)  of  C02-diluted  flames  is 
smaller  than  for  N2-diluted  flames,  although  their  liftoff 
heights  at  extinction  are  generally  similar  for  the  two 
cases.  As  discussed  in  the  next  section,  this  can  be  at¬ 
tributed  to  the  fact  that  C02  dilution  increases  the  scalar 
dissipation  rate  and  simultaneously  decreases  the  reac¬ 
tion  rate  by  a  larger  amount  compared  to  that  caused  by 
N2  dilution. 

(5)  In  the  far  field  region  or  near  the  blowout  conditions,  the 
liftoff  height  increases  at  a  faster  rate  compared  to  that 
in  the  near  field.  This  could  be  due  to  the  fact  that  the 
fuel  stream  dilution  increases  the  scalar  dissipation  rate 
and/or  decreases  the  reaction  rate  in  a  nonlinear  manner. 
In  addition,  both  the  NPFs  and  PPFs  stabilized  in  the  far 
field  region  have  a  triple  flame  structure  at  the  base,  and 
a  balance  between  the  triple  flame  speed  and  local  flow 
velocity  also  plays  a  role  in  the  stabilization  of  these 
flames.  This  aspect  is  further  discussed  in  the  next  sec¬ 
tion. 

(6)  A  previous  investigation28  demonstrated  that  with  air 
stream  dilution,  methane-air  NPFs  blow  out  in  a  burner- 
attached  mode  or  in  a  lifted  mode  close  to  the  burner. 
Our  simulations  indicate  that  it  is  possible  to  establish 
lifted  methane-air  NPFs  using  fuel  stream  dilution. 

Flame  stabilization  mechanism 

Flame  liftoff  and  stabilization  are  complex  processes  in¬ 
volving  transport,  partial  premixing,  flame  propagation,  sea- 
lar  dissipation,  and  extinction.  ’  The  stabilization  of  lifted 
nonpremixed  laminar  flames  has  generally  been  explained 
based  on  the  existence  of  a  triple  flame  structure  at  the  base 
of  a  lifted  flame,  and  a  dynamic  balance  between  the  triple 
flame  speed  and  the  local  flow  velocity.4-6  This  stabilization 
mechanism  is  more  meaningful  for  flames  that  are  stabilized 
in  the  far  field.  For  flames  stabilized  in  the  near  field,  Taka- 
hashi  and  Katta8  hypothesized  stabilization  by  the  existence 
of  a  reaction  kernel  in  which  a  dynamic  balance  is  main¬ 
tained  between  the  characteristic  reaction  rate  and  scalar  dis¬ 
sipation  rate.  In  order  to  examine  these  hypotheses  in  the 
context  of  the  present  simulations,  we  computed  the  scalar 
dissipation  rate  and  flame  speed  for  various  N2-  and 
C02-diluted  flames. 

Figure  12  presents  the  scalar  dissipation  rate  (^)  versus 
axial  position  along  the  stoichiometric  mixture  fraction  line 
for  several  simulated  flames.  As  noted  earlier,  the  flame  is 
stabilized  at  a  location  of  minimum  x •  The  effect  of  fuel 
stream  dilution  is  to  decrease  the  flame  reactivity,  as  illus¬ 
trated  by  the  decrease  in  flame  temperature  (cf.  Fig.  8),  and 
increase  the  local  scalar  dissipation  rate.  The  increase  in  x  is 


Downloaded  19  Oct  2006  to  129.92.250.43.  Redistribution  subject  to  AIP  license  or  copyright,  see  http://pof.aip.org/pof/copyright.jsp 


043603-11  A  numerical  investigation  of  flame  liftoff 


Phys.  Fluids  18,  043603  (2006) 


due  to  the  fact  that  the  fuel  stream  dilution  increases  the 
stoichiometric  mixture  fraction  value  (fs),  and  thereby  shifts 
the  fs  contour  from  oxidizer  region  to  mixing  layer  region, 
which  is  characterized  by  large  mixture  fraction  gradients 
(V/) .  Consequently,  as  the  diluent  mole  fraction  is  increased, 
the  flame  shifts  downstream  and  radially  outward  to  a  loca¬ 
tion  of  smaller  x  in  order  to  achieve  a  balance  between  scalar 
dissipation  rate  and  reaction  rate.  This  stabilization  mecha¬ 
nism  is  consistent  with  the  hypothesis  proposed  by  Takahashi 
and  Katta,8  and  can  also  be  interpreted  as  a  balance  between 
the  edge-flame  speed  (UF)  and  the  local  flow  velocity.43  In 
fact,  the  edge  flame  speed  (UF)  has  been  reported  to  be  a 
function  of  the  scalar  dissipation  rate  (^).14  In  addition,  the 
stabilization  mechanism  can  also  be  used  to  explain  why 
PPFs  are  lifted  higher  than  NPF,  and  C02-diluted  flames  are 
lifted  higher  than  N2-diluted  flames.  As  indicated  in  Fig.  12, 
the  scalar  dissipation  rate  is  higher  for  PPFs  compared  to  that 
for  NPFs.  Consequently,  PPFs  are  lifted  higher  and  blow  out 
at  a  smaller  diluent  mole  fraction  compared  to  PPFs.  Simi¬ 
larly,  C02  dilution  decreases  flame  reactivity,  due  to  the  ther¬ 
mal  effect,  and  increases  scalar  dissipation  rate  by  a  larger 
amount  compared  to  that  with  N2  dilution.  Consequently, 
C02-diluted  flames  are  lifted  higher  and  blow  out  at  a  lower 
diluent  mole  fraction  compared  to  N2-diluted  flames. 

As  discussed  earlier,  as  the  flame  liftoff  height  increases, 
a  triple  flame  structure  develops  at  the  flame  base  (cf.  Fig.  7). 
For  these  flames,  we  computed  the  flame  speed  ( SL )  at  the 
base  (triple  point)  by  using  the  relation44,45 


SL  =  ~ 


1 

p|V<p| 


[V  •  (pD  V  <p)  +  0)v], 


where  the  scalar  cp  is  represented  by  temperature.  Figure 
13(a)  presents  the  variation  of  SL  with  diluent  mole  fraction 
for  N2-  and  C02-diluted  NPFs  and  PPFs.  As  the  diluent  mole 
fraction  is  increased,  the  flame  speed  increases,  and  the  flame 
is  stabilized  further  downstream  in  order  for  SL  to  match  the 
local  flow  velocity.  Our  results  are  consistent  with  those  re¬ 
ported  by  previous  researchers.  For  instance,  Kioni  et  al .10 
measured  the  velocity  of  a  lifted  triple  flame  and  found  it  to 
be  well  above  the  unstreched  laminar  flame  speed  of  the 
corresponding  stoichiometric  premixed  fuel-air  mixture.  In 
the  context  of  the  present  study,  it  should  be  noted  that  as  the 
diluent  mole  fraction  is  increased,  the  unstretched  laminar 
flame  speed  decreases,  while  the  triple  flame  speed  increases, 
indicating  that  the  ratio  of  triple  flame  speed  to  unstretched 
laminar  flame  speed  can  vary  significantly  depending  upon 
the  mixture  and  flow  conditions.  Our  results  are  also  in  ac¬ 
cord  with  the  analysis  of  Buckmaster,14  who  demonstrated 
analytically  that  the  flame  edge  speed  (or  SL )  increases  as  the 
scalar  dissipation  rate  decreases.  As  noted  earlier,  with  the 
increase  in  diluent  mole  fraction,  the  scalar  dissipation  rate 
(^)  at  the  flame  edge  decreases  (cf.  Fig.  12),  and,  conse¬ 
quently,  the  triple  flame  speed  ( SL )  increases,  as  indicated  in 
Fig.  13(a). 

The  variation  of  SL  with  diluent  mole  fraction  can  also 
be  explained  from  the  fact  that  lifted  flames  in  the  present 
study  are  positively  stretched  (at  the  flame  base)  and  there  is 
a  positive  correlation  between  the  flame  speed  and  the 


FIG.  13.  Stretched  laminar  flame  speed  (a)  and  flame  stretch  (b)  at  the  flame 
leading  edge  (Lle)  plotted  as  a  function  of  diluent  mole  fraction  for  the  N2- 
and  C02-diluted  NPFs  and  PPFs. 


stretch.  Figure  13(b)  presents  the  variation  of  stretch  (/c)  with 
the  diluent  mole  fraction  for  the  cases  shown  in  Fig.  13(a). 
The  flame  stretch  is  computed  using  the  relation44 

^  =  V  •  V fiUid  -  nn :W fiUid  +  SL(V  •  n) . 

For  both  the  nonpremixed  and  partially  premixed  flames, 
as  the  flame  is  lifted  higher  with  the  increase  in  diluent  mole 
fraction,  the  stretch  increases.  Moreover,  the  stretch  is  higher 
for  C02-diluted  flames  compared  to  that  for  N2-diluted 
flames,  and  for  NPFs  compared  to  that  for  PPFs.  The  corre¬ 
lation  between  flame  speed  ( SL )  and  stretch  (/c)  is  shown  in 
Fig.  14,  which  presents  SL  versus  k  for  various  flames  dis¬ 
cussed  in  the  context  of  Fig.  13. 

There  is  a  positive  correlation  between  SL  and  k ,  since 

these  flames  are  positively  stretched  and  the  Lewis  number 

(Le)  at  the  flame  base  is  less  than  unity.  As  discussed  by  Qin 

et  al.  ,46  the  stoichiometric  equivalence  ratio  and  the  stoichio- 
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FIG.  14.  Stretched  laminar  flame  speed  versus  flame  stretch  for  various 
lifted  flames  discussed  in  the  context  of  Fig.  13. 

metric  mixture  fraction  contours  coincide  in  the  cold  region, 
but  diverge  just  ahead  of  the  flame  due  to  product  formation. 
Consequently,  the  stoichiometric  mixture  fraction  contour 
leads  to  a  localized  lean  mixture  at  the  flame  base,  and  for 
lean  CH4/air  mixtures,  Le<1.0.  Thus,  for  the  positively 
stretched  flame  base,  its  convex  nature  toward  the  fresh  mix¬ 
ture  defocuses  the  heat,  while  focusing  the  deficient  species 
(methane).  For  Le<  1.0,  the  focusing  effect  dominates,  lead¬ 
ing  to  a  positive  correlation  between  flame  speed  and  stretch. 
Since  k  increases  with  the  increase  in  diluent  mole  fraction, 
SL  also  increases,  as  indicated  in  Fig.  14.  In  addition,  as 
shown  in  Fig.  13,  k  is  higher  for  C02-diluted  flames  com¬ 
pared  to  that  for  N2-diluted  flames,  and  for  NPFs  compared 
to  that  for  PPFs.  Consequently,  SL  is  higher  for  C02-diluted 
flames  compared  to  that  for  N2-diluted  flames,  and  for  NPFs 
compared  to  that  for  PPFs. 

CONCLUSIONS 

We  have  presented  a  computational  investigation  of  the 
flame  liftoff,  stabilization,  and  blowout  characteristics  of 
nonpremixed  (NPF)  and  partially  premixed  flames  (PPF). 
Lifted  methane-air  flames  were  established  in  axisymmetric 
coflowing  jets  using  N2  and  C02  as  diluents.  A  time- 
accurate,  implicit  algorithm  that  uses  a  detailed  description 
of  methane-air  chemistry  and  includes  an  optically  thin  ra¬ 
diation  model  was  used  for  simulations.  The  predictions 
were  validated  using  measurements  of  the  reaction  zone  to¬ 
pologies  and  liftoff  heights  for  both  NPF  and  PPF.  Detailed 
numerical  simulations  were  then  used  to  examine  the  effects 
of  dilution  and  partial  premixing  on  the  flame  liftoff,  stabili¬ 
zation,  and  blowout  characteristics,  and  to  analyze  previous 
theories  for  the  stabilization  of  lifted  flames.  Important  ob¬ 
servations  are  as  follows: 

(1)  The  undiluted  NPF  is  lifted  and  stabilized  in  a  low- 
velocity  region  downstream  of  the  burner  rim,  while  the 
corresponding  PPF  is  stabilized  at  the  burner  rim,  char¬ 


acterized  by  significant  radical  destruction  and  heat  loss 
to  the  burner.  With  the  addition  of  diluent,  the  liftoff 
height  of  NPF  first  increases  gradually,  and  then  quite 
rapidly  until  the  flame  blows  out,  as  it  cannot  find  a 
stabilization  point  within  the  computational  domain.  In 
contrast,  the  PPF  first  lifts  off  from  the  burner  rim  due  to 
local  extinction  caused  by  dilution.  Once  the  flame  is 
lifted,  its  liftoff  height  increases  much  more  rapidly 
compared  to  that  of  a  NPF.  Consequently,  its  liftoff 
height  exceeds  that  of  a  NPF,  and  the  diluent  mole  frac¬ 
tion  required  for  its  extinction  (through  blowout)  is  sig¬ 
nificantly  smaller  than  that  for  a  NPF.  In  addition,  a  PPF 
blows  out  at  a  lower  height  compared  to  a  NPF.  The 
superior  blowout  characteristics  of  NPFs  are  due  to  the 
higher  amount  of  fuel  contained  in  the  fuel  jet,  which 
leads  to  a  lower  scalar  dissipation  rate  for  these  flames. 

(2)  For  flames  stabilized  in  the  near  field,  both  NPFs  and 
PPFs  exhibit  a  double  flame  structure,  and  their  stabili¬ 
zation  mechanism  involves  a  balance  between  reaction 
rate  and  scalar  dissipation  rate,  which  can  also  be  inter¬ 
preted  as  the  balance  between  the  edge-flame  speed  un¬ 
dergoing  its  local  scalar  dissipation  rate  and  the  local 
flow  velocity.  As  the  diluent  concentration  is  increased, 
the  local  scalar  dissipation  rate  increases  while  the  flame 
reactivity  decreases.  Consequently,  the  flame  moves 
downstream  along  the  stoichiometric  mixture  fraction 
line  to  an  axial  location  where  it  can  withstand  a  lower 
scalar  dissipation  rate.  Further  increase  in  diluent  con¬ 
centration  moves  the  flame  into  the  far  field  region, 
where  both  NPFs  and  PPFs  exhibit  a  triple  flame  struc¬ 
ture.  Here  the  flame  stabilization  also  depends  on  a  bal¬ 
ance  between  the  triple  flame  speed  and  the  local  flow 
velocity  at  the  base,  and  the  liftoff  height  increases  more 
rapidly  with  increasing  diluent  concentration.  In  addi¬ 
tion,  the  flames  are  positively  stretched  at  the  base,  and 
there  is  a  positive  correlation  between  the  flame  speed 
and  the  stretch. 

(3)  The  NPFs  and  PPFs  simulated  in  the  present  study  ex¬ 
hibit  well-organized  oscillations  induced  by  buoyant  ac¬ 
celeration.  As  the  diluent  concentration  is  increased  and 
the  flame  is  stabilized  at  a  further  downstream  location, 
the  amplitude  of  oscillation  increases,  while  the  fre¬ 
quency  of  oscillation  remains  nearly  constant  in  the 
range  15-20  Hz. 

(4)  For  the  same  diluent  mole  fraction,  C02-diluted  flames 
are  lifted  higher  compared  to  N2-diluted  flames.  More¬ 
over,  the  diluent  mole  fraction  required  for  the  extin¬ 
guishment  (through  blowout)  of  C02-diluted  flames  is 
smaller  than  that  for  N2-diluted  flames.  This  can  be  at¬ 
tributed  to  the  fact  that  C02  dilution  increases  the  scalar 
dissipation  rate  and  decreases  the  reaction  rate  by  a 
larger  amount  compared  to  that  caused  by  N2  dilution. 
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Abstract 

Doping  of  organophosphoras  compounds  into  flames  produce  phosphor-bearing  species,  which  are  known  to 
catalytically  recombine  radicals  such  as  H,  O,  and  OH  and,  thereby,  reduce  the  chemical  activity  in  the  flame  zone. 
While  such  scenario  for  decreasing  chemical  activity  is  well  being  used  for  inhibiting  the  flames,  the  possibility  of  its 
application  for  reducing  soot  in  the  flames  needs  to  be  explored.  A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion  using  ReactioNs)  is  used  for  studying  the  effects  of  trimethyl 
phosphate  (TMP)  on  soot  production  in  various  flames.  A  detailed  chemical-kinetics  model  consisting  238  species  and 
3178  elementary  reaction  steps  is  incorporated  into  UNICORN  for  the  simulation  of  heptane  flames  doped  with  TMP. 
Using  the  same  code  TMP  added  methane  and  propane  flames  are  also  simulated.  Effects  of  TMP  in  coaxial  diffusion 
and  premixed  jet  flames  are  investigated  by  varying  the  amount  of  additive  in  the  fuel  jet.  Premixed  flames  are  found  to 
be  more  sensitive  to  the  presence  of  TMP.  As  expected,  the  burning  velocity  of  the  fuel  is  significantly  reduced. 
However,  an  increase  in  soot  production  is  also  observed.  In  contrast,  TMP  is  less  effective  in  diffusion  flames,  but 
decreases  soot  when  sufficient  amount  is  added.  Stability  of  the  diffusion  flame  is  not  affected  much  by  the  presence  of 
TMP  in  the  fuel  jet.  The  contrasting  behavior  of  TMP  in  premixed  and  diffusion  flames  appeared  similarly  in  methane, 
propane  and  heptane  flames. 


Introduction 

Research  on  fire  suppression  during  the  early  1970s 
was  focused  on  finding  alternative  additives  as  the  use  of 
super  effective  halogenated  compounds  was  found  to  be 
impractical  due  to  the  corrosive  effect  on  halogen  acids 
on  engines.  Halogenated  hydrocarbons  were,  later  on, 
banned  from  their  use  as  fire  suppressants  owing  to  their 
role  in  atmospheric  ozone  depletion  [1].  The  search  for 
effective  replacements  has  led  to  a  family  of 
organophosphorus  compounds,  which  showed 
considerable  promise  as  flame  inhibitors  [2-4]. 
Fortuitously,  some  researchers  have  found  that  the  sooting 
characteristics  of  the  flames  they  have  been  studying 
seem  to  be  altered  when  small  quantities  of  phosphorus 
compounds  were  added  [5].  From  the  fire-suppression 
works  it  is  known  that  small  phosphor-bearing  species 
such  as  H0P02  and  HOPO  produced  from  the 
organophosphorus  compounds  alter  the  flame  chemistry 
by  catalytically  recombining  the  key  flame  radicals, 
especially  H,  O,  and  OH.  As  the  concentrations  of  these 
radical  species  are  also  crucial  in  the  formation  of 
polycyclic  aromatic  hydrocarbons  (PAHs)  and  in  the  soot 


oxidation  process,  it  is  natural  to  expect  alteration  to  the 
sooting  behavior  of  the  flames  when  organophosphorus 
compounds  are  added. 

A  numerical  and  experimental  study  was  initiated  at 
Wright  Faboratory  for  evaluating  the  effectiveness  of 
trimethyl  phosphate  (TMP)  and  dimethyl  methyl 
phosphate  (DMMP)  in  reducing  soot  in  various  flames. 
Present  paper  describes  the  numerical  study  conducted 
using  TMP  as  soot  suppressing  additive.  Both  the 
premixed  and  diffusion  flames  are  considered. 
Effectiveness  of  TMP  in  methane,  propane  and  heptane 
flames  is  also  studied. 

Numerical  Model 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  [6,7]  is  used  to  simulate  the  potentially 
unsteady  combusting  flows  considered  in  this  study.  It 
solves  for  u-  and  v-momentum  equations,  continuity,  and 
enthalpy-  and  species-conservation  equations  on  a 
staggered-grid  system.  The  body-force  term  due  to  the 
gravitational  field  is  included  in  the  axial-momentum 
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equation  for  simulating  vertically  mounted  flames.  A 
clustered  mesh  system  is  employed  to  trace  the  large 
gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical-kinetics  model  developed  by  NIST  [8] 
is  incorporated  into  UNICORN  for  the  investigation  of 
PAH  formation  in  heptane  flames.  The  combustion 
inhibition  chemistry  of  TMP  developed  by  LLNL  [9]  is 
also  incorporated.  The  combined  mechanism  consists  of 
238  species  and  3178  elementary-reaction  steps.  Thermo¬ 
physical  properties  such  as  enthalpy,  viscosity,  thermal 
conductivity,  and  binary  molecular  diffusion  of  all  the 
species  are  calculated  from  the  polynomial  curve  fits 
developed  for  the  temperature  range  300  -  5000  K. 
Mixture  viscosity  and  thermal  conductivity  are  then 
estimated  using  the  Wilke  and  Kee  expressions, 
respectively.  Molecular  diffusion  is  assumed  to  be  of  the 
binary-diffusion  type,  and  the  diffusion  velocity  of  a 
species  is  calculated  using  Fick's  law  and  the  effective- 
diffusion  coefficient  of  that  species  in  the  mixture.  A 
simple  radiation  model  based  on  the  optically  thin-media 
assumption  is  incorporated  into  the  energy  equation  [10]. 
Only  radiation  from  CH4,  CO,  C02,  H20,  and  soot  is 
considered  in  the  present  study. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme  [11],  and  those  of  the  species  and  energy 
equations  are  obtained  using  a  hybrid  scheme  of  upwind 
and  central  differencing.  At  every  time  step,  the  pressure 
field  is  accurately  calculated  by  solving  all  the  pressure 
Poisson  equations  simultaneously  and  using  the  LU 
(Lower  and  Upper  diagonal)  matrix-decomposition 
technique.  The  boundary  conditions  are  treated  in  the 
same  way  as  that  reported  in  earlier  papers  [12]. 

This  study  utilized  a  two-equation  model  for  soot 
with  transport  equations  for  particle  number  density,  Ns, 
and  soot  mass  fraction,  Ys.  These  equations  can  be  written 
for  unsteady  flow  as 

3j±+V-(pVN,)-V-(pD„yN,y«>Ni  (1) 
yf+v-(pw,)-v-(f,Ds  vy,)=®,  (2) 

where  V  is  the  velocity  vector,  p  is  density,  D  is  the 
molecular  diffusion  coefficient,  and  co  is  the  production 
term  from  chemical  reactions.  The  two  source  terms  in 
Eqs.  1  and  2  are  obtained  using  Lindstedfs  model 
[13,14],  which  is  based  on  the  simplifying  assumption 
that  nucleation  and  growth  are  first-order  functions  of 
acetylene  concentrations. 

Results  and  Discussion 

The  CFD  model  UNICORN  has  been  extensively 
validated  in  the  past  by  simulating  various  steady  and 


unsteady  counterflow  and  coflow  jet  diffusion  flames  and 
by  comparing  the  results  with  experimental  data.  This 
gives  confidence  that  UNICORN  can  simulate  the 
structure  of  dynamic  flames  accurately.  The  integration  of 
heptane  and  PAH  chemistry  into  UNICORN  was 
validated  [15]  by  simulating  counterflow  partially 
premixed  flames  of  Berta  et  al.  [16].  Predictions  for 
temperature  and  various  species  including  benzene 
matched  well  with  the  measurements  [15]. 

The  code  developed  for  the  simulation  of  TMP 
effects  on  heptane  flames  could  also  be  used  for  the 
simulation  of  methane,  propane,  or  ethylene  flames  doped 
with  TMP.  Calculations  are  made  for  a  propane  flame 
with  an  equivalence  ratio  ((]))  of  1.5.  Fuel-air-TMP 
mixture  is  issued  from  a  6-mm-diameter  tube  at  an 
average  exit  velocity  of  0.5  m/s.  Parabolic  velocity  profile 
which  gives  a  peak  value  of  1.0  m/s  is  imposed  at  the  exit 
of  the  tube.  A  low-speed  (0.01  m/s),  coannular  airflow  is 
used  in  the  region  outside  the  flame.  Distributions  of 
temperature  and  soot  volume  fraction  for  the  base  flame 
(with  no  added  TMP)  are  shown  in  Figs.  1(a)  and  1(b), 
respectively.  Similarly,  distributions  for  0.1%  added  TMP 
are  shown  in  Figs.  1(c)  and  1(d)  and  those  for  1.0%  TMP 
are  shown  in  Figs.  1(e)  and  1(f).  A  common  color  scheme 
is  used  for  each  variable  based  on  the  peak  value  obtained 
from  all  the  flames.  As  the  peak  soot  concentration 
produced  in  the  flame  with  1%  TMP  [Fig.  1(f)]  is  nearly 
two  orders  more  than  that  of  the  base  flame  [Fig.  1(b)], 
the  linear  color  scale  did  not  show  the  soot  distribution  in 
the  latter  flame. 

As  seen  from  Fig.  1,  addition  of  TMP  to  the  propane 
premixed  flame  is  decreasing  the  burning  velocity  and 
increasing  the  soot  formation.  The  burning  velocity 
computed  based  on  the  inner  cone  area  [Fig.  1(a)]  for  the 
(])  =1.5  flame  is  about  0.20  m/s.  In  comparison  the 
measured  burning  velocity  at  stoichiometry  is  0.41  m/s 
[17].  Based  on  the  inner  cone  areas  in  Figs.  1(c)  and  1(e) 
the  burning  velocity  has  decreased  by  45%  and  56%  when 
TMP  was  added  by  0.1%  and  1.0%,  respectively. 
Decrease  in  burning  velocity  also  resulted  in  an  increase 
in  flame-standoff  distance.  This  decrease  compare 
favorably  with  that  measured  for  stoichiometric  flame  [9]. 
Addition  of  TMP  has  significantly  increased  soot 
formation  [Figs.  1(b),  1(d),  and  1(f)]. 

Calculations  are  made  for  the  propane  jet  diffusion 
flame  with  various  amounts  of  TMP  added  to  the  fuel  jet. 
Results  obtained  for  a  0.01-m/s-jet-velocity  case  are 
shown  in  Fig.  2.  Interestingly,  TMP  has  very  little  effect 
on  the  stability  of  the  diffusion  flame  for  concentrations 
up  to  1%.  However,  soot  has  decreased  by  about  20%. 
This  is  in  contrast  with  the  premixed  flame  in  which  soot 
increased  with  the  addition  of  TMP.  Similar  calculations 
were  made  for  a  higher  fuel  jet  velocity  (0.1  m/s)  and 
found  that  TMP  has  negligible  impact  either  on  the 
stability  or  on  the  soot  production  even  for  concentrations 
up  to  1%. 
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The  predicted  effects  of  TMP  in  propane  premixed 
and  diffusion  flames  matched  qualitatively  with  those 
obtained  in  the  experiments  [5].  Both  calculations  and 
experiment  yielded  increase  in  soot  and  flame  inhibition 
for  premixed  flames  and  decrease  in  soot  for  diffusion 
flames.  Calculations  made  with  methane  fuel  also  resulted 
similar  trends.  Results  obtained  for  a  diffusion  flame  are 
shown  in  Fig.  3.  Even  though,  the  flame  stability  is  not 
affected  much  with  the  addition  of  TMP,  soot  has 
decreased  more  significantly  than  that  noted  in  propane 
flames  (Fig.  2).  However,  quick  experiments  conducted 
for  methane  diffusion  flame  suggested  an  increase  in  soot 
production  with  TMP  [5]. 

Calculations  for  heptane  premixed  and  diffusion 
flames  are  performed  with  various  amounts  of  TMP 
added  to  the  fuel.  The  diameter  of  the  fuel  tube  was  12 
mm  and  the  fuel  jet  velocity  was  0.005  m/s.  Even  with 
this  low  fuel  velocity  the  diffusion  flame  formed  is  longer 
than  those  obtained  for  methane  and  propane  fuels.  In 
consistent  with  the  other  diffusion  flame  calculations,  due 
to  the  length,  the  simulated  heptane  flame  is  insensitive  to 
the  added  TMP.  Results  obtained  for  the  base  flame  (0% 
TMP)  are  shown  in  Fig.  4  in  the  form  of  temperature  and 
soot  and  nitric-oxide  concentration  distributions. 
Variations  along  the  centerline  for  different  amounts  of 
added  TMP  are  shown  in  Fig.  5.  Flame  structures  are 
identical  for  0%  and  0.1%  TMP  cases.  However,  a  trace 
amount  of  deviation  is  observed  for  the  1%  case. 
Interestingly,  NO  has  decreased  significantly  when  1% 
TMP  is  added. 

Structures  of  the  heptane  premixed  flame  for  0%, 
0.1%  and  1.0%  TMP  concentrations  are  shown  in  Figs.  6, 
7,  and  8,  respectively.  The  fuel  equivalence  ratio  is  2.0 
and  the  fuel  jet  velocity  is  1  m/s.  As  expected  from  the 
other  premixed  calculations,  burning  velocity  for  heptane 
fuel  has  also  decreased  with  the  addition  of  TMP.  Based 
on  the  inner  cone  surface  areas  burning  velocity  has 
decreased  by  5%  when  0.1%  TMP  was  added  and 
decreased  by  19%  with  1%  TMP.  As  expected, 
concentration  of  OH  decreased  and  that  of  soot  increased 
with  the  amount  of  TMP.  The  radical  recombination 
promoted  by  the  P-based  species  caused  OH 
concentration  to  decrease.  The  increase  in  soot 
concentration  correlates  to  that  in  benzene  concentration. 
Significant  reduction  in  NO  is  also  noted.  It  seems  TMP 
reduces  NO  production  in  both  premixed  and  diffusion 
flames. 

The  results  of  all  the  simulations  made  with  methane, 
propane  and  heptane  fuels  are  summarized  in  Table  1.  In 
general,  soot  is  enhanced  in  premixed  flames  and 
suppressed  in  diffusion  flames  when  TMP  is  added. 
Premixed  flames  are  more  sensitive  to  the  presence  of 
TMP  compared  to  diffusion  flames.  And  also,  large 
flames  are  less  sensitive  to  TMP  compared  to  the  small 
ones.  Among  the  fuels  studied,  methane  is  more  sensitive 


than  propane  which  is  more  sensitive  than  heptane  to  the 
presence  of  TMP. 


Table  1:  Effect  of  TMP  on  soot  formation  in  various 
flames 


Fuel 

Soot  in 

Premixed  Flame 

Diffusion  Flame 

Methane 

Enhanced 

significantly 

No  change  in  large 
flames 

Decreased  in  small 
flames 

Propane 

Enhanced 

significantly 

No  change  in  large 
flames 

Decreased 
significantly  in 

small  flames 

Heptane 

Enhanced 

No  change  for  small 
amounts  of  TMP 
Decreased  for  large 
amounts  of  TMP 

Conclusions 

Organophosphorus  compounds  inhibit  flames  via 
generating  small  P-bearing  species,  which  catalytically 
recombine  key  flame  radicals  and  reduce  chemical 
activity  in  the  flame  zone.  Such  enhancement  in  radical 
recombination  could  also  lead  to  changes  in  sooting 
characteristics.  A  time-dependent,  axisymmetric 
mathematical  model  known  as  UNICORN  (Unsteady 
Ignition  and  Combustion  using  ReactioNs)  was  used  for 
the  investigation  of  trimethyl  phosphate  (TMP)  effects  on 
soot  production  in  various  flames.  A  detailed  chemical- 
kinetics  model  was  incorporated  into  UNICORN  for  the 
simulation  of  heptane  flames  doped  with  TMP.  It  consists 
of  238  species  and  3178  elementary-reaction  steps.  A 
simple  soot  model  based  on  two  conservation  equations 
and  acetylene  concentration  was  used  for  estimating  soot 
production  in  these  flames.  Effects  of  TMP  in  diffusion 
and  premixed  flames  were  investigated  by  varying  the 
amount  of  additive  in  the  fuel  jet.  Methane,  propane  and 
heptane  flames  were  considered. 

Premixed  flames  are  more  sensitive  to  the  presence 
of  TMP.  However,  increased  amounts  of  soot  are 
produced  with  the  addition  of  TMP.  In  contrast,  TMP  is 
less  effective  in  diffusion  flames,  but  decreases  soot  when 
sufficient  amount  is  added.  The  burning  velocity  of  a 
premixed  flame  is  significantly  reduced  with  the  addition 
of  TMP  while  it  has  negligible  effect  on  the  stability  of  a 
diffusion  flame.  The  contrasting  behavior  of  TMP  in 
premixed  and  diffusion  flames  appeared  in  the  same  way 
in  methane,  propane  and  heptane  flames. 


3 


507 


Acknowledgements 

Financial  support  for  this  work  was  provided  by 

Strategic  Environmental  Research  and  Development 

Program  (SERDP,  Charles  Pellerin),  the  Air  Force  Office 

of  Scientific  Research  (AFOSR,  Julian  Tishkoff)  and  the 

Air  Force  Contract  #F33615-00-C-2068  (Vince 

Belovich). 

References 

1.  Halon  Replacements:  Technology  and  Science 
(Miziolek,  A.  W.,  and  Tsang,  W.,  Eds),  ACS  Symp. 
Ser.  611,  Washington,  DC,  1995. 

2.  Noto,  T.,  Babushok,  V.  L,  Hamins,  A.,  Tsang,  W., 
Combustion  and  Flame,  1998,  Vol.  112,  No.  1/2,  pp. 
147-160. 

3.  Lask,  G.,  Wagner,  H.  Gg.,  Influence  of  additives  on 
the  velocity  of  laminar  flames,  8th  Symposium 
(International)  on  Combustion,  1960,  pp.  432-438. 

4.  Rosser,  W.  A.  Jr.,  Inami,  S.  H.,  Wise,  H.,  Combustion 
and  Flame,  1966,  Vol.  10,  No.  3,  pp.  287-294. 

5.  Hastic,  J.  W.,  Bonnell,  D.  W.,  Molecular  Chemistry  of 
Inhibited  Combustion  Systems,  NBSIR  80-2169, 
1980. 

6.  Roquemore  W.  M.,  and  Katta,  V.  R.,  Journal  of 
Visualization ,  in  press  Jan.  2000. 

7.  Katta,  V.  R.,  and  Roquemore,  W.  M.,  Combustion  and 
Flame ,  Vol.  100,  No.  1,  1995,  p.  61. 

8.  Tsang  W.,  and  Babushok,  V.,  “Detailed  mechanism 
for  PAH  species”  manuscript  in  preparation ,  National 
Institute  of  Standards  and  Technology,  Gaithersburg, 
MD,  2004. 

9.  Korobeinichev,  O.  P.,  Shvartsberg,  V.  M.,  Shmakov, 
A.  G.,  Bolshova,  T.  A.,  Jayaweera,  T.  M.,  Melius,  C. 


F.,  Pitz,  W.  J.  and  Westbrook,  C.  K.,  "Flame  Inhibition 
by  Phosphorus-Containing  Compounds  in  Lean  and 
Rich  Propane  Flames,"  Proceedings  of  the 
Combustion,  vol.  30,  pp.  2350-2357,  2004. 

10.  Katta,  V.  R.,  Goss,  L.  P.,  and  Roquemore,  W.  M., 
AIAA  Journal ,  Vol.  32,  No.  1,  1994,  p.  84. 

11.  Katta,  V.  R.,  Goss,  L.  P.,  and  Roquemore,  W.  M.,  Int. 
J.  Num.  Methods  Heat  Fluid  Flow ,  Vol.  4,  No.  5, 
1994,  p.  413. 

12. Annon.,  Computational  Submodels,  International 

Workshop  on  Measurement  and  Computation  of 
Turbulent  Nonpremixed  Flames, 

http ://www. ca. sandia.  gov/TNF/  rdiation.html,  (2001). 

13. Lindstedt,  R.P.,  in  Soot  Formation  in  Combustion: 
Mechanisms  and  Models  (H.  Bockhom,  Ed.), 
Springer- Verlag,  Heidelberg,  1994,  pp.417-439. 

14.  Leung,  K.M.,  Lindstedt,  R.P.  and  Jones,  W.P., 
Combust.  Flame  87:289-305  (1991). 

15.  Katta,  V.  R.,  and  Roquemore,  W.  M.,  Effect  of 
nitromethane  on  soot  formation  in  heptane  jet 
diffusion  flame,  Proceedings  of  4th  Joint  Meeting  of 
the  U.  S.  Sections  of  the  Combustion  Institute,  2005. 

16.  P.  Berta,  Puri.  I.  K.,  Aggarwal,  S.  K.,  Partially 
Premixed  n-Heptane/Air  Counterflow  Flames,  2004 
Spring  Technical  Meeting,  Central  States  Section  of 
the  Combustion  Institute,  21-23  March,  2004,  Austin, 
Texas. 

17. Dyakov,  I.  V.,  Konnov,  A.  A.,  de  Ruyck,  J., 
Bosschaart,  K.  J.,  Brock,  E.  C.  M.,  and  de  Goey,  L.  P. 
H.,  Combustion  Science  and  Technology,  Vol.  172, 
2001,  pp.  81-96. 


Fig.  1.  Effect  of  TMP  on  premixed  propane  flame.  Mixture  of  propane,  air  and  TMP  with  §  =  1.5  is  issued  from  a  6-mm 
tube  at  0.5  m/s.  Distributions  of  (a)  temperature  and  (b)  soot  volume  fraction  for  base  flame  with  0%  TMP.  (c)  and  (d) 
for  the  flame  with  0.1%  TMP  and  (e)  and  (f)  are  for  the  flame  with  1%  TMP. 
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Fig.  2.  Effect  of  TMP  on  propane  jet  diffusion  flame.  Distributions  of  (a)  temperature  and  (b)  soot  volume  fraction  for 
base  flame  with  0%  TMP,  (c)  and  (d)  for  the  flame  with  0.1%  TMP,  and  (e)  and  (f)  are  for  the  flame  with  1%  TMP. 
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Fig.  3.  Effect  of  TMP  on  methane  jet  diffusion  flame.  Distributions  of  (a)  temperature  and  (b)  soot  volume  fraction  for 
base  flame  with  0%  TMP,  (c)  and  (d)  for  the  flame  with  0.1%  TMP,  and  (e)  and  (f)  are  for  the  flame  with  1%  TMP. 
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Fig.  4.  Heptane  jet  diffusion  flame.  Distributions  of  (a)  temp¬ 
erature,  (b)  soot  volume  fraction  and  (c)  NO  concentration. 
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Fig.  5.  Effect  of  TMP  on  heptane  jet  diffusion  flame. 
Distributions  of  T  and  species  along  the  centerline. 
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Fig.  6.  Heptane  premixed  flame  with  0%  TMP.  Mixture  of  heptane  and  air  with  <\>  =  2.0  is  issued  from  a  13-mm  tube  at 
1.0  m/s.  Distributions  of  (a)  temperature,  (b)  OH,  (c)  benzene,  (d)  soot  volume  fraction,  and  (e)  NO. 
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Fig.  7.  Heptane  premixed  flame  with  0.1%  TMP.  Mixture  of  heptane  and  air  with  §  =  2.0  is  issued  from  a  13-mm  tube  at 
1.0  m/s.  Distributions  of  (a)  temperature,  (b)  OH,  (c)  benzene,  (d)  soot  volume  fraction,  and  (e)  NO. 


Fig.  8.  Heptane  premixed  flame  with  1.0%  TMP.  Mixture  of  heptane  and  air  with  §  =  2.0  is  issued  from  a  13-mm  tube  at 
1.0  m/s.  Distributions  of  (a)  temperature,  (b)  OH,  (c)  benzene,  (d)  soot  volume  fraction,  and  (e)  NO. 
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Abstract 

Lean  burning  of  hydrocarbons  yields  exceptionally  low  pollutant  emissions  and  superior  combustion  characteristics. 
For  most  hydrocarbon  fuels,  however,  burning  in  the  lean  regime  results  in  stability  problems  because  of  lean 
flammability  limits.  Hydrogen  is  an  alternate  fuel.  The  use  of  pure  hydrogen,  however,  in  a  practical  combustor  is 
limited  due  to  problems  with  storage,  low  volumetric  heating  value,  and  flashback,  making  the  use  of  pure  hydrogen 
very  difficult  and  dangerous.  For  this  reason,  a  hydrogen-hydrocarbon  fuel  blend  may  be  a  practical  solution.  Previous 
investigations  have  mainly  focused  on  studying  the  effects  of  hydrogen  addition  to  hydrocarbon  flames  using  simplified 
configurations  (e.g.  counterflow  1-D  flames  and  freely  propagating  flames).  However,  for  most  combustors,  flames  are 
exposed  to  both  hydrodynamic  and  curvature-induced  stretch,  and  oscillations  that  drastically  affect  their  flammability 
and  emission  characteristics.  In  this  investigation,  methane-air  flames  are  established  on  axisymmetric  coflowing  jets 
with  fuel-air  mixture  introduced  through  the  inner  burner  and  air  through  the  coannular  burner.  The  effect  of  H2- 
enrichment  on  flame  propagation  is  investigated  for  a  wide  range  of  conditions.  A  time-accurate,  implicit  algorithm  that 
uses  a  detailed  description  of  the  flame  chemistry  (GRI-Mech  1.2)  and  includes  radiation  effects  is  utilized  for 
simulations.  The  addition  of  hydrogen  affects  both  the  flame  propagation  characteristics  through  preferential-diffusion 
instability  and  its  inherent  high  flame  speed. 


Introduction 

There  is  a  world-wide  growing  interest  to  move 
towards  a  hydrogen-based  economy  due  to  many 
potential  advantages  of  hydrogen  fuel  over 
conventional  fossil  fuels.  Apart  from  being 
environmentally  clean,  hydrogen  represents  potentially 
an  unlimited  source  of  energy  since  it  can  be  readily 
formed  from  water  through  electrolysis,  as  well  as  from 
fossil  fuels  through  partial  oxidation  and  reforming.  In 
addition,  it  has  higher  energy  per  unit  mass  (about  2.6 
times  that  of  gasoline),  superior  ignition  characteristics, 
and  significantly  wider  flammability  limits  compared  to 
hydrocarbon  fuels.  However,  due  to  its  high 
flammability  and  low  volumetric  energy  density,  many 
important  issues  pertaining  to  hydrogen  safety  and 
storage  are  still  being  addressed.  Numerous  efforts  are 
currently  underway  focusing  on  the  use  of  hydrogen  in 
various  propulsion  and  energy  applications,  including 
fuel  cells  and  hydrogen-based  IC  engines  [1,2,3].  In  this 
context,  blending  hydrogen  with  hydrocarbon  fuels  also 
represents  a  promising  approach  to  increase  the  use  of 
hydrogen,  and  improve  the  emission  and  performance 
of  various  combustion  systems  [4,5,6].  Such  an 
approach  is  justified  further  by  recognizing  that  there  is 
no  intrinsic  reason  to  achieve  zero  C02  emission 


because  the  hydrosphere  have  tremendous  capacity  to 
absorb  C02,  which,  after  all,  is  also  produced  through 
various  natural  processes  such  as  wildland  fires.  Studies 
reported  by  Al-Baghdadi  [4],  Choudhuri  and  Gollahalli 
[5],  Kumar  et  al.  [6],  and  Naha  and  Aggarwal  [7]  have 
shown  that  using  blends  of  hydrogen  and  hydrocarbon 
fuels  can  improve  both  the  emission  and  combustor 
performance. 

In  response  to  the  interest  in  establishing  a  hydrogen 
economy  to  mitigate  the  global  warming  problem,  there 
have  been  considerable  activities  in  the  development  of 
hydrogen- fueled  internal  combustion  engines  [8]. 
However,  due  to  the  high  reactivity  of  hydrogen,  and 
the  need  for  supercharging,  hydrogen-fueled  engines 
are  prone  to  pre-ignition  and  knock,  and  could 
potentially  emit  high  levels  of  NOx  [9].  Most  of  the 
previous  fundamental  studies  on  hydrogen/hydrocarbon 
combustion  have  been  directed  toward  the  possibility  of 
using  hydrogen  as  an  additive  to  facilitate  ignition  and 
to  enhance  combustion  intensity  [10].  There  has  been, 
however,  considerably  low  activity  on  the  study  of  the 
propagation  characteristics  of  hydrogen/hydrocarbon 
flames. 

Our  objective  in  this  context  is  to  examine  the 
effects  of  H2-enrichment  on  the  propagation  of 
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nonpremixed  flames  that  are  ignited  downstream  of  a 
burner  in  the  non-uniform  mixture  of  an  axisymmetric 
jet.  A  comprehensive,  time-dependent  computational 
model  is  used  to  simulate  the  transient  ignition  and 
flame  propagation  phenomena.  The  model  employs  a 
detailed  description  of  methane-air  chemistry  and 
transport  properties.  In  addition,  the  transition  of  a 
propagating  triple  flame  into  a  double  flame  is 
examined  by  following  the  dominant  reactions. 


Physical-Numerical  Model 

The  computational  model  is  based  on  the  algorithm 
developed  by  Katta  et  al.  [11]  and  the  simulation 
method  is  described  in  detail  elsewhere  [12,13].  The 
numerical  model  solves  the  time-dependent  governing 
equations  for  unsteady  reacting  flows  in  an 
axisymmetric  configuration.  The  governing  equations 
can  be  written  in  a  generalized  form  as: 

d(/7v®)  d^puQ?)  _  d  (  < d 
dt  dr  dz  dr  l  dr  ) 


+Ar« 

dz  I 


r°  5<d 


Here  ^  denotes  the  time,  and  11  and  v  represent 
the  axial  (z)  and  radial  (r)  velocity  components, 
respectively.  The  general  form  of  the  equation 
represents  conservation  of  mass,  momentum,  species, 
or  energy  conservation  equation,  depending  on  the 
variable  used  for  ®  .  The  diffusive  transport 

coefficient  1  and  source  terms  °  appearing  in 
the  above  equation  is  provided  in  Table  1  of  Ref.  12. 
Introducing  the  overall  species  conservation  equation 
and  the  state  equation  completes  the  set  of  equations. 
In  addition,  a  sink  term  based  on  an  optically  thin  gas 
assumption  is  included  in  the  energy  equation  to 
account  for  thermal  radiation  from  the  flame.18  The 
sink  term  is  expressed  as  14  where  T  denotes  the 

local  flame  temperature,  an^ra^  a  p\  0  )  & 

p  accounts  for  the  absorption  and  emission  from 
the  participating  gaseous  species  (C02,  H20,  CO  and 


K,> = pY,x‘kp-> 


CH4),  and  is  expressed  as  k  where 

p,t  denotes  the  mean  absorption  coefficient  of  the 
kth  species.  Its  value  is  obtained  by  using  a 
polynomial  approximation  to  the  experimental  data 
provided  in  Ref.  14. 


The  thermodynamic  and  transport  properties 
appearing  in  the  governing  equations  are  considered 
to  be  temperature  and  species  dependent.  The  thermal 
conductivity  and  viscosity  of  the  individual  species 
are  estimated  based  on  Chapman-Enskog  collision 
theory,  following  which  those  of  the  mixture  are 
determined  using  the  Wilke  semi-empirical 
formulas.15  Chapman-Enskog  theory  and  the 
Lennard-Jones  potentials  are  used  to  estimate  the 
binary-diffusion  coefficient  between  each  species  and 
nitrogen.  The  methane-air  chemistry  is  modeled 
using  a  detailed  mechanism  that  considers  32  species 
and  346  elementary  reactions.16  The  major  species 
included  in  the  mechanism  are  CH4,  02,  C02,  CO, 
CH20,  H2,  H20,  C2H2,  C2H4,  C2H6,  CH3OH,  Ar,  and 
N2,  while  the  radical  species  include  CH3,  CH2,  CH, 
CHO,  H,  O,  OH,  H02,  H202,  C2H,  C2H3,  C2H5, 
CHCO,  C,  CH2(s),  CH2OH,  CH30,  CH2CO,  and 
HCCOH.  The  mechanism  has  been  validated 
previously  for  the  computation  of  premixed  flame 
speeds  and  the  detailed  structure  of  both 
nonpremixed  and  partially  premixed  flames 
[12,13,17,18,19]. 

While  the  finite-difference  forms  of  the 
momentum  equations  are  obtained  using  QUICKEST 
scheme  [20],  those  of  the  species  and  energy  are 
obtained  using  a  hybrid  scheme  of  upwind  and 
central  differencing.  The  pressure  field  is  calculated 
at  every  time  step  by  solving  all  of  the  pressure 
Poisson  equations  simultaneously  and  using  the  LU 
(lower  and  upper  diagonal)  matrix-decomposition 
technique. 

Figure  1  illustrates  the  computational  domain.  It 
consists  of  100  mmx50  mm  in  the  axial  (z)  and  radial 
(r)  directions,  respectively,  and  is  represented  by  a 
staggered,  non-uniform  grid  system.  The  reported 
results  are  grid  independent,  as  discussed  in  the  next 
section.  The  minimum  grid  spacing  is  0.075mm  in 
the  r-direction  and  0.090mm  in  the  z-direction.  An 
isothermal  insert  simulates  the  inner  2x0.8  mm 
burner  wall.  The  boundary  conditions  used  here  can 
be  found  elsewhere  [12,13].  The  inner  and  outer  jets 
are  set  with  a  constant  and  uniform  velocity  of 
lOcm/s,  and  30  cm/s.  The  inner  jet  issues 
hydrogen/methane  mixtures,  while  the  outer  jet  issues 
air. 
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Figure  1.  Schematic  of  the  computational  grid  used  in  the  simulations.  The  small  rectangle  shows  the 
minimum  grid  spacing  region  where  the  propagation  flamefront  is  located.  Schematic  of  the 
computational  domain  is  also  shown. 


Results  and  Discussion 

Hydrogen-methane  mixture  with  a  mean  burner 
exit  velocity  V  =0.1ms_1  was  introduced  from  the  inner 
tube,  and  an  air  stream  with  a  mean  velocity  of  0.3ms"1 
was  supplied  from  the  outer  tube.  The  observations 
from  this  configuration  allowed  us  to  examine  the 
formation  and  propagation  of  a  triple  flame  in  a 
nonpremixed  jet.  Hydrogen-methane  mixtures  were 
ignited  at  a  35mm  height  downstream  of  the  burner 
exit. 

Figure  2  presents  the  simulated  results  of  transient 
ignition  and  flame  propagation  processes  of  a 
nonpremixed  CH4  flame  (Flame  A)  (left)  and  a 
nonpremixed  25%H2-75%CH4  flame  (Flame  B)  (right), 
which  are  represented  through  the  heat  release  rate 
contours.  To  ignite  the  mixture,  a  rectangular  zone  of 
area  2mm2  centered  at  z  =  35mm  was  set  to  an  initial 
temperature  of  2000  K.  Also,  the  radical  H  and  OH 


mass  fractions  were  set  to  0.005  in  this  zone.  After  a 
short  period  (i.e.  less  than  2ms),  these  conditions  were 
removed  and  the  flame  developed  by  itself.  In  general, 
two  reacting  volumes  (or  kernels)  are  formed  following 
ignition.  One  propagates  downstream  and  is  quickly 
extinguished.  The  other  propagates  upstream  towards 
the  burner  and  develops  into  a  triple  flame,  which  is  the 
focus  of  this  investigation.  The  triple  point  is  clearly 
established  by  t~  5ms  and  a  well-defined  triple  flame 
develops  at  ~13  ms.  The  RP  and  LP  reaction  zones,  as 
well  as  the  NP  reaction  zone  that  is  located  between  the 
RP  and  LP  reaction  zones,  can  be  readily  identified  in 
the  13.125  and  37.5ms  images.  As  the  flame  propagates 
upstream,  the  inner  RP  and  the  NP  reaction  zones 
become  longer,  and  globally  they  both  appear  to  move 
more  slowly  than  the  triple  point  or  leading  edge  of  the 
flame.  Simultaneously,  the  flame  curvature  around  the 
triple  point  increases  significantly.  When  the  triple 
flame  approaches  the  burner  and  is  stabilized  near  its 
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exit,  it  transforms  into  a  double  flame  due  to  the 
absence  of  the  mixing  layer;  i.e.  the  outer  LP  reaction 
The  snapshots  on  the  right  presents  the  simulated 


stabilization  near  the  burner  exit  in  the  form  of  a  double 
flame  are  clearly  indicated  in  the  simulations.  In 
addition,  Flame  B  propagates  much  faster  than  Flame 
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Figure  2.  Simulated  images  showing  the  temporal  evolution  of  ignition  and  flame  propagation  in  terms  of  heat 
release  rate  contours  for  a  nonpremixed  CH4  flame  (Flame  A)  (left)  and  a  nonpremixed  25%H2-75%CH4  flame 
(Flame  B).  Each  image  contains  fourteen  contours  beginning  from  a  value  of  1  J/cm3-s  with  successive  18  J/cm3-s. 


results  of  transient  ignition  and  flame  propagation 
processes  of  a  nonpremixed  25%H2-75%CH4  flame 
(Flame  B).  These  processes  are  represented  through  the 
heat  release  rate  contours  for  the  same  incremental  time 
corresponding  to  Flame  A.  The  transient  processes 
associated  with  the  formation  of  the  triple  flame,  and  its 


A.  For  example,  the  base  of  Flame  B  is  located  at 
~22mm  at  13.125ms  after  ignition,  while  Flame  A  is 
located  at  ~26mm.  Both  flames  propagate  nearly 
evenly.  Here,  use  of  the  term  “even”  implies  that  the 
flames  propagate  along  a  linear  path. 


4 


514 


In  the  presentation  more  results  will  be  shown 
regarding  temporal  evolutions,  flame  speeds,  propagating 
velocities,  hydrodynamic  stretch,  and  curvature-induced 
stretch  for  many  nonpremixed  hydrogen/me  thane  flames. 

Conclusions 

The  characteristics  of  propagating  nonpremixed 
hydrogen/methane  flames  have  been  investigated 
numerically.  Numerical  simulations  were  based  on  a 
comprehensive,  time-dependent  computational  model  that 
employs  a  detailed  description  of  methane-air  chemistry 
and  transport  properties. 

The  simulations  indicate  that  the  flame  leading  edge 
or  triple  point,  which  can  be  defined  by  the  intersection  of 
the  stoichiometric  mixture  fraction  line  and  the  specific 
OH  isocontour,  propagates  along  the  stoichiometric 
mixture  fraction  line.  This  result  is  in  accord  with  the 
previous  investigations  concerning  flame  liftoff  and 
downstream  propagation. 

Hydrogen  addition  causes  that  the  flame  propagates 
faster  upstream  in  comparison  with  the  flame  with  pure 
methane. 
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Abstract 

The  response  of  the  counterflow  flame  system  established  between  lean-methane-air  and  lean-hydrogen-air  streams  to 
stretch  is  investigated.  A  two-dimensional  model  known  as  UNICORN  is  used.  Detailed  measurements  for  temperature 
and  species  concentrations  are  obtained  along  the  centerline.  Numerical  simulations  have  identified  the  hysteresis 
property  of  this  flame  system,  which  was  later  confirmed  by  the  experiments.  For  the  given  flow  conditions  the  flame 
system  can  have  more  than  one  stable  operating  mode,  however  the  actual  operating  mode  depends  on  the  way  the  flow 
conditions  were  obtained.  For  understanding  such  hysteresis  behavior  of  the  counterflow  flames,  simulations  are 
performed  by  increasing  and  decreasing  stretch  rates.  When  stretch  rate  on  the  flame  system  is  increased,  the  flame 
transitions  from  a  double-flame  to  a  single-flame  structure  due  to  the  aerodynamic-cooling  process.  When  stretch  rate  is 
decreased,  the  flame  doesn’t  transition  back  to  its  double-flame  structure  due  to  stretch  effects  on  molecular  diffusion — 
leading  to  hysteresis.  Flames  established  with  various  lean  methane-air  mixtures  are  studied  for  determining  the  range 
for  possessing  hysteresis.  It  is  found  that  flame  system  exhibits  hysteresis  only  for  methane-air  mixtures  leaner  than 
4>=0.8 1 1 .  However,  for  0.811  >  §>  0.74,  decrease  in  stretch  increases  flame  temperature  due  to  a  decrease  in  stretch- 
induced  cooling  and  eventually  returns  the  flame  structure  to  a  double-flame  one.  In  this  narrow  range  of  §  (0.74-0.81 1) 
hysteresis  in  counterflow  premixed  flames  is  temporary,  which  establishes  a  hysteresis  loop  with  respect  to  stretch  rate. 


Introduction 

Lean  combustion  is  of  interest  due  to  its  potential 
advantages  in  limiting  thermal  NOx  emissions  and  in 
increasing  fuel  consumption  efficiency.  Typically,  diluted 
fuel-air  mixtures  are  obtained  through  either  available 
excess  air  or  exhaust-gas  recirculation.  Lean  combustion 
has  been  used  in  gas  turbines  and  direct  injection  spark 
ignition  (DISI)  engines.  However,  a  critical  problem  in 
using  lean  combustion  is  that  it  tends  to  produce  unbumed 
hydrocarbon  pollutants.  For  example,  in  DISI  engines, 
ultra-lean  combustion  is  achieved  by  charge  stratification. 
The  fuel/air  mixture  is  inhomogeneous,  leading  to  the 
simultaneous  formation  of  lean,  rich  and  stoichiometric 
regions.  For  the  inhomogeneous  reactants,  Haworth  et  al. 
[1]  simulated  turbulent  inhomogeneous  combustion  in 
DISI  engines  and  found  that  hydrocarbon-rich  fragments 


and  oxidizer  penetrate  behind  the  primary  heat-release 
zone  to  form  a  secondary  reaction  zone  and,  thereby, 
pollutants.  Flames  occurring  in  an  inhomogeneously 
mixed  fuel  and  air  regions  are  also  examples  of  partially 
premixed  combustion.  Some  of  this  partially  premixed 
mixture  is  so  lean  that  it  doesn’t  burn.  However,  such 
ultra-lean  mixtures  may  still  combust  if  hot  products 
interact  with  it.  That  is,  under  certain  conditions,  the  lean 
mixture  region  can  burn  and  thus  reduce  the  potential 
pollutants.  Therefore,  it  is  important  to  understand  the 
interaction  of  lean  mixture  with  hot  products  that  are 
needed  to  maintain  the  lean  region  burning  [2-6].  In  the 
present  work,  stretch  effects  on  the  flame  structure  of  lean 
CH4/air  mixtures  are  studied  using  a  two-dimensional, 
detailed  transport,  complex  chemistry  numerical  model 
and  non-intrusive  experimental  techniques. 
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Numerical  Model 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  [7,8]  is  used  for  the  simulation  of  the 
unsteady  counterflow  flames.  It  solves  for  axial-  and 
radial-momentum  equations,  continuity,  and  enthalpy- 
and  species-conservation  equations  on  a  staggered- grid 
system.  A  clustered  mesh  system  is  employed  to  trace  the 
large  gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical-kinetics  model  (GRI  Version  1.2)  of 
Gas  Research  Institute  [9]  is  incorporated  into 
UNICORN.  It  consists  of  32  species  and  346  elementary- 
reaction  steps.  Molecular  diffusion  is  assumed  to  be  of  the 
binary-diffusion  type,  and  the  diffusion  velocity  of  a 
species  is  calculated  using  Fick’s  law  and  the  effective- 
diffusion  coefficient  of  that  species  in  the  mixture.  A 
simple  radiation  model  based  on  the  optically  thin-media 
assumption  is  used.  Only  radiation  from  CH4,  CO,  C02, 
and  H20  is  considered  in  the  present  study.  The  details  of 
the  numerical  scheme  used  for  solving  the  governing 
partial  differential  equations  and  the  boundary  conditions 
are  given  in  References  1 0  and  1 1 . 

Experiment 

The  counterflow  burner  used  in  this  study  was 
designed  by  Seshadri  et  al.  [12].  The  schematic  diagram 
of  the  burner  along  with  the  supplied  flows  is  shown  in 
Fig.  1.  The  burner  system  consists  of  25-mm  diameter 
inner  nozzles  that  are  separated  by  12.6  mm.  Methane-air 
mixture  issues  from  the  top  nozzle  while  hydrogen-air 
mixture  issues  from  the  bottom  nozzle.  A  low-speed 
nitrogen  flow  issues  from  the  bottom  outer  nozzle 
protecting  the  flame  from  the  room- air  disturbances.  The 
exhaust  products  flow  into  a  top  outer  nozzle  that  is  under 
suction.  The  top  nozzle  is  water-cooled  and  the  exit 
temperature  for  all  the  gasses  is  300  K.  Measurements  of 
major  species  and  temperature  were  made  along  the 
centerline  using  a  non-intrusive,  Raman-scattering 
diagnostic  system  [6,13].  Experiments  were  performed  for 
various  equivalence  ratios  and  stretch  rates.  Details  of 
eight  flames  that  were  classified  into  three  groups  are 
given  in  Ref.  [13].  For  example,  Group  A  includes  three 
flames  with  the  same  CH4/air  mixture  (with  an 
equivalence  ratio  of  0.68)  and  lean  H2/air  mixture  (with 
an  equivalence  ratio  of  0.28)  but  subjected  to  different 
stretch  rates  [13]. 

Results  and  Discussion 

Two-dimensional  calculations  for  the  premixed  flame 
system  in  Fig.  1  were  made  on  a  grid  system  having 
421x101  node  points  in  the  axial  (z)  and  radial  (r) 
directions,  respectively.  Flat  velocity  profiles  were  used  at 
the  nozzle  exits.  Computed  temperature  and  OH- 
concentration  distributions  for  a  typical  flame  are  shown 
in  Fig.  1.  The  global  stretch  rate  (the  ratio  between  twice 


Fig.  1.  Premixed  flame  system  that  exhibits  hysteresis. 
Typical  temperature  and  OH-concentration  distributions 
under  low-strain-rate  conditions  are  shown. 

the  velocity  difference  and  the  nozzle  separation)  applied 
on  this  flame  was  90  s"1.  Even  though  the  computational 
domain  was  extended  to  20  mm  in  the  radial  direction, 
only  the  data  up  to  15  mm  is  shown  in  Fig.  1.  Calculations 
have  yielded  a  double -fame  structure  with  methane  flame 
(lower)  burning  more  intensely  than  the  hydrogen  one 
(upper).  The  former  flame  is  also  shorter  (in  the  radial 
direction)  than  the  latter.  Detailed  comparisons  made 
between  the  computed  and  measured  temperature  and 
species  profiles  along  the  centerline  [14,15]  suggested 
that  UNICORN  code  with  GRI-V1.2  chemical  kinetics 
predicts  the  flame  structure  accurately. 

The  premixed  flame  system  shown  in  Fig.  1  is 
simulated  first  by  performing  calculations  for  a  low- 
stretch-rate  flame  using  the  global-chemistry  solution  as 
the  initial  data  and  then  performing  calculations  for  the 
specific  stretch  rate  using  the  previously  obtained  solution 
as  the  initial  data.  In  general,  if  the  counterflow  premixed 
flames  do  not  posses  hysteresis,  one  could  also  obtain 
flame  in  Fig.  1  by  performing  calculations  using 
previously  obtained  higher- stretch-rate  flame  as  initial 
data.  Numerical  studies  performed  for  different  methane- 
air  equivalence  ratios  suggested  that  the  flame  system  in 
Fig.  1  only  has  hysteresis  for  certain  lean  conditions.  For 
example,  calculations  performed  for  the  counterflow 
premixed  flame  with  (|>ch4>0.811  are  independent  of  the 
initial  conditions  used.  Computed  flames  are  obtained  for 
several  stretch  rates  using  increasing-stretch-rate 
approach  for  4>CH4=0.8 1 1  flame  and  the  results  are  plotted 
in  Fig.  2  in  the  form  of  peak-temperature  (Tf)  variation 
with  respect  to  the  applied  stretch  rate  (open  symbols  and 
broken  line).  Calculations  are  repeated  for  this  flame  for 
all  the  stretch-rate  cases  starting  from  the  highest- 
stretched  flame  and  then  by  decreasing  the  stretch  rate. 
Results  of  these  calculations  are  shown  in  Fig.  2  with 
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cross  symbols  and  the  solid  line.  For  lower  stretch  rates 
(regime  I)  this  flame  system  possesses  two  flames,  one  on 
the  methane  side  and  the  other  on  the  hydrogen  side,  and 
for  higher  stretch  rates  (regime  III)  it  possesses  only  the 
methane-side  flame.  Transition  from  double-flame 
structure  to  single-flame  structure  occurs  between  the 
global  stretch  rates  of  620  and  700  s"1.  More  importantly, 
the  flame  system  at  a  given  stretch  rate  possesses  either  a 
double-flame  or  a  single-flame  structure,  which  is 
independent  of  the  solution  methodology.  Peak 
temperature  (Tf)  along  the  centerline  computed  for 
various  stretch  rates  for  (|>ch4=0.76  flame  system  are 
shown  in  Fig.  3.  Data  computed  with  increasing-stretch- 
rate  approach  are  shown  with  open  circles  and  those 
computed  with  decreasing- stretch-rate  approach  are 
shown  with  crosses.  Broken  and  solid  lines  are  drawn,  for 
clarity,  through  the  circles  and  crosses,  respectively.  The 
flame  system  exhibits  a  unique  double-flame  structure  for 
all  the  stretch  rates  <  410  s"1  (regime  I)  and  a  unique 
single-flame  structure  for  stretch  rates  >  510  s"1  (regime 
III).  However,  for  stretch  rates  in  between  410  and  510  s"1 
the  flame  system  can  have  either  a  double-flame  structure, 
if  the  calculations  are  made  following  the  increasing 
stretch  rate  approach,  or  a  single-flame  structure,  if  the 
calculations  are  made  following  the  decreasing  stretch 
rate  approach.  Consequently,  the  flame  system  is  known 
to  possess  a  hysteresis  property.  Figure  3  further  suggests 
that  the  flame  system  jumps  back  and  forth  between  the 
double-flame  and  single-flame  structures  as  the  applied 
stretch  rate  is  cyclically  varied.  This  behavior  establishes 
a  hysteresis  loop.  Interestingly,  when  the  methane-air 
equivalence  ratio  was  decreased  to  0.74,  the  flame  system 
exhibits  permanent  hysteresis  as  shown  in  Fig.  4.  For  all 
the  stretch  rates  >  440  s"1  (regime  III)  flame  system  has  a 
unique  solution  independent  of  how  that  stretch  rate  was 
arrived  at.  There  is  a  slight  scatter  in  the  temperature  data 
as  the  planar  flames  formed  in  the  counterflow  burner 
tend  to  oscillate  weakly.  For  all  the  stretch  rates  <  440  s"1 
the  flame  system  has  two  stable  states;  namely,  the 
double-flame  state  (regime  I)  and  the  single-flame  state 
(regime  II).  Therefore,  flame  temperature  for  stretch  rates 
<  440  s"1  depends  on  the  way  the  stretch  rate  was 
achieved,  i.e.,  through  increasing  or  decreasing. 

Reasons  for  the  products-supported  premixed  flames 
to  exhibit  double-state  behavior  can  be  understood  by 
studying  the  differences  in  the  flow  and  chemical 
structures  of  the  flame  systems  formed  under  different 
stretch-rate  regimes.  Flames  in  regimes  marked  as  I,  II, 
and  III  in  Fig.  4  for  CH4/air  equivalence  ratio  of  0.74  are 
considered  for  this  purpose.  While  regimes  I  and  II 
represent  double-flame  and  single-flame  systems, 
respectively,  at  a  stretch  rate  of  250  s"1,  regime  III 
represents  the  system  with  single  flame  at  a  stretch  rate  of 
600  s  '.  Temperature,  velocity,  and  heat  release  rate 
distributions  along  the  centerline  for  the  flames  in  regimes 
I,  II,  and  III  are  shown  using  solid  lines  in  Figs.  5(a),  6(a), 


and  7(a),  respectively.  Concentrations  of  H  and  CH 
radicals  and  oxygen  consumption  rates  for  the  three 
flames  are  shown  using  solid  lines  in  Figs.  5(b),  6(b),  and 
7(b),  respectively.  Production  rates  for  OH  and  H2  in  the 
three  flames  are  shown  using  solid  lines  in  Figs.  5(c), 
6(c),  and  7(c),  respectively.  Stagnation  points  are  marked 
with  U=0  lines.  Broken  lines  in  Figs.  5,  6,  and  7  represent 
the  data  obtained  for  the  flame  systems  stretched  10% 
more  than  those  in  I,  II,  and  III  (i.e.,  275,  275,  and  660  s" 
*),  respectively. 

As  shown  in  Fig.  5,  both  methane  and  hydrogen 
flames  are  present  in  regime  I  flames.  Heat  release  rate 
and  temperature  generated  by  the  methane  flame  are 
higher  than  those  generated  by  the  0.28-equivalence-ratio 
hydrogen  flame.  Because  of  the  counterflow 
configuration,  heat  generated  by  the  hotter  methane  flame 
heats  the  cooler  hydrogen  flame  [16].  Consequently,  the 
temperature  of  the  methane  flame  is  lower  and  that  of  the 
hydrogen  flame  is  higher  compared  to  their  respective 
adiabatic  flame  temperatures.  Heat  release  rate  and 
oxygen  consumption  rate  indicate  that  the  reaction  zones 
of  the  two  flames  are  well  separated.  However, 
temperature  and  H-mole-fraction  distributions  suggest  a 
strong  interaction  between  the  two  flames  through 
product  species.  These  flames  come  closer  when  the 
stretch  rate  on  the  system  increases  (compare  solid  and 
broken  lines  in  Fig.  5),  which  results  in  more  interaction 
between  the  two  flames.  As  a  result,  the  temperature  of 
the  methane  flame  decreases  further  and  that  of  hydrogen 
flame  increases  further;  which,  as  shown  in  Figs.  2-4, 
translates  into  a  decrease  in  peak  temperature  of  the  flame 
system  with  stretch  rate  (for  regime  I  flames). 

Extinction  temperature  for  hydrogen  flames  (~  1150 
K)  is  less  than  that  of  methane  flames  (~  1500  K).  As  a 
result,  methane  flame  extinguishes  first  when  the 
temperature  of  the  methane-air/hydrogen-air  flame  system 
decreases  and  the  structure  of  the  double-flame  system 
transitions  into  a  single-flame  one  (regime  II)  as  shown  in 
Fig.  6.  Unburned  methane  gas  in  this  mode  diffuses  into 
the  products  generated  by  the  hydrogen  flame  and  a  part 
of  it  gets  decomposed  (low-temperature  chemistry)  and 
releases  a  small  amount  of  heat.  Significant  drops  in 
oxygen  consumption  rate  and  CH  and  H  mole  fractions 
also  suggest  incomplete  combustion  of  methane  fuel. 
Nevertheless,  reaction  zones  for  the  two  fuels  came  close 
to  each  other  and  interact  directly.  Note  the  peak  in  heat 
release  rate  from  methane  decomposition  appearing  on 
the  hydrogen  side  of  the  stagnation  point.  As  diffusion 
fluxes  increase  with  stretch  rate,  heat  release  rate  and 
temperature  also  increase  (compare  the  solid  and  broken 
lines  in  Fig.  6).  This  translates  into  an  increase  in  peak 
temperature  of  the  flame  system  with  stretch  rate  (for 
regime  II  flames)  as  shown  in  Fig.  4. 

Either  from  regime  I  or  regime  II,  at  higher  stretch 
rates  the  flame  system  moves  into  regime  III.  Methane 
fuel  diffuses  into  the  products  of  the  hydrogen  flame  and 
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participates  in  the  low-temperature  chemistry.  According 
to  the  flamelet  theory  for  nonpremixed  combustion  [17] 
reaction-zone  temperature  decreases,  even  though  heat 
release  rate  continues  to  increase,  with  stretch  rate  due  to 
reduced  reaction-zone  thickness  and,  thereby,  increased 
heat  losses  (compare  solid  and  broken  lines  in  Fig.  7). 
This  translates  into  a  decrease  in  peak  temperature  of  the 
flame  system  with  stretch  rate  (for  regime  III  flames)  as 
shown  in  Figs.  2-4. 

Hysteresis  of  the  counterflow  premixed  flames  can  be 
explained  by  considering  their  characteristics  in  different 
regimes  (I,  II  and  III).  In  the  laboratory,  high-energy 
ignition  sources  such  as  a  blowtorch  establish  the  flame 
with  methane  and  hydrogen  burning  in  regime  I.  When 
the  stretch  rate  is  increased,  the  flame  temperature 
decreases  due  to  aerodynamic  heat  loss  and,  if  the 
methane  flame  extinguishes,  the  flame  system  transitions 
to  a  single-flame  one.  Such  a  transition  occurs  at 
relatively  low  stretch  rates  in  regime  II  for  leaner 
methane/air  mixtures.  When  stretch  rate  on  the  flame 
system  with  single  flame  (regime  II)  decreases,  the  flame 
temperature  also  decreases  due  to  a  drop  in  diffusion 
fluxes.  The  flame  system  remains  in  regime  II  as  the 
temperature  of  the  methane-air  mixture  cannot  attain  the 
ignition  value.  Therefore,  for  leaner  methane/air  mixtures, 
the  flame  system  allows  two  stable  operating  states  at  a 
given  stretch  rate  and  exhibits  hysteresis.  When  stretch 
rate  on  a  moderately  lean  flame  (^ch^O.811)  in  regime  I 
is  increased  then  it  transitions  into  a  flame  in  regime  III.  If 
stretch  rate  of  this  flame  is  decreased,  then  the  flame 
temperature  increases  due  to  a  drop  in  stretch-induced 
cooling  (flamelet  description)  and  if  the  local  temperature 
reaches  the  ignition  value  then  the  flame  system 
transitions  to  a  regime-I  flame.  For  these  equivalence 
ratios,  the  flame  system  doesn’t  exhibit  hysteresis. 

Conclusions 

The  counterflow  flame  system  established  between 
lean-methane-air  and  lean-hydrogen-air  streams  was 
investigated.  A  two-dimensional  model  known  as 
UNICORN  was  used  for  the  simulation.  GRI  version  1 .2 
chemical  kinetics  involving  32  species  and  346  one-way 
elementary  reactions  was  used.  Detailed  measurements 
for  temperature  and  species  concentrations  were  obtained 
along  the  centerline.  The  hysteresis  property  of  this  flame 
system  was  first  identified  in  numerical  simulations  and 
was  later  confirmed  by  experiments. 

Calculations  for  various  lean  methane-air  mixtures 
were  performed  to  understand  the  hysteresis  of  the 
counterflow  premixed  flame  system.  Aerodynamic  and 
chemical  structures  of  the  flames  at  different  stretch  rates 
were  obtained  through  increasing- stretch-rate  and 
decreasing- stretch-rate  approaches.  It  was  found  that 
flame  system  exhibits  hysteresis  for  methane-air  mixtures 
leaner  than  0.811.  Hysteresis  of  the  flame  is  associated 
with  its  double-state  behavior.  When  the  stretch  on  the 


flame  system  is  increased,  it  transitions  from  a  double¬ 
flame  to  a  single-flame  structure  due  to  aerodynamic 
cooling.  When  the  stretch  on  the  flame  is  decreased,  it 
doesn’t  transition  back  to  the  double-flame  structure  due 
to  stretch  effects  on  molecular  diffusion.  However,  for 
0.811>(i>cH4>0.74,  decreasing  the  stretch  increases  the 
flame  temperature  due  to  a  decrease  in  stretch-induced 
cooling  and  returns  the  flame  structure  to  a  double-flame 
one.  In  this  narrow  range  of  equivalence  ratios  (0.74-0.81) 
hysteresis  in  counterflow  premixed  flames  is  temporary, 
which  establishes  a  hysteresis  loop. 
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Fig.  2.  Temperature  of  a  premixed  flame  system  formed 
between  counter-flowing  CH4-air  (4>=0.8 11)  and  H2-air 
(4>=0.28)  jets  at  different  stretch  rates. 


Stretch  Rate  (s1) 

Fig.  3.  Changes  in  temperature  for  increasing  and 
decreasing  stretch  on  the  premixed  flame  system  when  the 
CH4-air  equivalence  ratio  is  0.76. 


Fig.  4.  Changes  in  temperature  for  increasing  and 
decreasing  stretch  on  the  premixed  flame  system  when 
CH4-air  equivalence  ratio  was  further  decreased  to  0.74. 


z  (mm) 

(c) 


Fig.  5.  Changes  in  flame  structure  due  to  perturbation  in 
stretch  rate  when  the  flame  system  in  Fig.  4  ((|>ch4=0.74)  is 
operating  in  regime  I  at  a  stretch  rate  of  250  s"1.  Radial 
distributions  of  (a)  velocity,  temperature  and  heat  release 
rate,  (b)  H  and  CH  mole  fractions  and  02  consumption 
rate,  and  (c)  OH  and  H2  production  and  destruction  rates. 
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Fig.  6.  Changes  in  flame  structure  due  to  perturbation  in 
stretch  rate  when  the  (|>ch4=0.74  flame  system  is  operating 
in  regime  II  at  a  stretch  rate  of  250  s"1.  Radial 
distributions  of  (a)  velocity,  temperature  and  heat  release 
rate,  (b)  H  and  CH  mole  fractions  and  02  consumption 
rate,  and  (c)  OH  and  H2  production  and  destruction  rates. 


Fig.  7.  Changes  in  flame  structure  due  to  perturbation  in 
stretch  rate  when  the  flame  system  in  Fig.  4  ((|>ch4=0-74)  is 
operating  at  a  stretch  rate  of  600  s"1.  Radial  distributions 
of  (a)  velocity,  temperature  and  heat  release  rate,  (b)  H 
and  CH  mole  fractions  and  02  consumption  rate,  and  (c) 
OH  and  H2  production  and  destruction  rates. 
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Computational-fluid-dynamics-(CFD)-based  predictions  are  presented  for  an  opposed  jet 
nonpremixed  flame  and  laminar  nonpremixed  and  premixed  coaxial  jet  flames  burning 
vaporized  JP-8  fuel.  Results  are  presented  for  four  published  chemical  kinetic  mechanisms 
for  JP-8.  The  first  JP-8  kinetic  mechanism  is  identified  as  the  Violi-Small  mechanism  (161 
reactions  and  1538  reactions);  the  second  is  the  Violi-Large  mechanism  (216  species  and 
9654  reactions);  the  third  is  the  Zhang  mechanism  (208  species  and  2186  reactions);  and  the 
fourth  is  the  Mawid  mechanism  (226  species  and  3230  reactions).  There  are  three  surrogate 
fuels  associated  with  the  Mawid  mechanism.  Differences  and  similarities  in  laminar  flame 
structure  and  stability,  resulting  from  the  calculations  using  the  four  JP-8  mechanisms,  are 
discussed.  Calculations  with  the  Violi-Small  and  Violi-Large  mechanisms  predicted 
extinction  strain  rates  that  are  within  90%  of  a  published  measurement.  The  flames 
obtained  with  the  Zhang  mechanism  are  found  to  be  the  most  difficult  to  extinguish,  and 
those  obtained  with  the  Mawid  mechanism  are  the  easiest  to  extinguish.  Calculations  with 
the  Zhang  mechanism  yielded  the  highest  stability  for  the  nonpremixed  jet  flame  and  the 
highest  flame  velocity  for  the  stoichiometric  mixture  of  JP-8  and  air  in  the  premixed  jet 
flame.  The  Mawid  mechanism  resulted  in  coaxial  nonpremixed  jet  flames  that  are  more 
stable  than  those  obtained  with  the  Violi  mechanisms,  yet  the  flame  velocities  predicted  by 
the  Mawid  mechanism  for  the  premixed  jet  flame  are  lower  than  those  predicted  by  the  Violi 
mechanisms.  Calculations  with  the  Mawid  mechanism  using  surrogate  mixtures  1  and  3 
resulted  in  very  different  limiting  strain  rates  for  the  opposed-jet  flame;  however,  for  the 
premixed  jet  flame,  the  computed  flame  velocities  are  nearly  the  same  for  these  mixtures. 
Numerical  experiments  are  also  performed  to  understand  the  sensitivity  of  the  parent 
compounds  used  in  Mawid  mechanism  for  possible  changes  in  their  concentrations.  Direct 
comparisons  of  the  calculations  with  experiments  are  very  limited  because  published  data  on 
these  simple  laboratory  flames  burning  JP-8  are  almost  nonexistent.  Indeed,  these 
predictions  are  presented  with  the  anticipation  that  they  will  stimulate  experiments  that  will 
aid  in  obtaining  suitable  kinetic  mechanisms  for  JP-8  flames. 
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I.  Introduction 

With  the  declining  supply  of  petroleum  and  its  rising  cost,  it  seems  inevitable  that  the  United  States  Air  Force 
will  transition  to  non-petroleum,  alternative  jet  fuels  derived  from  tar  sands,  coal,  or  shale.  A  near-term 
transition  possibility  is  to  mix  the  alternative  fuel  with  JP-8,  the  primary  aviation  fuel  used  by  the  United  States  Air 
Force.  Over  time,  the  quantity  of  JP-8  would  be  reduced  to  zero.  It  is  expected  that  the  chemical  composition  and 
physical  properties  of  the  alternative  fuels  will  be  different  from  those  of  JP-8.  This  will  impact  the  combustion 
characteristics  of  the  fuel.  The  ability  to  predict  the  combustion  characteristics  of  future  blends  of  JP-8  requires  a 
reliable  chemical  kinetic  model  for  JP-8.  To  achieve  this,  several  significant  technical  challenges  must  be  overcome. 

JP-8  is  a  mixture  of  hundreds,  if  not  thousands,  of  hydrocarbons.1,2  It  has  been  processed  to  meet  a 
specification  that  covers  a  broad  range  of  physical  properties  that  include  boiling  range/volatility,  heat  of 
combustion,  and  freeze  point.  There  is  also  a  limit  on  the  concentration  of  aromatic  compounds.  The  JP-8 
specification  can  be  satisfied  by  many  different  hydrocarbon  mixtures.  Indeed,  each  batch  of  JP-8  can  usually  be  a 
different  chemical  mixture.3  This  is  a  significant  impediment  in  developing  “a”  chemistry  model  for  JP-8.  A 
popular  approach  to  solving  this  problem  is  to  establish  a  surrogate  fuel  that  represents  a  “typical”  JP-8.  A  surrogate 
fuel  is  a  well-defined  mixture  of  a  few  hydrocarbon  compounds  whose  relative  concentrations  can  be  adjusted  such 
that  the  combustion  characteristics  of  the  mixtures  become  similar  to  those  of  a  typical  JP-8.2  Chemical-kinetics 
models  for  the  surrogate  mixture  are  then  developed  based  on  the  models  established  for  the  individual  components 
of  the  mixture. 

Development  of  chemical-kinetics  models  for  JP-8  surrogate  fuels  is  a  formidable  task  given  their  complex 
composition.  A  surrogate  fuel  is  usually  developed  based  on  chemical  class  distribution  and  by  matching  physical 
properties  such  as  volatility,  density,  boiling  point,  and  molecular  weight.4"7  Schulz7  proposed  a  12-component 
surrogate  mixture  for  JP-8.  Other  investigators  have  also  proposed  surrogates  for  jet  fuels.8,9'11  During  combustion, 
the  high  molecular  weight  compounds  undergo  a  sequential  reduction  to  lower  molecular  weight  hydrocarbons. 
Thus,  the  chemical-kinetics  mechanisms  for  the  surrogate  fuels  include  reactions  for  the  lower  molecular  weight 
compounds.  The  kinetics  also  includes  pyrolysis  and  oxidation  reactions  that  convert  large  molecules  to  radicals  and 
smaller  molecules.  Condensation  and  dealkylation  reactions  that  govern  the  growth  of  polycyclic  aromatic 
hydrocarbons  (PAHs)  and  soot  are  also  included.1,12  The  semi-detailed  or  lumped  approach  reduces  the  overall 
complexity  of  the  resulting  chemical-kinetics  model  both  in  terms  of  equivalent  species  and  lumped  or  equivalent 
reactions.13  Even  the  semi-detailed  models  for  surrogate  fuels  can  involve  hundreds  of  species  and  thousands  of 
reactions.  Incorporating  them  into  CFD-based  models  and  then  making  predictions  for  reacting  flows  in  burners  is 
very  challenging. 

Detailed  simulations  for  the  flame  structure  and  predictions  for  the  flame  characteristics  (ignition,  extinction, 
flame  speed,  and  stability)  are  essential  for  the  development  of  any  chemical-kinetics  model.  Simulations  for  the 
shock- tube,  perfectly-stirred-reactor  (PSR),  and  well-stirred-reactor  (WSR)  flames  are  often  performed  using  zero¬ 
dimensional  codes  such  as  CHEMKIN,14  LSENS15  and  STANJAN.16  Opposed  jet  flames  and  the  burner-stabilized 
premixed  flames  are  often  treated  as  one-dimensional  problems.  Codes  such  as  OPPDIF,17  RUN1DL,18  and 
CANTERA19  are  used  for  these  types  of  calculations.  The  performance  of  a  chemical-kinetics  model  must  also  be 
evaluated  for  its  ability  to  simulate  multi-dimensional  coaxial  premixed  and  nonpremixed  flames.  However,  multi¬ 
dimensional  codes  are  computationally  less  stable  and  more  expensive  and  time-consuming  to  operate.  This  paper 
presents  computations  performed  with  a  robust  and  efficient  CFD  code  that  can  handle  large  chemical-kinetics 
mechanisms. 

UNICORN  is  a  continually  evolving  two-dimensional  numerical  model  that  is  being  developed  hand  in  hand 
with  validation  experiments.20,21  Recently,  UNICORN  has  been  modified  so  that  it  can  be  used  to  effectively  and 
efficiently  simulate  the  dynamic  characteristics  of  nonpremixed  and  premixed  flames  using  very  large  chemical 
kinetic  mechanisms.  This  paper  presents  predictions  for  an  opposed  jet  nonpremixed  flame  and  laminar 
nonpremixed  and  premixed  coaxial  jet  flames  burning  vaporized  JP-8  fuel.  Computations  are  given  for  four 
published  chemical  kinetic  mechanisms  for  JP-8.  The  first  JP-8  kinetic  mechanism  is  identified  as  the  Violi  small 
mechanism  (161  reactions  and  1538  reactions);  the  second  is  the  Violi  large  mechanism  (216  species  and  9654 
reactions);  the  third  is  the  Zhang  mechanism  (208  species  and  2186  reactions);  and  the  fourth  is  the  Mawid 
mechanism  (226  species  and  3230  reactions).  There  are  three  surrogate  mixtures  associated  with  the  Mawid 
mechanism.  Differences  and  similarities  in  laminar  flame  structure  and  stability  resulting  from  the  calculations  using 
the  four  JP-8  mechanisms  are  discussed.  Numerical  experiments  are  also  performed  to  understand  the  sensitivity  of 
the  parent  compounds  used  in  Mawid  mechanism  for  possible  changes  in  their  concentrations. 

Ideally,  we  would  like  to  evaluate  the  different  kinetic  mechanisms  by  comparing  the  calculations  with 
experimental  data.  Unfortunately,  published  fundamental  JP-8  flame  data  are  almost  nonexistent.  This  is  due,  in 
part,  to  the  problems  associated  with  the  gasification  of  the  fuel.  Partial  vaporization,  preferential  evaporation,  and 
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condensation  can  introduce  some  bias  in  the  experimental  data.  Thus,  experiments  with  JP-8  and  its  surrogates  strive 
for  complete  gasification  in  a  way  that  doesn’t  change  their  chemical  composition.  Recently,  Holley  et  al.,22  Humer 
et  al.,13  and  Agosta  et  al.8  have  established  standardized  procedures  for  vaporizing  liquid  fuels  and  have  started 
benchmark  experiments  for  evaluating  chemical-kinetics  models.  Other  researchers  are  also  conducting  fundamental 
flame  experiments  with  a  “typical”  JP-8  fuel  and  different  surrogates.  Indeed,  it  is  anticipated  that  future 
experiments  will  provide  the  data  needed  to  evaluate  predictions  like  those  presented  in  this  paper. 

II.  Mathematical  Model 

A  time-dependent,  axisymmetric  mathematical  model  known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)20,21  is  used  for  simulating  different  types  of  laminar  flames.  It  solves  for  u-  and  v-momentum 
equations,  continuity,  and  enthalpy-  and  species-conservation  equations  on  a  staggered-grid  system.  A  clustered 
mesh  system  is  employed  in  each  case  to  trace  the  large  gradients  in  flow  variables  near  the  flame  surface.  Four 
different  detailed  chemical-kinetics  models,  namely  Violi-Small,  Violi-Large,  Zhang,  and  Mawid  ’  "  are 
incorporated  into  UNICORN  for  the  evaluation  of  their  abilities  in  predicting  different  types  of  JP-8  flames.  Violi- 
Small  mechanism  consists  of  161  species  and  1538  reactions  (some  of  them  are  lumped),  Violi-Large  mechanism 
consists  of  216  species  and  9654  reactions  (some  of  them  are  lumped),  Zhang  mechanism  consists  of  208  species 
and  2186  elementary  reactions,  and  Mawid  mechanism  consists  of  226  species  and  3230  elementary  reactions. 
While  the  first  three  mechanisms  use  their  own  surrogate  mixtures  for  representing  JP-8  fuel,  Mawid  mechanism 
offers  the  usage  of  one  of  the  three  surrogate  mixtures  developed  at  Wright  Laboratory.11  The  details  of  the 
surrogate  mixtures  used  in  these  mechanisms  are  listed  in  Table  1.  Note  that  the  surrogate  mixture  used  in  Violi 
mechanisms  is  identical  to  the  second  mixture  (Surrogate-2)  used  in  Mawid  mechanism.  Due  to  lack  of  sufficient 
experimental  data,  none  of  these  mechanisms  was  sufficiently  validated  and  due  to  the  large  sizes,  multi¬ 
dimensional  simulations  for  laminar  flames  using  these  mechanisms  have  not  yet  been  made. 

Thermo-physical  properties  such  as  enthalpy,  viscosity,  thermal  conductivity,  and  binary  molecular  diffusion  of 
all  the  species  are  calculated  from  the  polynomial  curve  fits  developed  for  the  temperature  range  300  -  5000  K. 
Mixture  viscosity  and  thermal  conductivity  are  then  estimated  using  the  Wilke  and  Kee  expressions,  respectively. 
Molecular  diffusion  is  assumed  to  be  of  the  binary-diffusion  type,  and  the  diffusion  velocity  of  a  species  is 
calculated  using  Fick’s  law  and  the  effective-diffusion  coefficient  of  that  species  in  the  mixture.  A  simple  radiation 
model  based  on  the  optically  thin-media  assumption  is  incorporated  into  the  energy  equation  for  treating  radiation 
heat  loss  from  gaseous  species28.  Only  CH4,  CO,  C02,  and  H20  are  considered  as  radiating  species  in  the  present 
study.  Heat  losses  from  soot  particles  are  computed  assuming  blackbody  radiation  from  the  carbonatious  soot 
particles.29 

The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit  QUICKEST  scheme,21  and 
those  of  the  species,  energy,  and  other  scalar  equations  are  obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step,  the  pressure  field  is  accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  using  the  LU  (Lower  and  Upper  diagonal)  matrix-decomposition  technique.  The 
boundary  conditions  are  treated  in  the  same  way  as  that  reported  in  earlier  papers.30 

Computational  soot  models  based  on  the  fundamental  physics  of  soot  formation  and  oxidation  are  not  yet 
available.  The  research  groups  around  Moss31  and  Lindstedt32  have  made  some  progress  in  modeling  soot  formation 
using  semi-empirical  models  based  on  the  mechanisms  of  particle  inception,  agglomeration,  surface  growth,  and 
oxidation.  Soot  model  in  UNICORN  in  based  on  a  two-equation  model  with  transport  equations  for  particle  number 
density,  Ns,  and  soot  mass  fraction,  Ys.  The  source  terms  in  these  soot  transport  equations  are  obtained  using 
Lindstedt’ s  model,32  which  is  based  on  the  simplifying  assumption  that  nucleation  and  growth  are  first-order 
functions  of  acetylene  concentrations.  Soot  oxidation  was  considered  primarily  due  to  the  presence  of  02  and  OH. 
Finally,  soot  agglomeration  was  treated  as  a  source  term  in  the  soot  number  density  equation. 

The  simulations  presented  here  are  performed  on  a  single  cpu,  AMD  Opteron  Personal  Computer  with  2.0  GB  of 
memory.  Typical  execution  time  is  -30  s/time-step  for  the  coaxial  nonpremixed  flame  simulations.  Steady  state 
solutions  are  typically  obtained  in  about  2,000  time  steps  starting  from  the  solution  obtained  using  the  global 
combustion  chemistry  model. 


III.  Results  and  Discussion 

Typically,  chemical-kinetics  models  developed  for  a  given  fuel  are  tested  for  their  accuracy  by  comparing  the 
predictions  made  for  quantities  such  as  ignition  delay  times,  laminar  flame  speeds,  extinction  limits,  and  flame 
structures  with  the  measured  values.  It  is  also  known  that  out  of  these  different  characteristic  parameters  flame 
ignition  and  extinction  are  more  sensitive  to  the  chemical  kinetics  of  the  fuel.  As  discussed  earlier,  the  chemical 
kinetics  available  in  the  literature  for  JP-8  fuel  are  not  sufficiently  validated  due  to  lack  of  experimental  data  and 
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their  abilities  for  predicting  multidimensional  flames  are  so  far  untested  due  to  the  computational  difficulties 
associated  with  these  large  mechanisms.  Development  of  UNICORN  code  for  large  mechanisms  has  made  the  way 
for  accomplishing  the  latter  task  while  the  advances  in  vaporization  techniques  for  liquid  fuels  have  paved  the  way 
for  filling  the  former. 

A.  Opposed  Jet  Flames 

Recently,  Holley  et  al.22  have  obtained  ignition  limits  for  JP-8  fuels  and  extinction  limits  for  JP-8  nonpremixed 
flames  through  conducting  opposed-jet  experiments.  Single,  planar  nonpremixed  flame  was  established  by  flowing  a 
heated  fuel/N2  jet  against  an  02  jet.  The  exit  diameter  (D)  for  the  fuel  and  the  oxidizer  nozzles  through  which  the 
respective  jets  were  issued  was  14  mm.  The  distance  between  the  fuel  and  oxidizer  nozzles  was  14  mm  (L).  Holley 
et  al.22  obtained  extinction  limits  for  the  nonpremixed  flame  formed  between  the  fuel  and  oxidizer  jets  by  changing 
the  fuel/N2  ratio  while  keeping  the  flow  rates;  thereby,  the  strain  rate  on  the  flame,  constant.  For  example,  Holley  et 
al.22  determined  that  JP-8  fuel  extinguishes  at  155-s"1  global  strain  rate  (AV/L)  when  the  fuel/N2  ratio  was  decreased 
to  0.0802. 

Axisymmetric  calculations  are  performed  for  the  opposed  jet  flame  of  Holley  et  al.  using  the  UNICORN  code 
and  different  chemical-kinetics  mechanisms  for  JP-8  fuel.  The  physical  domain  between  the  two  nozzles  (14  mm  in 
the  axial  direction  and  20  mm  in  the  radial  direction)  is  represented  using  a  201x31  grid  system.  This  resulted  in  a 
uniform  grid  spacing  of  70  pm  across  the  flame.  The  fuel/N2  ratio  used  in  the  calculations  is  0.08.  The  temperatures 
of  the  fuel  and  oxidizer  streams  are  set  to  the  measured  values  of  394  and  294  K,  respectively.  A  low-speed  N2  flow 
at  294  K  is  allowed  outside  the  fuel  and  oxidizer  streams  for  shielding  the  flame.  Initially  a  stable  flame  is 
established  for  a  low-strain-rate  case  of  28.6  s"1.  The  corresponding  fuel  and  oxidizer  velocities  are  0.2  and  0.2  m/s, 
respectively.  Calculations  are  repeated  on  this  flame  by  gradually  increasing  the  strain  rate  (velocities)  till  the  flame 
along  the  centerline  is  extinguished.  The  entire  procedure  starting  from  establishing  an  initial  flame  to  obtaining  an 
extinguished  flame  is  repeated  with  each  chemical-kinetics  mechanism  and  surrogate  mixture. 

Results  obtained  for  the  1 15-s"1  strained  flame  using  Violi-Small  and  Mawid  mechanisms  are  shown  in  Fig.  1  on 
the  left  and  right  halves,  respectively.  Surrogate-2  is  used  with  Mawid  mechanism  for  representing  JP-8  fuel. 
Velocity  fields  are  superimposed  on  temperature  distributions  in  Fig.  1.  Heated  fuel  is  issued  from  the  bottom  nozzle 
while  02  is  issued  from  the  top.  Since  the  density  of  the  heated  fuel  is  lower  than  that  of  the  02,  the  flame  is  slightly 
shifted  from  the  mid  plane  (z  =  7  mm)  toward  the  fuel  nozzle.  The  flame  is  formed  on  the  fuel  side  of  the  stagnation 
plane  (U=0  surface).  The  peak  temperature  obtained  with  Mawid  mechanism  is  ~  80  K  lower  than  that  obtained  with 
Violi-Small  mechanism.  However,  the  flame  widths  obtained  with  these  two  mechanisms  are  nearly  the  same. 

The  response  of  the  flame  to  increases  in  strain  rate  predicted  by  different  chemical-kinetics  models  is  shown  in 
Fig.  2.  The  peak  temperature  along  the  centerline  (r  =  0)  is  plotted  at  different  strain  rates.  Due  to  increase  in  heat 
transport  and  chemical  nonequilibrium,  the  temperature  of  the  flame  decreased  with  strain  rate.  Data  from  each 
chemical-kinetics  model  terminates  at  the  extinction  limit.  The  measured  extinction  limit  of  150  s"1  is  also  shown  in 
Fig.  2  with  a  vertical  box.  The  width  of  the  box  corresponds  to  the  experimental  uncertainty  of  3.5%  reported  by 
Holley  et  al.22  Calculations  with  Mawid  mechanism  are  made  using  three  different  surrogate  mixtures.  Note  that 
Surogate-2  is  identical  to  the  JP-8  fuel  representation  used  in  Violi  mechanisms.  In  general,  calculations  with  the 
different  mechanisms  resulted  in  variations  in  peak  temperature  of  120  K  for  weakly  strained  flames.  As  the  strain 
increases,  the  variation  in  peak  temperature  also  increases.  Among  the  six  chemical-kinetics  models  considered 
(Table  1),  the  Violi  mechanisms  seemed  to  provide  the  most  realistic  extinction  strain  rates.  Both  the  Violi-Small 
and  Violi-Large  mechanisms  yielded  nearly  the  same  relationship  between  peak  temperature  and  strain  rate.  At  the 
higher  strain  rates,  these  two  mechanism  result  in  small  but  gradual  deviation  in  peak  temperature.  The  extinction 
strain  rate  of  136  s"1  predicted  by  these  two  mechanisms  is  within  90%  of  the  measured  value. 

The  all-elementary-reaction-based  model  developed  by  Zhang  yielded  the  most  stubborn  flame  from  extinction 
point  of  view,  even  though  the  flame  itself  is  not  as  strong  (based  on  peak  temperature)  as  the  ones  predicted  by  the 
semi-elementary-reaction-based  mechanisms  of  Violi.  Extinction  in  opposed  jet  flames  occurs  solely  due  to  a 
sudden  drop  in  chemical  activity,  which  will  be  triggered  by  the  temperature.  Strain  rate,  on  the  other  hand,  makes 
the  temperature  of  the  flame  to  decrease  via  heat  transport.  Consequently,  even  though  the  temperature  of  the  flame 
at  136  s"1  strain  rate  obtained  with  the  Zhang  mechanism  is  lower  than  that  obtained  with  the  Violi  mechanisms, 
flame  did  not  extinguish  in  the  former  calculation  due  to  the  chemical-kinetics  mechanism  used.  Eventually,  the 
Zhang  mechanism  results  in  flame  extinction  when  the  peak  temperature  drops  below  1565  K.  This  occurred  at  a 
global  strain  rate  of  -247  s"1. 

The  importance  of  an  accurate  surrogate  mixture  for  representing  JP-8  fuel  is  evident  from  the  calculations  made 
with  the  Mawid  mechanism.  The  three  different  surrogate  mixtures  resulted  in  different  temperature- strain-rate 
relationships  (Fig.  2).  Surrogate- 1  yielded  the  lowest  flame  temperatures,  and  they  decreased  rapidly  with  strain  rate. 
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Surrogates  2  and  3  yielded  nearly  the  same  extinction  limits  with  the  latter  mixture  having  an  extinction  limit  that  is 
nearer  to  the  measured  value.  Interestingly,  the  flame  temperature  predicted  with  Surrogate-2  is  higher  than  that 
predicted  with  Surrogate-3,  when  the  strain  rate  is  low,  but  when  the  stain  rate  is  high,  the  temperature  is  lower. 
Table  1  suggests  that  the  major  difference  among  the  surrogate  mixtures  that  could  affect  the  performance  of 
Surrogate- 1  is  the  presence  of  hexadecane  (10.2%),  cyclooctane  (4.7%),  meththylnaphthalene  (3.9%), 
tetramethylbenzene  (4.4%),  and  butylbenzene  (4.6%).  A  numerical  experiment  conducted  by  systematically 
removing  these  compounds  suggested  that  removal  of  hexadecane  from  the  Surrogate- 1  mixture  significantly 
increases  the  flame  temperature  (~  108  K)  and  the  extinction  limit  predicted  by  Mawid  mechanism. 

The  chemical  structures  of  the  flames  obtained  with  the  Violi- Small  mechanism  and  the  Mawid  mechanism  with 
Surrogate-2  at  a  global  strain  rate  of  1 15  s"1  are  shown  in  Figs.  3  and  4,  respectively.  The  fuel  description  used  in  the 
Violi  mechanism  is  identical  to  that  of  Surrogate-2.  Decomposition  of  parent  species,  production  of  intermediate 
fuels  such  as  C3H8,  C2H4,  CH4,  and  H2,  and  the  generation  of  radical  species  OH  are  shown  in  Figs.  3  and  4.  Note 
that  even  though  the  flame  widths  are  identical,  the  peak  temperatures  predicted  by  these  two  chemical  mechanisms 
differ  by  ~  70  K,  and  the  flame  in  Fig.  4  is  at  its  extinction  limit  while  the  strain  applied  on  the  flame  in  Fig.  3  is 
well  below  its  extinction  limit.  The  chemical  structures  in  Figs.  3  and  4  reveal  some  significant  differences  between 
the  Violi  and  Mawid  mechanisms.  1)  Iso-octane  and  xylene  are  decomposing  much  faster  and  MCH  is  decomposing 
much  slower  in  the  Mawid  mechanism,  2)  propane  produced  by  the  Mawid  mechanism  is  nearly  an  order  of 
magnitude  lower  than  that  produced  by  the  Violi  mechanism,  and  3)  H2  is  generated  slightly  more  by  the  Mawid 
mechanism. 

Flame  widths  calculated  from  temperature  distributions  along  the  centerline  (r  =  0)  are  shown  in  Fig.  5  for 
different  strain  rates.  As  expected,  width  of  the  opposing-jet  flame  decreased  nearly  exponentially  with  strain  rate. 
However,  all  calculations  resulted  in  nearly  the  same  flame  widths  under  various  strain-rate  conditions— suggesting 
that  the  low-temperature  reactions  used  in  these  mechanisms  must  be  comparable  to  each  other.  Another  important 
fact  illustrated  in  Fig.  5  is  that  the  limiting  width  of  the  flame  (prior  to  extinction)  is  determined  by  the  chemical 
kinetics  and  not  by  the  strain  rate.  For  example,  at  a  strain  rate  of  120  s'1,  the  flame  width  obtained  with  the  Mawid 
mechanism  with  Surrogate-3  is  at  the  extinction  limit.  However,  the  same  flame  widths  obtained  with  the  Violi 
mechanisms  are  slightly  wider  than  their  limiting  values  and  that  obtained  with  the  Zhang  mechanism  is 
significantly  wider  than  its  limiting  value.  This  observation  is  in  contrast  with  the  general  belief,  formed  based  on 
laminar  flamelet  theory,  that  flames  become  infinitely  thin  prior  to  extinction. 

Figure  6  shows  the  variations  in  peak  flame  temperatures  with  strain  rate  for  the  500-K  preheated  fuel.  The 
fuel/N2  mass  ratio  is  kept  at  0.08,  the  same  value  used  for  the  calculations  shown  in  Fig.  2.  A  slight  increase  in 
temperature  may  be  noted  when  the  strain  rate  was  increased  initially.  As  all  the  mechanisms  predicted  such 
increase  in  peak  temperature  it  is  believed  to  be  occurring  due  to  some  physical  mechanism  rather  than  a  chemical 
phenomenon.  The  preheated  fuel  comes  closer  to  the  stagnation  plane  when  the  strain  rate  on  the  flame  is  increased, 
which,  in  turn,  tends  to  increase  the  flame  temperature.  When  this  increase  in  temperature  overcomes  the  decrease  in 
temperature  due  to  stretch  effect  the  flame  temperature  increases  with  strain  rate.  At  higher  strain  rates,  the  flame- 
stretch  effects  dominate  in  reducing  the  flame  temperature  up  to  extinction.  The  extinction  order  among  the 
chemical-kinetics  mechanisms  did  not  change  even  at  this  elevated  fuel  temperature.  On  strain-rate  scale,  Mawid 
mechanisms  with  Surrogate- 1  fuel  extinguished  first  at  120  s"1,  Mawid  mechanism  with  Surrogate-2  fuel  next  at  170 
s"1,  Mawid  mechanism  with  Surrogate-3  at  180  s"1,  Violi-Small  mechanism  at  202  s"1,  and  finally  Zhang  mechanism 
extinguished  the  flame  at  374  s"1. 

B.  Coaxial  Nonpremixed  Flames 

Flat  flames  obtained  in  opposed  jet  configurations  provide  a  good  platform  for  testing  the  chemical-kinetics 
mechanisms.  However,  unlike  most  practical  flames,  opposing-jet  flames  do  not  have  stability  issues,  as  they  do  not 
posses  leading  edges.  The  role  of  chemical  kinetics  in  the  stability  of  jet  flames  is  significant  and,  therefore, 
proposed  chemical-kinetics  mechanisms  must  also  be  tested  for  their  ability  in  predicting  nonpremixed  jet  flames  as 
well.  The  advantage  of  codes  like  UNICORN  is  that  once  a  chemical-kinetics  mechanism  is  incorporated  they  can 
be  used  for  the  simulation  of  both  opposed  and  coaxial  jet  flames. 

Calculations  for  a  JP-8  coaxial  nonpremixed  jet  flame  are  performed  using  the  four  chemical-kinetics  models 
considered  in  the  present  work.  The  simulated  burner  has  a  central  fuel  tube  of  0.6-cm  radius  and  is  surrounded  by  a 
5 -cm  radius  coflowing  air.  Preheated  fuel-N2  mixture  at  500  K  and  with  90%  fuel  by  mass  is  issued  at  a  velocity  of  2 
cm/s.  The  coannular  flow  consists  of  room-temperature  air  and  is  issued  at  a  velocity  of  5  cm/s.  These  low-velocity 
conditions  were  chosen  so  that  stable  flames  are  established  with  all  the  four  chemical-kinetics  models.  A 
computational  grid  of  151x61  is  used  for  discretizing  the  physical  domain  of  10  cm  x  5  cm  in  axial  and  radial 
directions,  respectively.  Grid  clustering  is  used  for  placing  most  of  the  grid  lines  in  the  flame  zone.  Initial  conditions 
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(flame)  for  the  detailed- chemistry  calculations  were  obtained  from  the  simulations  using  a  global-chemistry 
UNICORN  code. 

Results  for  the  coaxial  nonpremixed  jet  flame  obtained  with  the  Violi-Small,  Violi-Large,  and  the  Zhang  models 
are  shown  in  Figs.  7(a),  7(b),  and  7(c),  respectively.  Here,  iso  contours  of  methylcyclohexane  (dashes)  and  H2  (solid 
lines)  are  superimposed  on  the  temperature  distribution  (in  rainbow  color)  on  the  left  half  of  each  figure.  Iso 
contours  of  benzene  (dashes),  OH  (solid  lines)  and  temperature  (in  color)  are  shown  on  the  right  halves.  The  OH 
concentration  is  multiplied  by  100.  Similar  plots  prepared  from  the  data  obtained  using  the  Mawid  mechanism  with 
Surrogate- 1,  Surrogate-2,  and  Surrogate-3  mixtures  are  shown  in  Figs.  8(a),  8(b),  and  8(c),  respectively. 

In  general,  all  six  models  predict  nearly  the  same  flame  shape  with  the  base  region  burning  hotter  than  the  tip 
region.  The  flames  are  slightly  shifted  from  the  inlet  boundary  as  imposed  by  the  stability  criterion  for  nonpremixed 
jet  flames.  However,  there  are  several  important  differences  in  these  predictions.  The  Violi-Small  and  Violi-Large 
mechanisms  result  in  nearly  the  same  flame  structure  with  the  exception  that  the  large  mechanism  generates  more  H2 
and  benzene  inside  the  flame  and  MCH  extends  farther  into  the  core  region  [Figs.  7(a)  and  7(b)].  The  thermal  layer 
(flame  thickness)  is  wider  for  the  Violi-Large  flame,  which  resulted  hotter  core  region  in  Fig.  7(b).  As  expected 
from  the  opposed-jet-flame  calculations  (Fig.  2),  The  coaxial  nonpremixed  flame  predicted  by  the  Zhang  mechanism 
[Fig.  7(c)]  is  much  closer  to  the  inflow  boundary  compared  to  those  predicted  by  the  other  models.  This  is 
anticipated  based  on  the  higher  extinction  strain  rate  for  Zhang  mechanism  shown  in  Fig.  2.  Even  though,  the 
benzene  concentration  is  1%  in  the  surrogate  mixture  as  prescribed  by  the  Zhang  mechanism,  it  is  all  being 
consumed  quickly  in  the  core  region  and  does  not  enhance  the  benzene  produced  in  the  flame  region  [Fig.  7(c)]. 

The  flame  tips  and  the  core  region  of  the  coaxial  nonpremixed  flames  predicted  by  the  Mawid  mechanism  are 
hotter  than  those  predicted  by  the  Violi  or  Zhang  mechanism.  Although  the  Mawid  mechanism  for  Surrogate- 1 
yielded  the  largest  separation  between  the  flame  base  and  the  inflow  boundary  [Fig.  8(a)],  the  other  two  surrogates 
yielded  flames  closer  to  the  inflow  boundary  than  those  obtained  with  Violi  mechanisms.  This  is  not  expected  based 
on  the  extinction- strain-rate  data  shown  in  Fig.  2.  This  anomaly  in  stability  of  the  coaxial  nonpremixed  flames  and 
the  extinction  of  the  opposed  jet  flames  obtained  with  surrogates  1  and  2  may  result  from  the  differences  in  fuel 
concentrations  (8%  in  opposed-jet  and  90%  in  coaxial-jet  cases)  used  for  these  two  types  of  flames. 

C.  Coaxial  Premixed  Flames 

Flame  speed  is  another  characteristic  parameter  of  fuel-air  mixture,  which  needs  to  be  represented  accurately  by 
the  chemical  kinetics  employed.  For  understanding  the  flame-speed  characteristics  of  the  chemical-kinetics 
mechanisms  calculations  are  performed  for  a  Bunsen-type  coaxial  premixed  flame  using  the  four  models  listed  in 
Table  1.  To  allow  for  possible  flashbacks  in  premixed  systems  a  5-mm-long  fuel  tube  is  included  in  the  calculations. 
The  inner  and  outer  radii  of  the  tube  are  5.6  and  6.6  mm,  respectively.  Preheated  (500  K)  fuel  and  air  mixture  at 
stoichiometric  proportion  exits  the  fuel  tube  with  an  average  velocity  of  1.2  m/s.  A  parabolic,  fully  developed 
velocity  profile  is  assumed  at  the  inlet  of  the  fuel  tube.  Results  obtained  with  Violi-Small,  Violi-Large,  and  Zhang 
models  are  shown  in  Figs.  9(a),  9(b),  and  9(c),  respectively.  Iso  contours  of  methylcyclohexane  (in  dashes)  and  H2 
(in  solid  lines)  are  superimposed  on  the  temperature  distribution  (in  rainbow  color)  on  the  left  half  of  each  figure. 
Iso  contours  of  benzene  (dashes),  OH  (solid  lines)  and  temperature  (in  color)  are  shown  on  the  right  halves.  The 
concentration  of  OH  shown  in  these  figures  was  enhanced  100  times.  Similar  plots  prepared  from  the  data  obtained 
using  Mawid  mechanism  with  Surrogate- 1,  Surrogate-2,  and  Surrogate-3  mixtures  are  shown  in  Figs.  10(a),  10(b), 
and  10(c),  respectively. 

Since  the  velocity  profiles  used  in  all  the  calculations  shown  in  Figs.  9  and  10  are  the  same,  the  surface  area  of 
the  inner  cone  (or  the  height  of  the  inner  cone  for  equal  base  diameters)  directly  represents  the  flame  speed.  As  seen 
from  Figs.  9(a)  and  9(b)  the  Violi-Small  and  Violi-Large  mechanisms  yielded  identical  inner  cones  and,  hence,  have 
the  same  flame  speeds.  Only  a  minor  difference  in  the  burning  intensity  at  the  inner  cone  tip  is  observed  for  the 
premixed  flames  predicted  by  these  two  mechanisms  (See  Figs.  9(a)  and  9(b)).  On  the  other  hand,  the  Zhang 
mechanism  resulted  in  flashback  and  flame  propagated  into  the  fuel  tube.  Also,  the  flame  appears  to  be  stabilized  at 
the  inlet  boundary  through  altering  the  flow  fluxes  (rates).  This  seems  unrealistic.  Flashback  resulted  because  of 
the  higher  flame  velocity  predicted  by  this  chemical-kinetics  mechanism.  This  is  consistent  with  the  higher 
extinction  strain  rate  in  Fig.  2  and  the  shortest  separation  between  the  flame  base  and  the  inflow  boundary  in  Fig. 
7(c). 

The  inner  cone  of  the  premixed  flame  predicted  by  the  Mawid  mechanism  with  Surrogate- 1  mixture  is  nearly 
twice  longer  and,  hence,  half  the  flame  speed  than  those  predicted  by  the  Violi  mechanisms.  Such  prediction  again  is 
consistent  with  the  findings  made  for  the  Mawid  mechanism  with  opposed-  and  coaxial-nonpremixed-jet  flames. 
Interestingly,  Surrgates  2  and  3  with  the  Mawid  mechanism  also  resulted  in  nearly  a  50%  decrease  in  flame 
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velocities.  The  post  combustion  region  (i.e.,  the  region  outside  the  inner  cone)  is  nearly  the  same  in  all  the  flames 
except  that  predicted  by  Zhang  mechanism. 


IV.  Summary 

A  time-dependent,  detailed-chemistry  CFD  model  (UNICORN)  is  developed  for  utilizing  large  chemical-kinetics 
mechanisms  that  are  required  for  the  prediction  of  different  types  of  reacting  flows  associated  with  JP-8  fuel. 
Performances  of  four  detailed-chemical-kinetics  models,  namely  Violi-Small  (161  species  and  1538  reactions), 
Violi-Large  (216  species  and  9654  reactions),  Zhang  (208  species  and  2186  reactions),  and  Mawid  (226  species  and 
3230  reactions)  for  mimicking  JP-8  fuel  are  evaluated  using  UNICORN  and  through  the  simulation  of  opposed  jet 
nonpremixed,  coaxial  nonpremixed  jet,  and  coaxial  premixed  jet  flames.  Characteristics  of  three  different  surrogate 
mixtures  for  JP-8  fuel  with  6  or  12  compounds  are  investigated  using  Mawid  mechanism.  The  extinction 
characteristics  of  the  chemical-kinetics  models  and  surrogate  mixtures  are  studied  through  the  simulation  of  opposed 
jet  nonpremixed  flames.  Violi-Small  and  Violi-Large  mechanisms  resulted  in  limiting  extinction  strain  rates  that  are 
close  (within  90%)  to  a  measurement.  While  the  flames  obtained  with  Zhang  mechanism  were  found  to  be  the  most 
difficult  ones  to  extinguish,  those  obtained  with  Surrogate- 1  mixture  in  Mawid  mechanism  were  easy  to  extinguish. 
Numerical  experiments  performed  for  the  sensitivity  of  individual  compounds  in  Surrogate- 1  mixture  suggested  that 
removal  of  hexadecane  improves  the  extinction  limit  for  the  flame  significantly.  The  stability  characteristics  are 
assessed  from  the  simulations  of  coaxial  nonpremixed  jet  flames  and  the  flame-speed  properties  are  evaluated  by 
simulating  Bunsen-type  premixed  flames.  Zhang  mechanism  yielded  highest  stability  for  the  nonpremixed  jet  flame 
and  highest  flame  velocity  for  the  stoichiometric  mixture  of  JP-8  and  air.  Surrogates  2  and  3  in  Mawid  mechanism 
resulted  coaxial  nonpremixed  jet  flames  that  are  more  stable  than  those  obtained  with  Violi  mechanisms  yet,  the 
flame  velocities  predicted  by  Mawid  mechanism  are  lower  than  those  predicted  by  Violi  mechanisms.  Surrogates 
land  3  in  Mawid  mechanism  resulted  very  different  limiting  strain  rates  for  opposed  jet  flame,  however  the  flame 
velocities  computed  with  these  surrogates  are  nearly  the  same. 
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Table  1.  Representation  of  JP-8  Fuel  in  Various  Chemical-Kinetics  Models. 


Fuel  Components 

Violi-Small 

Mechanism 

Violi-Large 

Mechanism 

Zhang 

Mechanism 

Mawid  Mechanism 

Surrogate- 1 

Surrogate-2 

Surrogate-3 

n-decane  (n-C10H22) 

0 

0 

0 

16.2 

0 

25 

n-dodecane  (n-C12H26) 

30 

30 

73.5 

21 

30 

25 

n-tetradecane  (n-C14H30) 

20 

20 

0 

15.6 

20 

20 

n-hexadecane  (n-C  1 6H34) 

0 

0 

0 

10.2 

0 

0 

i-octane  (I-C8H18) 

10 

10 

5.5 

5.7 

10 

5 

Cyclooctane  (c-C8H16) 

0 

0 

0 

4.7 

0 

0 

Methylnaphthalene  MCH 
(C11H10) 

20 

20 

10 

5.1 

20 

5 

1  -methylnaphthalene 
(C11H10) 

0 

0 

0 

3.9 

0 

0 

Tetralin  (Cl OH  12) 

5 

5 

0 

4.1 

5 

0 

1 ,2,4,5-tetramethylbenzene 
(C9H12) 

0 

0 

0 

4.4 

0 

0 

Butylbenzene  (Cl OH  14) 

0 

0 

0 

4.6 

0 

0 

m-xylene  (C8H10) 

15 

15 

0 

4.5 

15 

0 

Toluene  (C7H8) 

0 

0 

10 

0 

0 

20 

Benzene  (C6H6) 

0 

0 

1 

0 

0 

0 

Molecular  Weight 

144.38 

144.38 

151.3 

156.87 

144.38 

146.89 
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Fig.  1.  Opposing-jet  nonpremixed  JP-8  flame.  Temperature  and  velocity  fields  obtained  with  Violi-Small 
mechanism  are  shown  on  the  left  half  and  those  obtained  with  Mawid’s  mechanism  are  shown  on  the  right  half. 


Fig.  2.  Variations  of  peak  temperature  of  a  nonpremixed  JP-8  flame  with  strain  rate  obtained  using  different 
chemical-kinetics  mechanisms.  Fuel/N2  mass  ratio  and  temperature  on  the  fuel  stream  are  0.08  and  394  K, 
respectively.  Extinction  with  a  given  chemical-kinetics  model  occurred  for  all  strain  rates  greater  than  the  right  most 
value  shown  for  each  curve.  Measured  extinction  strain  rate  is  shown  with  a  vertical  bar. 
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Fig.  3.  Temperature  and  species  distributions,  predicted  using  Violi-Small  chemical-kinetics  mechanism,  along  the 
centerline  of  the  opposing-jet  nonpremixed  JP-8  flame  with  a  global  strain  rate  is  115  s"1. 
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Fig.  4.  Temperature  and  species  distributions,  predicted  using  Mawid  chemical-kinetics  mechanism,  along  the 
centerline  of  the  opposing-jet  nonpremixed  JP-8  flame  with  a  global  strain  rate  is  115  s"1. 
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Fig.  5.  Variations  of  width  (based  on  temperature  distribution)  of  a  nonpremixed  JP-8  flame  with  strain  rate  obtained 
using  different  chemical-kinetics  mechanisms.  Fuel/N2  mass  ratio  in  the  fuel  stream  is  0.08. 


Fig.  6.  Variations  of  peak  temperature  of  nonpremixed  JP-8  flame  with  strain  rate  obtained  using  different  chemical- 
kinetics  mechanisms.  Fuel/N2  mass  ratio  and  temperature  on  the  fuel  stream  are  0.08  and  500  K,  respectively. 
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Fig.  7.  Structure  of  JP-8  nonpremixed  jet  flame  predicted  using  (a)  Violi-Small,  (b)  Violi-Large,  and  (c)  Zhang  mechanisms. 
Iso  contours  of  MCH  (dashes)  and  H2  (solid)  are  superimposed  on  temperature  distribution  on  the  left  half  and  iso  contours  of 
benzene  (dashes)  and  OH  (solid)  are  superimposed  on  the  right  half. 


Fig.  8.  Structure  of  JP-8  nonpremixed  jet  flame  predicted  using  Mawid  mechanism  with  (a)  surrogate- 1,  (b)  surrogate-2,  and 
(c)  surrogate-3  mixtures.  Iso  contours  of  MCH  (dashes)  and  H2  (solid)  are  superimposed  on  temperature  distribution  on  the  left 
half  and  iso  contours  of  benzene  (dashes)  and  OH  (solid)  are  superimposed  on  the  right  half. 
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Fig.  9.  Structure  of  stoichiometric  JP-8  premixed  flame  predicted  using  (a)  Violi-Small,  (b)  Violi-Large,  and  (c)  Zhang 
mechanisms.  Iso  contours  of  MCH  (dashes)  and  H2  (solid)  are  superimposed  on  temperature  distribution  on  the  left  half  and  iso 
contours  of  benzene  (dashes)  and  OH  (solid)  are  superimposed  on  the  right  half. 


Fig.  10.  Structure  of  stoichiometric  JP-8  premixed  flame  predicted  using  Mawid  mechanism  with  (a)  surrogate- 1,  (b)  surrogate-2, 
and  (c)  surrogate-3  mixtures.  Iso  contours  of  MCH  (dashes)  and  H2  (solid)  are  superimposed  on  temperature  distribution  on  the 
left  half  and  iso  contours  of  benzene  (dashes)  and  OH  (solid)  are  superimposed  on  the  right  half. 
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Numerical  Studies  on  Soot  Mitigation  in  a  Model  Gas- 

Turbine  Combustor 
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A  time-dependent,  detailed-chemistry,  computational-fluid-dynamics  (CFD)  model  is 
developed  for  the  evaluation  of  the  performance  of  a  soot-reducing  additive  in  a  model  swirl- 
stabilized  combustor.  While  commercial  JP-8  fuel  was  used  in  the  experiments,  a  6- 
component  surrogate  mixture  was  used  in  the  calculations  for  mimicking  the  JP-8-fuel 
combustion.  Di-teritiary-butyle-peroxide  (DTBP)  additive,  which  is  known  for  improving  the 
ignition  characteristics  of  hydrocarbon  fuels,  was  tested  for  its  ability  in  reducing  the  soot. 
Detailed  chemical  kinetics  were  used  for  the  simulation  of  JP-8+DTBP  combustion  and  the 
consequent  formation  of  PAH  species.  Calculations  were  made  for  different  equivalence 
ratios  obtained  through  varying  the  fuel  jet  velocity  while  keeping  the  airflow  unaltered. 
Turbulent-flow  simulations  with  the  base  JP-8  fuel  revealed  that  significant  amount  of  soot 
is  formed  for  fuel-rich  conditions  while  no  or  negligible  soot  is  formed  for  equivalence  ratios 
less  than  0.8.  Addition  of  DTBP  for  the  fuel-rich  operating  conditions  resulted  in  only  a 
marginal  decrease  in  the  amount  of  soot  formed.  Its  effect  on  fuel-lean  operation  of  the 
combustor  is  also  found  to  be  negligible.  However,  DTBP  seems  to  be  more  effective  in 
reducing  the  soot  when  the  combustor  is  operating  in  the  neighborhood  of  stoichiometric 
conditions.  Consistent  with  these  results,  calculations  made  for  a  simple  jet  diffusion  flame 
also  revealed  that  DTBP  has  no  effect  on  soot  formation  when  it  was  added  to  the  fuel  jet. 


I.  Introduction 

SWIRLING  jets  are  commonly  used  in  gas-turbine  engines  to  achieve  compact,  stable,  and  efficient  combustion. 

The  flowfield  in  the  primary  zone  of  a  swirl  combustor  is  characterized  by  recirculation  zones  with  high  shear 
stresses  and  turbulent  intensities  that  result  in  vortex  breakdown  and  motion  of  large-scale  flow  structures.1,2  These 
unsteady  fluid  elements  and  recirculation  zones  can  significantly  increase  the  formation  of  pollutants  such  as  carbon 
monoxide  (CO),  nitric  oxide  (NO),  unbumed  hydrocarbons  (UHC),  and  soot.3"5  However,  the  mechanisms  that  lead 
to  enhanced  pollutants  formation  in  swirl- stabilized,  liquid-fueled  combustors  are  not  fully  understood.  Previous 
experimental  investigations  have  relied  on  exhaust-gas  measurements  and  parametric  studies  to  gain  insight  into  the 
effects  of  various  input  conditions  on  soot  loading.6'10  Much  of  the  fundamental  knowledge  concerning  soot 
formation  is  derived  from  theoretical  investigations  of  laminar  diffusion  flames,11,12  with  only  a  limited  number  of 
studies  being  focused  on  turbulence  effects.13,14  The  importance  of  considering  unsteadiness  and  fluid- flame 
interactions  was  demonstrated  by  Shaddix  et  al.,14  who  found  that  a  forced  unsteady  methane/air  diffusion  flame 
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produced  a  four-fold  increase  in  soot  volume  fraction  (as  a  result  of  increased  particle  size)  as  compared  with  a 
steady  flame  having  the  same  mean  fuel-flow  velocity.  Recent  calculations  of  Katta  et  al.15  have  suggested  that 
presence  of  large-scale  structures  in  dynamic  flames  could  influence  the  way  polycyclic-aromatic-hydrocarbon 
(PAH)  species  are  formed  and;  thereby,  could  impact  the  amount  of  soot  produced. 

A  quick  control  on  the  soot  produced  by  the  liquid-fueled  combustors  can  be  achieved  through  the  use  of 
additives.  Properly  designed  additives  suppress  soot  emissions  via  two  paths:  destruction  of  soot  particles  previously 
formed,  or  prevention  of  inception  reactions.  The  latter  offers  a  potential  order  of  magnitude  soot  reduction;  hence  it 
is  desirable  to  develop  and  tailor  jet  fuel  formulations  to  mitigate  particulate  formation.  The  di-tertbutyl  peroxide 
(DTBP)  has  been  shown  experimentally  to  alter  both  gas-phase  combustion16  and  soot  production.  Drop-tube17 
experimental  results  indicated  that  adding  DTBP  to  the  fuel  could  reduce  the  amount  of  soot  produced.  The  goal  of 
the  current  investigation  is  to  simulate  and  understand  the  effects  of  DTBP  on  soot  formation  in  the  highly  dynamic 
environment  of  a  modeled  swirl-stabilized,  liquid- fueled  combustor. 

Various  attempts  have  been  made  in  the  past  to  develop  models  for  soot  predictions.  Some  of  these  models  are 
detailed,  and  have  been  calibrated  against  experimental  data  obtained  in  laminar,  premixed  or  diffusion  flames  of 
simple  configurations.  For  example,  Frenklach  and  coworkers18  proposed  a  detailed  kinetic  model  of  soot  formation 
and  validated18,19  using  measurements  of  laminar,  premixed  flames  while  Mauss,  Bockhom  and  their  coworkers20,21 
established  a  different  detailed  soot  model  that  was  tested  in  laminar,  counter-flow  diffusion  flames.  The  detailed 
kinetics  based  soot  model  consists  of  1)  gas-phase  chemistry  and  2)  kinetics  describing  the  particle  growth  and 
destruction  processes.  The  gas-phase  chemistry  describes  the  formation  of  PAHs. 22,23  The  particle  growth  and 
destruction  involve  inception/  nucleation  of  particles  resulting  from  coagulation  of  PAHs  and  are  modeled  via  a  set 
of  surface  reactions,18"21  and  particle  coagulation  is  modeled  based  on  the  method  of  moments18'21  or  the  discrete- 
sectional  method.24,25 

The  complexity  and  the  uncertainties  associated  with  the  detailed  kinetic  soot  models  made  their  application 
limited  to  simple  laminar  flames.  On  the  other  hand,  for  the  simulation  of  turbulent  combustor  flows,  a  variety  of 
simplified  soot  models  that  can  be  easily  implemented  into  design  codes  have  been  proposed.26  The  most  widely 
used  models  are  based  on  the  assumption  that  soot  consists  of  particles  with  mono-disperse  size  distribution.  Then 
the  soot  formation,  coupled  directly  to  the  fuel  concentration,  is  modeled  by  one  or  two  equations:  one  for  the 
particle  volume  fraction  and  the  other  for  the  particle  number  density. 

Leung  et  al.27  argued  that  the  intermediate  species  contributing  to  the  soot  particle  formation  should  be  connected 
to  at  least  the  pyrolysis  kinetics  of  the  fuel.  For  simplicity,  they  assumed  acetylene  to  be  the  intermediate  species  and 
proposed  a  simplified  soot  model  combined  with  the  gas-phase  kinetics  of  fuel  pyrolysis  for  counterflow,  ethylene 
and  propane  flames27  as  well  as  coflow,  methane  flames.28  The  results  showed  that  with  this  approach  good 
agreement  with  measured  data  for  soot  volume  fraction,  particle  growth  and  number  density  could  be  obtained.  In 
the  present  work,  a  model  similar  to  that  of  Leung  et  al.27  is  used  for  the  prediction  of  soot  formation  in  swirl- 
stabilized  combustors  fueled  with  JP-8  fuel.  Detailed  chemical  kinetics  for  JP-8  fuel  and  DTBP  additive  and  the 
two-step  soot  model  are  incorporated  into  a  well-tested  CFD  code  UNICORN.  Numerical  results  obtained  for 
combusting  flows  with  different  equivalence  ratios  and  additive  concentrations  are  compared. 

II.  Mathematical  Model 

A  time-dependent,  axisymmetric  mathematical  model  known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)29,30  is  used  for  simulating  the  turbulent  combusting  flows  in  the  model  swirl  combustor.  It  solves 
for  u-  and  v-momentum  equations,  continuity,  and  enthalpy-  and  species-conservation  equations  on  a  staggered- grid 
system.  A  clustered  mesh  system  is  employed  to  trace  the  large  gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical-kinetics  model  of  Violi  et  al.31  is  incorporated  into  UNICORN  for  the  investigation  of  soot 
formation  in  JP-8  flames.  It  consists  of  161  species  and  1538  reaction  steps.  For  the  investigation  of  the  effects  of 
adding  DTBP  a  detailed  chemical-kinetics  model  developed  by  Bozzelli32  is  also  incorporated. 

The  0-0  bond  in  DTBP  is  weak,  with  bond  energy  of  about  43.5  kcal/mol.  At  high  temperatures,  DTPB 
dissociates  quickly  to  form  two  tertiary  butoxy  radicals,  which,  in  turn,  form  acetone  and  CH3  radical.  Acetone 
decomposes  at  high  temperatures  to  form  two  methyl  radicals  and  CO  or  will  react  with  the  radical  pool  or  02  to 
form  an  acetonyl  radical.  Further  reactions  of  the  acetonyl  radical  produce  additional  methyl  radicals,  O,  and  OH. 
DTBP  may  also  react  with  the  radical  pool  or  02  to  form  hydrocarbon  peroxide  radicals.  Further  reactions  of  these 
radicals  release  energy  and  produce  methyl,  O,  and  OH  radicals  through  chain-branching  processes.  All  these 
processes  are  represented  via  elementary  reaction  steps  within  the  DTBP  chemical-kinetics  mechanism,  which 
consists  of  95  species  in  addition  to  those  used  in  the  JP-8  mechanism  and  724  additional  reactions.  Thus,  DTBP  can 
speedup  ignition  via  exothermically  enhancing  the  radical  pool.  The  enhanced  radical  pool  can  also  decrease  soot 
production  by  speeding  oxidation  of  soot  precursor  species  and  of  the  soot  particles  themselves.  Decreasing  the 
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ignition  time  may  increase  or  decrease  soot  production  depending  on  the  system. 

DTBP  additive  is  added  to  the  JP-8  fuel  jet  of  the  swirl  combustor  in  small  proportions.  JP-8  fuel  is  considered  as 
a  surrogate  mixture  of  30%  (by  volume)  n-dodecane  (n-Ci2H26),  20%  n-tetradecane  (n-Ci4H30),  10%  of  iso-octane 
(I-C8H18),  20%  of  methylcyclohexane  MCH  (C7H14),  5%  of  tetrlin  (Ci0H12),  and  15%  of  m-xylene  (C8H10).  Thermo¬ 
physical  properties  such  as  enthalpy,  viscosity,  thermal  conductivity,  and  binary  molecular  diffusion  of  all  the 
species  are  calculated  from  the  polynomial  curve  fits  developed  for  the  temperature  range  300  -  5000  K.  Mixture 
viscosity  and  thermal  conductivity  are  then  estimated  using  the  Wilke  and  Kee  expressions,  respectively.  Molecular 
diffusion  is  assumed  to  be  of  the  binary-diffusion  type,  and  the  diffusion  velocity  of  a  species  is  calculated  using 
Fick’s  law  and  the  effective-diffusion  coefficient  of  that  species  in  the  mixture.  Turbulence  is  modeled  using  k-c 
approach.  A  simple  radiation  model  based  on  the  optically  thin-media  assumption  is  incorporated  into  the  energy 
equation  for  treating  radiation  heat  loss  from  gaseous  spcies.33  Only  CH4,  CO,  C02,  and  H20  are  considered  as 
radiating  species  in  the  present  study.  Heat  losses  from  soot  particles  are  computed  assuming  blackbody  radiation 
from  the  carbonatious  soot  particles.34 

The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit  QUICKEST  scheme,35  and 
those  of  the  species,  energy,  k  and  c  equations  are  obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step,  the  pressure  field  is  accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  using  the  LU  (Lower  and  Upper  diagonal)  matrix-decomposition  technique.  The 
boundary  conditions  are  treated  in  the  same  way  as  that  reported  in  earlier  papers.36 

Soot  Model: 

Computational  soot  models  based  on  the  fundamental  physics  of  soot  formation  and  oxidation  are  not  yet 
available.  The  research  groups  around  Moss  and  Lindstedt  have  made  some  progress  in  modeling  soot  formation 
using  semiempirical  models  based  on  the  mechanisms  of  particle  inception,  agglomeration,  surface  growth,  and 
oxidation.  Both  the  groups  utilized  two  equation  models  with  transport  equations  for  particle  number  density,  Ns, 
and  soot  mass  fraction,  Ys.  These  equations  can  be  written  for  unsteady  flow  as 

^+V-(pVN,)-V-(pDliyN^oNt  (1) 

^+V(pVY,)-V-(pD,VY,)=a,,  (2) 

where  V  is  the  velocity  vector,  p  is  density,  D  is  the  molecular  diffusion  coefficient,  and  co  is  the  production  term 
from  chemical  reactions.  The  two  source  terms  in  Eqs.  1  and  2  are  obtained  using  Lindstedt’ s  mode,l36  which  is 
based  on  the  simplifying  assumption  that  nucleation  and  growth  are  first-order  functions  of  acetylene  concentrations. 
Soot  oxidation  was  considered  primarily  due  to  the  presence  of  02  and  OH.  Finally,  soot  agglomeration  was  treated 
as  a  source  term  in  Eq.  2. 

The  simulations  presented  here  are  performed  on  AMD  Opteron  Personal  Computer  with  2.0  GB  of  memory. 
Typical  execution  time  is  -50  s/time-step  for  the  swirl-stabilized-combustor  simulations.  Steady  state  solutions  are 
typically  obtained  in  about  20,000  time  steps  starting  from  the  solution  obtained  using  the  global  combustion 
chemistry  model. 


III.  Results  and  Discussion 


A.  Studies  on  Jet  Diffusion  Flames 

The  CFD  model  UNICORN  has  been  extensively  validated  in  the  past  by  simulating  various  steady  and  unsteady 
counterflow  ’  and  coflow  ’  jet  diffusion  flames  and  by  comparing  the  results  with  the  experimental  data.  This 
gives  confidence  that  UNICORN  can  simulate  the  structure  of  dynamic  flames  accurately.  However,  the  integration 
of  JP-8  chemistry  (with  and  without  DTBP  kinetics)  into  UNICORN  needs  to  be  validated  to  establish  the  accuracy 
of  the  present  predictions.  For  this  purpose  a  number  of  calculations  were  performed  for  simple  jet  diffusion  flames 
for  which  qualitative  understanding  has  been  established. 

The  flame  chosen  is  a  pure  diffusion  flame  formed  between  gaseous  JP-8  fuel  and  air.  The  velocity  of  the  fuel 
injected  from  a  1.0-mm  diameter  tube  at  room  temperature  is  0.2  m/s,  while  that  of  the  annulus  air  is  fixed  at  0.05 
m/s.  DTBP  additive  is  added  to  the  fuel  jet  by  replacing  the  equal  amount  of  JP-8  such  that  the  exit  velocity  of  the 
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fuel  jet  is  not  altered.  Axisymmetric  calculations  for  this  jet  diffusion  flame  are  performed  for  various  concentrations 
of  DTBP  on  a  non-uniform  grid  system  of  1 5 1x7 1. 

Results  obtained  for  the  base  flame  (without  adding  any  DTBP)  are  shown  in  Fig.  1.  The  iso-temperature  plot  in 
Fig.  1(a)  suggests  that  significant  preheating  of  fuel  prior  to  entering  into  the  flame  zone  is  taking  place.  Flame,  in 
general,  is  burning  intensely  in  the  shoulder  region  with  a  significantly  cooled  flame  tip.  The  peak  temperature  is 
about  2000  K.  Distribution  of  the  soot  formed  in  this  flame  is  shown  in  Fig.  1(b).  As  expected,  significant  amount  of 
soot  is  produced  at  the  flame  tip,  which  gradually  burned  off  in  the  downstream  locations. 

Variations  of  temperature  and  soot  volume  fraction  along  the  centerline  (r  =  0)  at  different  heights  for  several 
concentrations  of  DTBP  are  shown  in  Fig.  2(a).  Note,  the  temperature  at  the  flame  tip  is  only  about  1500  K  and  the 
peak  soot  concentration  is  located  slightly  downstream  of  the  flame  tip.  Radiation  from  soot  and  preferential  heat 
transport  due  to  non-unity  Lewis  numbers  are  causing  this  drop  in  flame  temperature  at  the  tip  from  2000  K. 
Addition  of  DTBP  has  only  marginal  effects  on  the  diffusion  flame.  In  general,  temperature  is  increasing  and  soot  is 
decreasing  with  the  addition  of  DTBP,  however,  these  changes  became  pronounced  only  for  DTBP  concentration  of 
30%.  At  this  high  concentration  of  DTBP  soot  in  the  exhaust  gases  has  been  reduced  by  -  50%  even  though  the 
peak  value  hasn’t  changed  much.  It  should  be  recalled  that  this  additive  is  known  for  reducing  the  ignition  delay 
time  and  its  effects  on  soot  reduction  are  unknown.  As  expected,  ignition  along  the  centerline  in  the  jet  diffusion 
flame  is  enhanced  with  the  addition  of  DTBP  while  the  final  temperature  in  the  exhaust  remained  nearly  the  same. 

Decomposition  of  DTBP  and  production  of  benzene  along  the  centerline  are  shown  in  Fig.  2(b).  Most  of  the 
added  additive  is  consumed  in  the  preheating  region  of  the  fuel  (i.e.,  T  <  1000  K)  prior  to  the  formation  of  benzene. 
Figure  2(b)  further  suggests  that  the  peak  concentration  of  benzene  is  decreasing  with  the  addition  of  DTBP,  which 
means  that  the  soot  reduction  observed  with  this  additive  is  occurring  through  a  decrease  in  formation  rate  rather 
than  through  increase  in  soot  destruction  rate. 

B.  Studies  Swirl-Stabilized-Combustor 

The  near-field  structure  of  swirl- stabilized  flames  is  highly  dependent  upon  the  characteristics  of  the  fuel 
injector  and  the  geometry  of  the  surrounding  flame  tube.  The  injector  configuration  used  in  the  modeled  swirl- 
stabilized  combustor  is  a  generic  swirl-cup  liquid-fuel  injector  studied  at  the  Atmospheric  Pressure  Combustor 
Research  Complex  of  the  Air  Force  Research  Laboratory’s  Propulsion  Directorate.40  It  employs  pressure 
atomization  and  dual-radial,  counter- swirling  co-flows  of  air  to  entrain  the  fuel,  promote  droplet  break-up,  and 
enhance  mixing.  The  model  gas-turbine  combustor  contains  a  swirl  cup,  flame  tube  and  exhaust  nozzle  and  the 
details  of  the  combustor  are  provided  in  the  Refs.  40  and  41.  The  40-mm- exit-diameter  swirl  cup  is  installed  at  the 
entrance  of  a  15.25  cm  x  15.25  cm  square-cross-section  flame  tube.  After  exiting  the  primary  flame  zone,  the 
combustion  products  are  allowed  to  mix  thoroughly  along  the  48-cm  long  flame  tube  before  entering  a  43-cm-long, 
5.7-cm  exit-diameter  exhaust  nozzle  that  is  designed  to  create  a  uniform  exhaust-gas  temperature  and  concentration 
profiles. 

Axisymmetric  mathematical  model  for  the  swirl-stabilized  combustor  is  constructed  using  a  17.2-cm  diameter, 
48-cm  long  chimney  and  with  thin  tubes  separating  the  fuel  and  air  flows  at  the  combustor  entrance.  Gaseous  JP-8 
fuel  along  with  DTBP  additive  is  injected  at  the  center  while  the  two  outer  air  jets  are  forced  into  the  combustor  with 
counter  swirling  motions.  The  computational  domain  was  discretized  using  a  non-uniform  grid  system  of  251x126. 

Calculations  for  the  swirl-stabilized  combustor  are  made  for  different  equivalence  ratios  and  additive 
concentrations.  It  was  found  that  the  effectiveness  of  DTBP  in  highly  fuel-rich  conditions  is  very  limited.  However, 
as  the  equivalence  ratio  is  decreased  the  effectiveness  of  DTBP  also  increased.  Results  for  a  marginally  fuel-rich 
condition  (([>  =  1.15)  are  shown  in  Fig.  3.  Temperature  distributions  inside  the  combustor  are  plotted  in  Figs.  3(a)  and 
3(b)  for  no  additive  case  and  5%  DTBP  case,  respectively.  The  nozzle  geometry  incorporated  in  the  model  is  also 
shown  in  these  figures.  Gaseous  JP-8  (or  JP-8+DTBP)  is  injected  from  a  4-mm  hole  at  the  center  with  an  axial 
velocity  of  40  m/s  and  swirl  angle  of  70°.  Such  high  swirl  angle  for  the  fuel  jet  was  used  in  order  for  representing 
the  cone  angle  of  the  liquid  spray.  Fuel  jet  is  immediately  surrounded  with  a  2-mm- thick  wall  and  then  a  high-speed 
air  jet  with  axial  velocity  of  100  m/s  and  a  swirl  angle  of  -30°.  A  second  air  jet  of  100  m/s  is  issued  through  the  5 
mm  annulus  gap  between  the  nozzle  walls  at  a  velocity  of  100  m/s  and  at  a  swirl  angle  of  45°.  The  velocity  of  the 
fuel  jet  was  changed  for  achieving  different  equivalence-ratio  conditions. 

The  swirling  air  jets  merge  and  expand  radially  as  they  propagate  downstream.  Such  radial  expansion  of  high 
momentum  air  jets  created  two  torroidal  recirculation  regions— one  in  the  comer  and  the  other  one  at  the  center. 
Typically,  flames  can  establish  along  either  or  both  of  these  recirculation  zones.42  The  temperature  field  in  Fig.  3(a) 
suggests  that  the  corner  recirculation  zone  has  become  the  hottest  region  for  this  fuel-rich  case.  Flame  is  anchored 
between  the  air  jets  and  the  comer  recirculation  zone  and  no  flame  was  established  between  the  air  jets  and  the 
central  recirculation  zone.42  This  was  more  evident  in  the  OH  plot  (not  shown  here). 
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Addition  of  5%  DTBP  has  not  changed  the  temperature  significantly.  Figure  3(b)  indicates  a  slight  increase  in 
temperature  in  the  region  where  the  air  jets  are  impinging  the  combustor  wall  (z  ~  1 1  cm).  Soot  produced  in  the 
combustor  with  and  without  DTBP  is  shown  in  Figs.  3(c)  and  3(d).  Significant  amount  of  soot  is  generated  under 
these  fuel-rich  operating  conditions.  Even  though  some  soot  is  found  in  the  corner  recirculation  zones,  most  of  it  is 
actually  generated  in  the  central  recirculation  zone  and  carried  into  the  former.  Significant  soot  growth  has  occurred 
in  the  region  downstream  of  the  central  recirculation  zone  (z  >  25  cm). 

A  comparison  of  soot  distributions  obtained  with  and  without  DTBP  [Figs.  3(c)  and  3(d)]  suggests  that  5% 
addition  of  DTBP  has  significantly  reduced  the  soot  levels.  In  fact,  reduction  in  soot  is  evident  in  all  regions  of  the 
combustor.  Such  soot  reduction  was  not  observed  either  in  the  jet  diffusion  flames  or  in  the  combustor  flows  under 
high  §  conditions. 

Distributions  of  temperature  and  various  species  along  the  centerline  are  shown  in  Figs.  4(a)  and  4(b)  for 
different  amounts  of  DTBP.  Similar  to  the  results  obtained  for  a  jet  diffusion  flame  (Fig.  2)  addition  of  DTBP  has 
also  increased  the  centerline  temperature  in  the  swirl- stabilized  combustor.  However,  DTBP  seems  be  more 
effective  in  the  combustor  than  in  jet  diffusion  flame.  The  low  concentrations  of  OH  along  the  centerline  suggest 
that  flame  is  not  established.  Interestingly,  acetylene  concentration  has  increased  in  certain  regions  and  decreased  in 
other;  whereas,  soot  was  reduced  everywhere. 

The  mass  integrated  soot  and  various  species  at  different  axial  locations  are  shown  in  Figs.  5(a)  and  5(b).  With 
the  addition  of  5%  DTBP  soot  mass  has  decreased  by  -  23%  at  z  =  30  cm.  On  the  other  hand,  further  increase  in 
DTBP  did  not  cause  much  reduction  in  soot.  Similarly,  PAH  species  such  as  benzene  and  Phenol  have  also 
decreased  with  the  addition  of  DTBP. 

Effect  of  adding  5%  DTBP  to  swirl-stabilized  combustor  operating  under  stoichiometric  =  1.0)  conditions  is 
shown  in  Fig.  6.  Fuel  jet  velocity  used  for  this  condition  was  30  m/s.  Temperature  distributions  obtained  with  and 
without  DTBP  are  shown  in  Figs.  6(a)  and  6(b),  respectively.  Significant  amounts  of  combustion  products  are 
entrained  into  the  comer  recirculaion  zone,  which,  in  turn,  are  supporting  the  flame.  Addition  of  DTBP  increased  the 
temperature  in  both  the  recirculation  regions.  Soot  formed  under  stoichiometric  conditions  is  shown  in  Fig.  6(c) 
without  the  addition  of  DTBP  and  in  Fig.  6(d)  with  the  addition  of  5%  DTBP.  Significant  reduction  in  soot  was 
obtained  in  this  case. 

Distributions  of  temperature  and  species  concentrations  along  the  centerline  are  shown  in  Figs.  7(a)  and  7(b). 
Temperature  of  the  central  recirculation  zone  has  increased  by  ~  150  K  with  the  addition  of  5%  DTBP.  More 
significantly,  another  flame  has  established  at  the  upstream  tip  of  the  central  recirculation  zone  as  evident  in  OH 
profile.  This  suggests  that  DTBP  additive  is  improving  ignition  in  the  swirl- stabilized  combustor.  Average  mass 
fractions  of  soot  and  other  species  at  several  cross  sections  along  the  combustor  length  are  plotted  in  Figs.  8(a)  and 
8(b).  Soot  mass  under  stoichiometric  conditions  has  decreased  by  ~  70%  with  the  addition  of  5%  DTBP. 
Interestingly,  benzene  and  phenol  PAHs  have  not  changed  much  with  the  addition  of  DTBP.  This  is,  in  part,  due  to 
the  rapid  burn-off  of  these  species  in  high-temperature  combustion  products  in  the  central  recirculation  zone. 

IV.  Summary 

A  time-dependent,  axisymmetric,  detailed-chemistry  CFD  model  was  developed  for  the  evaluation  of  the 
performance  of  di-tertiary-butyl-peroxide  (DTBP)  as  soot  reducing  additive  in  a  model  swirl-stabilized  combustor. 
Combustion  chemistry  and  PAHs  formation  associated  with  JP-8+DTBP  fuel  are  simulated  using  the  256-species, 
2262-reactions  mechanism  of  Violi  et  al31  and  Bozzelli32.  Soot  formation  is  modeled  using  a  two-variable  approach 
and  turbulence  is  modeled  using  k  and  equations.  The  CFD  code  (UNICORN)  was  tested  through  the  simulation 
of  a  laminar  jet  diffusion  flame  for  different  fuel  jet  velocities.  The  swirl-stabilized  combustor  with  a  square 
chimney  was  modeled  as  an  axisymmetric  combustor.  Several  calculations  were  made  by  varying  the  equivalence 
ratio  (by  changing  the  fuel  flow)  and  for  various  concentrations  of  DTBP  additive. 

DTBP  additive  was  found  to  be  ineffective  in  changing  sooting  characteristics  of  a  jet  diffusion  flame.  However, 
only  a  slight  reduction  in  soot  was  observed  when  DTBP  was  added  at  30%  level.  The  high  swirl  used  for  the  fuel 
and  air  jets  in  the  swirl- stabilized  combustor  expanded  the  air  jets  rapidly  and  created  corner  and  central 
recirculation  zones.  In  general,  addition  of  DTBP  to  the  swirl-stabilized  combustor  increased  the  recirculation-zone 
temperatures.  For  slightly  fuel-rich  case  =  1.15)  flame  was  stabilized  in  between  the  air  jets  and  the  comer 
recirculation  zone.  Addition  of  5%  DTBP  to  this  fuel-rich  combusting  flow  reduced  the  soot  by  23%.  On  the  other 
hand,  addition  of  5%  DTBP  to  the  combustor  operating  at  stoichiometric  conditions  reduced  the  soot  by  70%.  DTBP 
also  caused  the  flame  to  establish  between  the  air  jets  and  the  central  recirculation  zone.  DTBP  additive  was  found 
to  improve  ignition  characteristics  of  a  model  gas-turbine  combustor  and,  simultaneously,  to  reduce  the  soot 
formation.  However,  its  effectiveness  in  reducing  soot  has  decreased  with  equivalence  ratio  for  fuel-rich  operating 
conditions. 
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Fig.  1.  Jet  diffusion  flame  used  for  the  investigation  of  additive  effects  on  soot  formation,  (a)  Temperature,  and  (b) 
soot-mass-fraction  distributions  of  the  base  flame. 


Fig.  2.  (a)  Distributions  of  temperature  and  soot  volume  fraction  and  (b)  consumption  of  DTBP  and  production  of 
benzenealong  the  centerline  of  the  jet  diffusion  flame  for  different  concentrations  of  DTBP. 
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(a)  (b)  (c)  (d) 

Fig.  3.  Effect  of  DTBP  in  swirl- stabilized  combustor  operating  at  §  =  1.15.  Distributions  of  (a)  temperature  and  (c) 
soot  mass  fraction  when  no  additive  was  added;  (b)  and  (d)  are  those  when  5%  DTBP  was  added. 


Fig.  4.  Distributions  of  temperature  and  species  concentrations  along  the  centerline  for  various  amounts  of  DTBP 
added  to  the  fuel  jet.  §  =  1 . 15 
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Fig.  5.  Net  mass  fractions  of  soot  and  other  species  at  different  axial  locations  for  various  amounts  of  DTBP  added 
to  the  fuel  jet.  1.15. 


Fig.  6.  Effect  of  DTBP  in  swirl- stabilized  combustor  operating  at  §  =  1.00.  Distributions  of  (a)  temperature  and  (c) 
soot  mass  fraction  when  no  additive  was  added;  (b)  and  (d)  are  those  when  5%  DTBP  was  added. 
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Fig.  7.  Distributions  of  temperature  and  species  concentrations  along  the  centerline  for  various  amounts  of  DTBP 
added  to  the  fuel  jet.  §  =  1.0 


(a)  (b) 

Fig.  8.  Net  mass  fractions  of  soot  and  other  species  at  different  axial  locations  for  various  amounts  of  DTBP  added 
to  the  fuel  jet.  §  =  1.0 
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Periodic  jet  forcing  presents  interesting  opportunities  for  jet  mixing  for  a  variety  of  applications.  I  n  this  work, 
simulations  are  performed  to  study  the  effect  of  high-amplitude  forcing  on  laminar  jets  [Re  =  100)  with  net  mass 
flux.  For  the  cases  presented  in  this  work,  we  look  at  the  effects  of  simulating  the  internal  nozzle  and  show  that 
assumptions  about  the  nozzle  flow  have  a  large  effect  on  the  downstream  flow  evolution.  Studies  are  performed 
on  strongly  forced  axisymmetric  jets  in  two  geometries:  1)  jets  issuing  perpendicularly  from  a  flat  wall  and  2) 
jets  issuing  from  a  straight  tube  (nozzle).  The  amplitude  and  frequency  of  the  forcing  function  are  varied  to  study 
vortex  creation  and  subsequent  evolution  downstream  of  thejet.  For  example,  cases  in  which  the  peak  jet  velocity  is 
three  to  four  times  the  mean  jet  velocity  are  examined.  T  he  near-nozzle  region  was  of  particular  interest  due  to  the 
strong  mixing  processes  occurring  there.  We  discuss  how  nozzle  flow  processes  modify  the  creation  of  downstream 
large-scale  vortical  structures.  An  interesting  result  of  this  work  is  that  the  strongest  forcing  cases  possess  some 
striking  similarities  to  synthetic  jets.  For  such  cases,  the  flow  reversal  processes  at  thejet  exit  plane  are  investigated. 


Nomenclature 

A  =  amplitude  of  forcing 

D  =  nozzle  diameter 

f  =  frequency  of  forcing 

g  =  gravitational  acceleration 

Q  =  volumetric  flow  rate  across  cross  section  at  distance* 
downstream  of  nozzle 

Qe  =  volumetric  flow  rate  across  nozzle  exit 

Re  =  Reynolds  number,  U0D/v 

r  =  radial  distance 

Sr  =  Strouhal  number,  fD/U  max 

U max  =  maximum  axial  velocity  (occurs  at  25%  phase) 

U0  =  time-averaged  axial  velocity 

X  =  axial  distance  at  which  velocity  oscillations  are  less  5% 

of  time-averaged  velocity 
x  =  axial  distance 

v  =  kinematic  viscosity 

p  =  density 

I .  I  ntroduction 

1  ET  mixing  is  improved  in  laminar  flows  by  unsteady  forcing. 
I  The  ability  to  increase  the  mixing  rate  for  laminar  flows  is  im¬ 
portant  in  the  development  of  mesoscale  reactors  of  various  types. 
In  some  small-scale  (laminar)  combustion  reactors,  acoustically  ex¬ 
cited  and  pulsed-flow  flames  have  been  shown  to  have  significantly 
different  characteristics  in  terms  of  flame  length  and  luminosity 
when  compared  to  nonpulsed  flames.  Forced  jets  have  been  stud- 
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ied  in  the  literature  for  their  ability  to  modify  the  flow  field  and 
increase  the  jet  entrainment  rates.  Significantly  more  work  has  been 
performed  in  the  analysis  of  turbulent  pulsed  jets  as  compared  to 
laminar  jets  because  of  the  obvious  technological  applications  of 
turbulent  jets.  However,  with  increased  miniaturization  of  reactors 
of  all  types,  the  requirement  for  mixing  in  small-scale  and  lami¬ 
nar  flows  becomes  more  of  an  issue.12  In  addition,  there  may  be 
similarities  between  turbulent  and  laminar  unsteadily  forced  jets, 
and  insights  from  one  flow  regime  may  aid  in  interpretation  of  ob¬ 
servations  in  another  regime.  As  such,  we  will  review  some  of  the 
more  relevantturbulent  unsteadi  ly  forced  I iterature  i n  this  paper.  The 
seminal  work  by  Crow  and  Champagne3  showed  that  jet  forcing  in¬ 
creased  the  entrainment  rates  for  turbulent  jets.  They  also  found  a 
preferred  excitation  mode  at  Sr  =  0.3;  note  that  their  Strouhal  num¬ 
ber  is  based  on  the  mean  jet  exit  velocity  and  forcing  frequency. 
Hill  and  Greene4  and  Vermuelen  etal.5  have  also  reported  increased 
mixing  rates  and  entrainment  with  periodically  forced  jets. 

M  arzouk  etal.6  performed  simulations  on  weakly  forced  laminar 
jets.  (The  amplitude  was  less  than  20%  of  the  mean  velocity.)  The 
jet  velocity  profiles  revealed  that  the  effects  of  the  forcing  were 
restricted  to  thecore  of  thejet.  A  Iso,  they  observed  that  the  extent  of 
the  area  affected  by  the  forcing  depended  on  the  forcing  frequency. 

The  forcing  amplitudes  used  in  all  of  the  aforementioned  cases 
did  not  fully  modulate  the  flow,  that  is,  the  forcing  amplitude  was  al¬ 
ways  less  than  100%,  and  so  there  was  no  flow  reversal  at  the  nozzle 
exit.  Increasing  theforcing  amplitude  to  the  point  where  the  flow  is 
fully  modulated  allowsformuch  more  interesting  flow  dynamics.  In 
reacting  systems,  such  as  that  in  the  work  of  Shaddix  etal.,7  where  a 
laminar  reacting  jet  was  periodically/acoustically  forced,  significant 
changes  occurred  in  the  flame  characteristics.  Later,  particle  image 
velocimetry  (PIV)  data  for  the  same  experimental  conditions  were 
acquired  by  Papadopoulosetal.,8  and  they  showed  that  during  cer¬ 
tain  phases,  negative  velocities  are  present  in  the  near-nozzle  region 
for  moderately  and  strongly  forced  flames.  This  indicated  that  the 
fluid  was  being  sucked  back  into  the  nozzle.  Also,  shadowgraphs 
indicated  a  strong  mixing  of  the  cool  and  hot  regions  due  to  the 
forcing.  In  other  work,  M  uramatsu  and  Era9  studied  the  mixing  of 
pulsed  C02  gas  issuing  from  a  round  nozzle  into  still  air.  Veloc¬ 
ity  and  concentration  measurements  revealed  a  phase  lag  between 
concentration  and  velocity,  with  the  concentration  changing  after 
the  velocity.  Also,  the  mixing  of  gases  was  greatly  enhanced  near 
the  nozzle  exit  and  the  mass  fraction  of  the  C02  at  the54@zzle  exit 
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was  found  to  be  lower  than  unity,  indicating  that  air  from  the  sur¬ 
roundings  was  being  ingested  into  the  nozzle  during  parts  of  the 
cycle. 

It  can  be  argued  that  synthetic  jets,  jets  with  zero  net  mass  flux, 
can  be  considered  to  be  a  limiting  case  of  strongly  forced  periodic 
jets,  where  the  forcing  amplitude  is  infinitely  larger  than  the  mean 
velocity.  The  flow  field  developed  by  synthetic  jets  has  been  dis¬ 
cussed  in  detail  in  the  literature  by  Smith  and  Glezer,10  Cater  and 
Soria,11  and  Glezer  and  Amitay.12  Cater  and  Soria11  commented 
that  synthetic  jets  are  a  special  case  of  fully  pulsed  jets  where  the 
mean  velocity  of  the  jet  is  zero  due  to  the  pulsi  ng  action.  They  found 
that  turbulent  synthetic  jets  have  similar  cross-stream  velocity  pro¬ 
files  as  steady  jets,  but  with  different  spreading  and  decay  rates. 
Direct  numerical  simulation  studies  by  Rizzetta  etal.13  and  Lee  and 
Goldstein14  of  the  synthetic  jets  used  in  the  experiments  of  Smith 
and  G  lezer10  provided  further  insight  into  theflowfield  development 
of  slot  jets.  Rizzetta  et  al.13  presented  two-  and  three-dimensional 
computational  results.  They  simulated  the  oscillating  membrane  by 
applying  a  moving  boundary  condition  and  found  that  the  flow  in 
the  cavity  becomes  periodic  after  several  cycles.  Asa  result,  peri¬ 
odic  velocity  profiles  could  be  used  as  the  boundary  condition  at  the 
slotexitto  simulate  the  forcing  action.  The  two-dimensional  calcu¬ 
lations  by  Lee  and  Goldstein14  showed  that  the  Reynolds  number 
affected  the  slot  exit  flow  profile,  whereas  the  Strouhal  number  af¬ 
fected  the  jet  evolution  downstream  of  the  slot.  Bera  et  al.15  used 
PIV  to  examine  both  pulsed  jets,  that  is,  strongly  forced  jets  with 
net  mass  flux,  and  synthetic  jets  under  identical  forcing  conditions 
and  found  that  the  synthetic  jets  have  more  lateral  expansion  than 
the  pulsed  jets. 

In  this  study,  two  exit  flow  conditions  are  examined  in  terms  of 
their  influence  on  forced  laminar  jet  evolution.  We  study  forced 
laminar  wall  jets  (issuing  perpendicular  to  the  wall)  with  top-hat 
exit  velocity  profiles  and  with  fully  developed  velocity  profiles.  We 
also  examine  a  jet  flow  issuing  from  a  nozzle,  that  is,  astraighttube 
five  diameters  in  length,  embedded  in  the  computational  domain. 
For  both  types  of  problems,  the  forcing  frequency  and  the  forcing 
amplitude  are  varied  to  examine  their  effects  on  jet  evolution. 


II.  Numerical  Scheme 

A  finite  volume  computational  fluid  dynamics  (CFD)  code, 
UNICORN,  was  used  for  the  computations.  This  code  solves  the 
two-dimensional  axisymmetric  form  of  the  unsteady  conservation 
of  momentum  and  conservation  of  mass  equations  using  a  staggered 
grid,  where  velocities  take  face  values  and  where  pressure  and  den¬ 


sity  are  cell  centered, 

+  V  •  (pV)  =  0  (1) 

dV 

+  PV  •  VV  =  -VP  +  pg  -  V  •  t  (2) 

OL 

The  implicit  form  of  the  QUICKEST  scheme  is  used  for  dis¬ 
cretization  of  the  momentum  equation,  and  the  pressure  projec¬ 
tion  method  is  used  to  close  the  pressure/mass  conservation  re¬ 
lationship.  The  finite  difference  scheme  is  third-order  accurate  in 
space  and  third-order  accurate  in  time.  Katta  et  al.16  provide  fur¬ 
ther  details  about  the  numerical  schemes  and  the  individual  terms 
in  the  descretized  form  of  the  continuity  and  momentum  equa¬ 
tions.  The  time-step  size  in  the  calculations  is  limited  by  the 
Courant-Friedrichs-Lewy  condition,  viz., 

u (At/ Ax)  <  1  (3) 

The  iterative  alternate  direction  implicit  scheme  is  used  to  solve 
the  momentum  equations.  The  iterations  are  stopped  once  the  values 
of  the  velocity  components  converge  to  a  small  value: 

(<pn  -cpH-^/cpH-1  <  1(T5  or  <pn  —  (pn~l  <  10-5  (4) 

where  cp  is  the  velocity  component. 

The  pressure  Poisson  equation  is  set  up  based  on  the  continuity 
equation  and  is  solved  directly  using  the  lower- upper  decomposition 
method. 

Two  physical  situations  (domains)  were  modeled  in  this  study. 
The  first  one,  shown  in  Fig.  la,  involves  a  wall  jet  in  which  the 
computational  domain  is  stretched  to  12  cm  in  the  radial  direction 
and  40  cm  in  the  axial  direction.  A  nonuniform  grid,  with  410  points 
in  the  axial  direction  and  224  points  in  the  radial  direction,  was  used. 
The  grid  lines  were  clustered  in  the  shear-layer  region  near  the  jet 
exit  and  varied  in  size  from  0.01  to  0.4  cm  axially  and  from  0.01 
to  0.17  cm  radially.  Outflow  (zero-gradient)  boundary  conditions 
are  applied  at  the  right  side  and  top  boundaries,  whereas  symmetry 
boundary  conditions  are  applied  along  the  centerline.  The  bottom 
side  incorporates  the  wall  jet;  an  inlet  velocity  boundary  condition 
is  specified  over  the  radial  extent  of  0.5  cm,  and  the  wall  boundary 
condition  covers  the  remainder  of  the  boundary. 

The  second  domain  (Fig.  lb)  is  an  extension  of  the  first  domain 
to  explore  the  effects  of  a  nozzle.  O  nee  again  the  diameter  of  the  jet 
is  kept  at  1  cm,  but  the  nozzle  extends  5  cm  into  the  domain.  The 


Outflow  BC  (zero  gradients)  x=400  cm  Outflow  BC  x=400  cm 


a)  0. 1 7  m/s  b)  0. 1 7  m/s 

Fig.  1  Schematic  of  computational  domain  (not  to  scale):  a)  computational  domain  of  wall  jet  and  b)  domain  for  nozzle  jet?49 
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Table  1  Different  conditions  (amplitude  and  frequency) 
and  geometries  examined 


Geometry 

u  0 

Re(U0D/v) 

A,  % 

f,  Hz 

Sr(fD/Uma x) 

Wall  jet 

0.17 

100 

200 

2.5 

0.049 

Wall  jet 

0.17 

100 

200 

5 

0.098 

Wall  jet 

0.17 

100 

200 

10 

0.196 

Wall  jet 

0.17 

100 

200 

16 

0.314 

Wall  jet 

0.17 

100 

200 

50 

0.98 

Wall  jet 

0.17 

100 

200 

100 

1.961 

Wall  jet 

0.17 

100 

200 

200 

3.922 

Wall  jet 

0.17 

100 

200 

500 

9.804 

Wall  jet 

0.17 

100 

300 

5 

0.074 

Wall  jet 

0.17 

100 

300 

50 

0.735 

Wall  jet 

0.17 

100 

300 

100 

1.471 

Wall  jet 

0.17 

100 

300 

200 

2.941 

Wall  jet 

0.17 

100 

300 

500 

7.353 

Wall  jet 

0.17 

100 

1000 

50 

0.267 

Wall  jet 

0.51 

300 

200 

50 

0.327 

Wall  jet 

0.51 

300 

200 

500 

3.268 

Wall  jet 

0.51 

300 

300 

500 

2.451 

Wall  jet 

0.34  (FD)a 

100 

200 

5 

0.049 

Wall  jet 

0.34  (FD) 

100 

200 

50 

0.49 

Wall  jet 

0.34  (FD) 

100 

200 

500 

4.902 

Nozzle 

0.17 

100 

200 

5 

0.098 

Nozzle 

0.17 

100 

200 

50 

0.98 

Nozzle 

0.17 

100 

200 

500 

9.804 

aFD  indicates  fully  developed  velocity  profile,  with  the  peak  velocity  being  listed. 
All  other  cases  have  top- hat  velocity  profile. 


nozzle  wal  I  thickness  was  0.1  cm.  T  he  domai n  extends  400  cm  from 
the  nozzle  tip  in  the  axial  direction  and  12  cm  from  the  centerline 
in  the  radial  direction.  Once  again,  outflow  boundary  conditions  are 
applied  to  the  top  and  left  side  boundaries  and  asymmetry  boundary 
condition  was  applied  at  the  centerline.  In  this  case,  the  jet  velocity 
at  the  bottom  of  the  nozzle  was  descri  bed. 

A  steady-state  jet  was  simulated  to  benchmark  the  code  and  the 
numerical  scheme.  This  involved  an  air  jet  issuing  out  into  quiescent 
surroundings  (air).  This  steady-state  jet  solution  then  served  as  the 
initial  condition  for  theforced  jets.  Forall  of  thesimulations,  proper¬ 
ties  of  air  at  300  K  and  1  atm  w ere  used .  T he  basel  i ne  case  i s  a  steady 
jet  with  a  top-hat  velocity  profile  of  magnitude  17  cm/s.  The  diam¬ 
eter  of  the  jet  was  1  cm  and  the  Reynolds  number,  Re  =  U0D /v, 
was  100.  Uo  is  the  jet  exit  axial  velocity  and  D  is  the  jet  diame¬ 
ter.  Theforcing  cases  involved  using  a  velocity  function  of  the  form 
u  =  l/0[l  + A  si  n(27r  ft)].  This  function  gives  a  period-averaged  ve¬ 
locity  of  U0.  Based  on  theamplitudeof  forcing,  there  are  two  regimes 
for  forced  jets,  the  low  forcing  regime,  which  has  amplitudes  less 
than  or  equal  to  100%,  A  <  1,  and  the  high  forcing  regime,  with 
amplitudes  greater  than  100%,  A  >  1,  and  for  which  flow  reversal 
occurs.  One  expects  the  high-amplitude  forcing  to  produce  effects 
quite  different  than  those  with  low  forcing.  For  the  forcing  cases 
the  simulations  were  terminated  once  time-periodic  solutions  were 
obtained. 

Table  1  lists  the  different  cases  examined  in  this  study.  The 
nondimensional  frequency  istheStrouhal  number,  which  is  defined 
asSr=  fD/L/ max,  where  f  is  the  forcing  frequency  and  l/max  is  the 
peak  vel oci ty  al ong  the  centerl  i ne  at  the  j et  exit. 

III.  Results 
A.  Low-Amplitude  Forcing 

The  normalized  axial  velocity  profile  for  the  benchmark  steady 
jet  is  shown  in  Fig.  2.  Although  not  shown  in  Fig.  2,  the  results  are 
similar  to  those  obtained  in  a  similar  computational  study  by  Pai 
and  Hsieh.17The  axial  velocity  scales  asx-1  in  the  far- field  region 
as  suggested  by  Schlichting.18  The  Schlichting  solution,  adjusted 
for  the  point  source  of  momentum  as  suggested  by  Andrade  and 
Tsien,19  is  also  shown  in  Fig.  2. 

In  Fig.  2  the  normalized  axial  velocity  profile  for  a  case  identical 
to  that  performed  by  M  arzouketal.6  is  included.  The  M  arzouk  et  al. 
case  is  a  low-amplitude  forcing  problem,  A  =  10%,  with  Sr  =0.273 
and  the  25%  phase  shown.  This  particular  phase  has  the  maximum 


Fig.  2  Validation  of  centerline  velocity,  u/Uo,  with  axial  distance,  x/D, 
for  steady  jets  and  low-amplitude  forcing  laminar  jets;  current  steady 
jet  data,  /fc  =  100,  are  compared  with  analytical  solution  given  by 
Schlichting,18  and  the  low-amplitude  forcing  case,  A  =10%,  matches 
data  from  M  arzouk  et  al.6 

jet  exit  velocity  of  all  of  the  phases.  Consistent  with  the  results  by 
M  arzouk  et  al.,6  the  forcing  effects  on  the  axial  velocity  along  the 
centerline  seem  to  disappear  beyond  a  distance  of  8-10  diameters 
downstream  of  the  orifice,  and  beyond  this  downstream  distance  the 
profile  matches  that  of  the  steady-state  case.  The  varying  velocity 
field  along  the  centerl  i  ne  i  nd i cates  the  presence  of  vorti cal  structu res 
being  created  at  the  jet  orifice.  The  decay  of  the  oscillations  in  the 
velocity  profile  indicates  that  the  forcing  seems  to  affect  only  the  jet 
near-field  region  and  that,  farther  downstream,  the  oscillations  are 
attenuated. 

B.  High-Amplitude  Forcing 

I.  Wall ]  ets  (Without Nozzle) 

With  higher-amplitude  forcing,  one  expects  that  the  structures 
generated  at  the  jet  entrance  plane  would  get  larger  and  stronger.  To 
examine  this,  computations  with  200  and  300%  forcing  amplitude 
over  a  range  of  frequencies  were  performed.  Figure  3  shows  con¬ 
tour  plots  of  the  vorticity  field  along  with  the  velocity  vectors  for 
a  steady  jet  and  for  five  different  phases  for  the  forced  jet  at  200% 
amplitudeforcing  and  5  Hz  frequency  (Sr  =  0.098).  In  the  steady  jet 
(top  left)  the  vorticity  peaks  near  the  orifice  (orifice  radius  of  5  mm) 
due  to  the  large  velocity  gradient  at  the  jet  exit  plane  associated  with 
the  top-hat  profile.  As  expected,  farther  downstream,  the  vorticity 
magnitudes  are  reduced  as  the  vorticity  diffuses  radially  outward. 
For  the  forced  j  et,  as  we  move  sequenti  ally  over  the  ford  ng  ti  me  pe¬ 
riod,  the  vorticity  field  reveals  that  vortices  are  being  shed  off  of  the 
orifice  edge.  The  sequence  shows  the  generation  of  vortices  at  the 
orifice  edge,  followed  by  their  ejection  from  the  near-orifice  region 
and  their  subsequent  convection  downstream.  This  sequence  sug¬ 
gests  that  this  case  exhibits  similarities  to  an  impulsively  started  jet 
because  the  vorti  ces  g row  i  n  si  ze  w  i  th  dow  nstream  d  i  stance  and  co n- 
vect  downstream  without  interacting  with  each  other.  The  sequence 
for  a  high-frequency  forcing  case,  f  =  50  Hz  and  Sr  =0.98,  at  the 
same  amplitude,  A  =200%,  is  shown  in  Fig.  4.  Here  too  the  vor¬ 
tices  are  ejected  from  the  orifice  edge;  however,  these  vortices  are 
not  enti  rely  convected  dow  nstream.  1 1  appears  that  some  parts  of  the 
structures  are  instead  pulled  back  into  the  orifice.  This  is  in  contrast 
to  the  I  ow  fore i  ng  frequency  case  show  n  i  n  F  i  g .  3  w  here  the  vo rti  ces 
are  convected  downstream. 

Figure  5a  shows  the  centerline  axial  velocities  normalized  by 
the  average  exit  velocity  at  five  phases  for  a  forcing  amplitude 
A  =200%  and  frequency  f  =  5  Hz,  corresponding  to  Sr  =0.098. 
The  normalized  time-averaged  centerline  axial  velocity  profile  along 
the  centerl  i  ne  has  also  been  plotted.  A  s  expected,  the  i  ncreased  forc- 
ing  amplitude  transmits  the  forcing  effects  farther  downstream  as 
compared  to  the  low-amplitudeforcing  case  (Fig.  2).  The  normalized 
time-averaged  centerline  velocity  is  larger  than  unity,  over  almost 
20  diameters  (20 D )  downstream,  suggesting  that  the  jet  volumet¬ 
ric  flow  rate  is  larger  than  that  of  the  steady  jet  (Fig.  2).  Figure  5b 
showsthe  same  plot  for  a  case  with  200%  amplitudeforcing,  but  at 
a  higher  forcing  frequency  of  f  =  50  Hz  corresponding  to  Sr  =  1. 
This  forcing  frequency  is  10  times  the  forcing  frequlS9y  of  the 
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Fig.  3  Vorti  city  contour  plots  and  instantaneous  velocity  field  for  case  with  forcing  amplitude  200%  at  5  H  z,  Sr  =  0.098;  steady  case  and  five  different 
phases,  0, 20, 40, 60,  and  80% ,  are  shown. 


case  in  Fig.  5a,  and  the  increase  in  frequency  affects  the  region  of 
oscillating  flow  quite  dramatically  and  shrinks  this  region  closer 
to  the  orifice  plane.  The  distance  over  which  the  normalized  time- 
averaged  centerline  axial  velocity  exceeds  unity  is  slightly  smaller 
(approximately  10D  downstream)  than  the  low-frequency  case,  and 
the  peak  value  of  the  normalized  time-averaged  centerline  velocity 
with  Sr  =  1  is  higher  than  that  with  Sr  =  0.1.  Also,  from  Figs.  5a 
and  5b,  one  can  see  a  region  near  theorifice  plane  where  the  axial  ve¬ 
locities  are  negative.  This  region  is  larger  for  the  low-frequency  case 
(~0.4D-0.5D )  than  for  the  high-frequency  case  (~0.2D ).  Careful 
viewing  of  the  velocity  field  time  sequences  shows  that  the  region  in 
the  flow  field  where  the  axial  velocity  is  zero,  that  is,  where  the  ax¬ 
ial  velocity  changes  from  negative  to  positive,  is  a  stagnation  point 
separating  a  region  close  to  the  orifice  plane,  over  which  the  flow  re¬ 
versal  effects  dominate  the  flowfield,  and  another  region  away  from 
the  orifice  over  which  the  flow  reversal  does  not  effectively  control 
the  flowfield.  The  velocity  vectors  in  Fig.  3  at  the  60  and  80%  phase 
clearly  show  a  stagnation  point  near  the  nozzle.  This  stagnation 
point  is  only  seen  during  certain  phases  (60  and  80%  phase)  and  is 
created  and  destroyed  over  the  forcing  period.  Thiseffectwas  exam¬ 
ined  over  a  range  of  frequencies  (effectively  Strouhal  number)  with 


a  forcing  amplitude  of  200%.  As  the  forcing  frequency  increased, 
the  distance  over  which  flow  reversal  was  observed  to  be  reduced. 
This  trend  indicates  that  the  forcing  frequency  appears  to  be  a  key 
factor  in  the  evolution  of  the  velocity  field. 

0  n  changi  ng  the  f  orci  ng  ampl  i  tude  to  300% ,  the  same  trends  were 
observed.  An  increase  in  frequency  led  to  a  reduction  of  the  region 
over  which  the  forcing  effects  were  observed.  Figure  6  shows  the 
results  for  the  time-averaged  centerline  axial  velocities  (normalized 
by  the  corresponding  peak  time  averaged  centerline  velocity),  for 
300%  amplitude  forcing  and  at  three  different  forcing  frequencies: 
5,  50,  and  500  Hz  (corresponding  to  Sr  =0.074,  0.74,  and  7.4). 
We  normalize  by  l/max  so  that  we  can  fit  the  normalized  values  in 
the  range  from  0  to  1  and  compare  the  different  forcing  frequency 
cases.  The  steady-state  profile  has  also  been  plotted  for  comparison. 
The  low-frequency  case  starts  to  decay  much  farther  downstream 
than  the  steady-state  case  or  the  high-frequency  forcing  cases.  A  Iso, 
the  high-frequency  forcing  cases  decay  with  downstream  distance, 
almost  like  the  steady-state  jet.  This  observation  again  reinforces 
the  notion  that  the  high  frequencies  seem  to  localize  the  effects  of 
the  forcing  in  the  near-orifice  region,  whereas  in  the  far  field  the  jet 
behaves  similar  to  a  steady  jet. 
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Fig.  4  Vorti  city  contour  plots  and  instantaneous  velocity  field  for  case  with  forcing  amplitude  200%  at  50  H  z,  Sr  =  0.98;  steady  case  and  five  different 
phases,  0, 20, 40, 60,  and  80% ,  are  shown. 


F  igure  7  shows  the  time-averaged  normalized  centerline  axial  ve¬ 
locity  as  a  function  of  downstream  distance.  The  profiles  have  been 
normal  i  zed  by  thei  r  peak  val  ues.  F  i  gure  7a  shows  the  case  of  200  and 
300%  ford  ng  at  a  5-H  z  forcing  frequency,  Sr  =  0.098  and  0.074,  re¬ 
spectively.  A  s  expected,  the  effects  of  the  higher-ampl  itude  ford  ng, 
300%,  are  feltfarther  downstream  as  compared  to  the  low-amplitude 
forcing  at  this  5-H  z  forcing  frequency.  For  the  same  forcing  ampli¬ 
tudes  at  a  higher  frequency,  f  =  500  H  z,  no  such  difference  is  ob¬ 
served  (Fig.  7b),  suggesting  that  differences  between  300  and  200% 
forcing  are  negligible  for  high-frequency  forcing.  Also,  at  this  high 
frequency,  the  forced  j  ets  decay  i  n  a  si  mi  I  ar  manner  as  the  steady  jet, 
even  though  the  normal  izi ng  parameter  U  max  for  the  two  ampl  itudes 
and  the  steady  case  is  different. 

In  the  200%  forcing  cases  discussed  earlier  (Figs.  3  and  4),  the 
only  difference  between  the  two  cases  is  the  forcing  frequency.  With 
high-frequency  forcing,  although  the  vortices  are  being  generated, 
they  do  not  seem  to  have  sufficient  time  to  escape  the  near-field 
region  that  exhibits  reverse  flow.  A  comparison  of  the  timescales  for 
vortex  generation  and  vortex  convection  helps  us  to  explain  these 
characteristics.  The  vortices  are  generated  essentially  over  the  first 
half  of  theforcing  cycle,  giving  a  vortex  generation  timescale  of  7/2 


[or  1/(2  f )].  The  timescale  of  the  convection  of  the  vortices  can  be 
thought  of  as  L  */]/*,  where  L  *  is  length  of  the  near-nozzle  region 
that  the  vortex  needs  to  escape  with  a  characteristic  velocity  V*. 
From  Figs.  5a  and  5b,  along  the  centerline,  the  negative  velocities 
are  observed  over  less  than  0.5D .  Taking  0.5D  as  the  length  scale 
L  *  and  the  peak  velocity  at  the  jet  exit,  U  max,  as  velocity  scale  V  * 
gives  a  vortex  convection  timescale  of  D  /2U  max.  U  max  appears  to  be 
the  best  choice  for  the  velocity  scale  because  the  vortices  are  shed  at 
the  instant  at  which  the  velocity  peaks.  After  this  peak,  the  velocity 
at  the  jet  exit  starts  to  decrease,  causing  the  vortex  to  separate  off 
of  the  edge  of  the  orifice.  The  ratio  of  the  two  timescales,  vortex 
generation  vs  vortex  convection,  gives  l/max/fD,  which  isjust  the 
inverse  of  the  Strouhal  number. 

If  theStrouhal  number  is  greater  than  unity,  the  vortex  generation 
time  is  less  than  the  vortex  convection  time,  and  the  vortices  are 
not  shed  fast  enough  to  be  convected  downstream.  For  a  Strouhal 
number  less  than  one,  the  vortex  generation  time  is  larger  than  the 
convection  time,  and  the  vortices  have  enough  time  to  be  convected 
downstream.  G  haribetal. 20  and  Rosenfeldetal. 21  have  used  a  similar 
seal  i  ng  anal  y si  s  i  n  thei  r  study  of  i  mpu  I  si  vel  y  started  j  ets  and  refer  to 

the  inverse  of  the  Strouhal  number  as  a  "formation  time."  W  hen  the 
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Fig.  5  Center  line  velocity  vs  downstream  distancefor  200%  amplitude 
forcing  at  a)  5  H  z,  Sr  =  0.1,  for  five  different  phases  and  b)  50  Hz,  Sr  =  1, 
for  five  different  phases;  time-averaged  velocity  over  cycle  also  shown, 
and  centerline  axial  velocity  is  normalized  by  mean  velocity  at  jet  exit. 


Fig.  6  Time-averaged  centerline  velocity  as  function  of  axial  distance 
with  300%  amplitude  forcing  for  Strouhal  numbers  of  0.074, 0.74,  and 
7.4;  decay  of  centerline  velocity  is  shown  and  peak  velocity  is  function 
of  Strouhal  number. 


terminology  by  Gharib  et  al.20  is  used,  a  short  stroke  is  detrimental 
to  seeing  vortex  effects  downstream  because,  first,  Umax/2f  will 
not  create  a  fully  formed  vortex.  Then,  this  poorly  formed  vortex 
with  weak  circulation,  and,  thus,  weak  induced  velocity,  is  at  a 
distance/stroke  L  =U  max/2  f  from  the  nozzle  that  is  smal  ler  than  the 
critical  distance  L  *  from  the  nozzle  required  for  a  vortex  to  escape 
flow  reversal.  Thus,  the  two  effects  together  of  a  weak  circulation 
(incompletely  formed  vortex)  and  reverse  flow  make  it  less  likely 
that  the  vortex  effects  will  be  felt  downstream. 

If  the  Strouhal  number  is  the  control  ling  parameter  in  periodically 
forcedjets,  then  atany  given  forcing  frequency  f  a  sufficiently  high 
jet  exit  velocity  U  max  should  exist  such  that  the  Strouhal  number  is 
less  than  unity  and  the  vortices  would  be  convected  downstream. 
These  higher  velocities  can  be  obtained  at  the  jet  exit  by  using 
stronger  (higher-amplitude)  forcing,  regardless  of  the  frequencies. 
To  test  this  hypothesis,  a  case  with  the  same  forcing  frequency, 
f  =  50  Hz,  as  that  shown  in  Figs.  4  and  5b,  where  the  vortices  are 


Fig.  7  Time-averaged  centerline  velocity  vs  axial  distance  for 
a)/  =  5  H  z  and  b)/  =  500  H  z  for  different  amplitudes  (200  and  300% ). 
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Fig.  8  Axial  distance  X/D  at  which  velocity  oscillations  at  centerline 
are  no  longer  seen  vs  Strouhal  number,  fD/Umax. 

not  convected  downstream,  but  with  a  higher  forcing  amplitude  of 
1000%  instead  of  200%,  was  examined.  This  case  gives  a  Strouhal 
number  of  0.267  and  the  vortices  were  convected  downstream  of 
the  near-nozzle  region,  confirming  our  hypothesis. 

Amplitude  and  frequency  modulation  appear  to  control  the  cre¬ 
ation  and  convection  of  the  vortices,  which  might  prove  useful  in 
controlling  jet  properties.  Figure  8  shows  the  normalized  down¬ 
stream  distance,  X/D,  where  the  velocity  oscillations  along  the 
centerline  decay  to  5%  of  the  time-averaged  value  for  different 
Strouhal  numbers.  This  downstream  distance  is  an  indicator  of  the 
distance  over  which  the  forcing  effects  persist  for  different  forcing 
cases.  Figure  8  shows  two  distinct  domains  divided  by  Sr  =  1.  In 
the  region  where  the  Strouhal  number  is  less  than  one,  the  down¬ 
stream  decay  distance  decreases  with  increasing  Strouhal  number 
and  scales  asx-0-85.  Beyond  Sr  =  1,  the  downstream  decay  distance 
does  not  vary  with  Strouhal  number,  reflecting  the  localization  of 
the  forcing  effects  in  the  near-nozzle  region. 

2.  Velocity  Profile  Effects 

Another  effect  that  was  considered  is  the  jet  exit  velocity  pro¬ 
file.  The  200%  amplitude  forcing  simulations  with  frequencies  of 
5,  50,  and  500  Hz  were  repeated  with  a  parabolic  (fully  developed) 
profile  at  the  orifice  exit.  The  average  flow  rate  was^ltched  to 
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Fig.  9  Time-averaged  normalized  centerline  velocity  vs  downstream 
distance  for  200%  forcing  with  parabolic  velocity  profile. 


a  steady  jet  with  Re  =  100.  The  forcing  function  was  of  the  form 
u  =  l/0(r)[l  + A  sin(27rft)],wherel/  (r)  is thefully  developed  Pois- 
seui I le  velocity  profile.  Note  that,  in  reality,  the  forcing  frequency 
would  have  to  be  very  slow  to  allow  a  fully  developed  profile  to 
exist  at  the  orifice  exit.  H  owever,  we  examine  this  profi le  as  a  com¬ 
putational  exercise.  Figure  9  shows  the  normalized  jet  exit  veloc¬ 
ity,  U  /l/ max,  along  the  centerline  for  three  different  forcing  fre¬ 
quencies  (5,  50,  and  500  Hz)  at  200%  amplitude  forcing.  Here  the 
time-averaged  velocity  is  normalized  by  the  peak  value  of  the  time- 
averaged  velocity.  As  we  discussed  in  the  preceding  sections,  for 
low-frequency  forcing,  the  oscillations  persist  farther  downstream, 
whereas  with  high-frequency  forcing  (high  Strouhal  number),  the 
effects  are  localized.  A  Iso,  for  the  high-frequency  forcing  cases,  the 
normalized  velocity  decays  with  axial  distance  just  like  the  steady 
case.  All  of  these  results  are  similar  to  those  observed  with  the 
top-hat  profile,  suggesting  that  the  forced  jet  evolution  is  relatively 
insensitive  to  the  exact  character  of  the  velocity  profiles. 

3.  Nozzle  Jets 

The  next  step  in  the  study  involved  modeling  the  presence  of 
a  nozzle  in  the  computational  domain.  This  domain  was  shown  in 
Fig.  lb.  Kim  etal.22  reported  the  velocity  profiles  for  an  acoustically 
forced  jet.  They  observed  from  the  velocity  profiles  at  the  nozzle 
exit  and  within  the  nozzle  that  the  radial  velocity  profile  was  rel¬ 
atively  flat  and  that  large  gradients  existed  near  the  nozzle  walls. 
For  our  simulations,  a  top-hat  forcing  velocity  boundary  condition 
was  applied  at  the  bottom  of  the  nozzle,  that  is,  atx  =  0.  Figure  10a 
shows  the  axial  velocity  profiles  at  a  location  two  diameters  (2  cm) 
into  the  nozzle  for  a  case  with  200%  amplitude  forcing  and  50-Hz 
frequency.  An  unsteady  component  of  the  axial  velocity  field  was 
also  calculated  by  subtracting  off  of  the  corresponding  steady-state 
velocity  field.  This  unsteady  axial  velocity  is  shown  in  Fig.  10b. 
Consistent  with  Kim  et  al.,22  the  profiles  show  high  velocity  gradi¬ 
ents  near  the  nozzle  wall,  whereas  the  profiles  are  flat  over  the  rest 
of  the  cross  section.  The  boundary-layer  thickness  is  approximately 
1  mm,  which  is  consistent  with  a  scaling  estimate  for  the  Stokes 
layer  at  this  frequency,  8~  J(y/f). 

Figures  11  and  12  are  the  vorticity  contour  and  velocity  vector 
plots  for  200%  amplitudeforcing  at  5  and  50  Hz,  respectively,  for  the 
nozzle-resolved  calculations.  The  steady  case  contour  plot  is  also 
shown.  For  the  low-forcing-frequency  case,  the  vortices  are  gener¬ 
ated  and  ejected  from  the  nozzle  tips  and  then  convect  downstream. 
During  later  parts  of  the  cycle,  the  negative  velocities  at  the  nozzle 
exit  can  be  seen.  The  axisymmetric  geometry  of  the  nozzle  results 
in  the  fluid  being  sucked  into  the  nozzle,  mainly  along  the  nozzle 
edge.  Asa  result,  during  the  first  half  of  the  cycle  where  the  nozzle 
exit  velocities  are  positive,  the  fluid  is  pushed  out  over  the  entire 
face  of  the  nozzle  exit.  Over  the  second  half  of  the  cycle,  the  fluid  is 
sucked  into  the  nozzle  primarily  along  the  nozzle  walls.  Here  too, 
theflowfield  generates  a  stagnation  point  above  the  nozzle  exit  (80% 
phase  case),  separating  the  regions  of  negative  velocity  and  positive 
velocity.  The  high  frequency,  f  =  50  H  z,  case  shows  si  mi  lar  results, 
although  the  vortices  are  not  convected  downstream. 
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Fig.  10  Plot  of  a)  axial  velocity  u  and  b)  forced  component  uf  of  axial 
velocity  vs  radial  distance  r  at  cross  section  two-dimensional  distance 
within  nozzle  for  200%  amplitude  forcing  at  /  =  5  Hz,  Sr  =  0.098:  O, 
0% ;  □,  20% ;  A,  40% ;  x ,  60% ;  and  * ,  80% . 


Figures  13a  and  13b  show  the  axial  and  radial  velocity  profiles 
at  the  first  (downstream)  grid-point  location  after  the  nozzle  exit 
location  for  forcing  at  Sr  =0.098.  The  axial  velocity  profiles  at 
the  different  phases  over  the  period  of  forcing  show  that  the  effect 
of  the  forcing  is  first  felt  at  the  nozzle  edge,  and  then  the  effects 
diffuse  toward  the  centerline.  In  other  words,  there  appears  to  be  a 
lag  along  the  cross  section,  and  the  forcing  effects  on  the  velocity 
in  the  center  lag  the  effects  at  the  nozzle  edge/wall.  The  steady- 
state  axial  velocity  profile  has  also  been  plotted  as  a  reference.  The 
steady-state  axial  velocity  profile  is  essentially  a  fully  developed 
profile  based  on  the  entrance  length  Le  estimate  for  flow  through 
a  pipe,  L  e  ~  0.06  R  e  D .  The  radial  velocity  profiles  explain  the  lag 
effects  seen  in  the  axial  velocity  profile.  Negative  radial  velocities 
indicate  fluid  motion  toward  the  centerline,  whereas  positive  values 
indicate  fluid  motion  away  from  the  centerline.  During  the  60  and 
80%  phases,  the  radial  velocity  is  negative,  indicating  fluid  motion 
toward  the  centerline.  Also,  the  0%  phase  radial  velocity  is  positive 
as  was  the  0%  phase  axial  velocity  indicating  the  jet  outflow. 

Figure  14a  shows  the  normalized  centerline  axial  velocity  as  a 
function  of  the  downstream  distance  for  200%  amplitude  forcing  at 
5-H  z  frequency,  Sr  =  0.098.  T  he  steady-state  and  the  ti  me-averaged 
profiles  have  also  been  plotted  for  comparison.  As  has  been  de¬ 
scribed  earlier,  the  axial  velocity  has  been  normalized  by  the  mean 
axial  velocity  of  the  forcing  function  at  the  bottom  of  the  nozzle, 
x  =  0.  Note  that  the  nozzle  length  is  five  diameters,  and,  hence, 
the  centerline  time-averaged  axial  velocity  increases  throughout  the 
nozzle.  This  increase  is  simply  the  evolution  of  the  top-hat  profile  to 
a  Poisseuille  profile.  The  60%  phase  velocity  profile  shows  that  the 
axial  velocity  turns  from  negative  to  positive  within  the  nozzle.  Im¬ 
mediately  downstream  of  the  nozzle  exit  the  time-averaged  velocity 
is  larger  than  the  steady-state  velocity  profile,  showing  the  effect  of 
the  redirected  ingested  mass.  Figure  14b  is  the  corresponding  plot 
for  high-frequency  forcing,  Sr  =0.98.  J  ust  as  in  the  c§^with  the 
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Fig.  11  Vorticity  contour  plotsand  instantaneous  velocity  field  for  case  with  forcing  amplitude  200%  at  5  H  z,  Sr  =  0.098;  steady  case  and  five  different 
phases,  0,  20, 40, 60,  and  80% ,  are  shown  (vorticity  values  per  second). 


wal  I  j ets,  the  hi gh-f requency  ford  ng  I  i  mi ts  the  effects  of  the  forci  ng 
to  the  near-nozzle  region.  Also,  the  time-averaged  velocity  profile 
matches  the  steady-state  profile  more  closely. 

In  both  (high-  and  low-frequency-forcing)  cases,  the  peak  time- 
averaged  velocities  do  not  differ  much  from  the  peak  steady-state 
velocity.  This  is  different  from  the  earlier  wall-jet  cases,  in  which 
the  nozzle  was  not  modeled.  Note  that  the  peak  centerline  velocity 
in  the  forced  and  the  unforced  cases  occurs  at  the  nozzle  exit.  The 
exit  velocity  profiles  from  Fig.  13a  show  that  the  centerline  axial 
velocity  varies  between  about  0.65  and  -0.15  m/s,  whereas  the 
steady-state  velocity  is  about  0.35  m/s.  Superficially,  this  appears  to 
be  inconsistent  with  200%  amplitudeforcing.  One  might  believe  that 
200%  forcing  of  a  steady  flow  with  centerline  velocity  of  0.35  m/s 
would  result  in  a  range  of  centerline  axial  velocities  from  1.05  to 
-0.35  m/s.  This  is  not  the  case.  We  force  a  top-hat  profile  located 
at  the  bottom  of  the  nozzle  at  200%.  The  forcing  velocity  boundary 
condition  at  the  bottom  of  the  nozzle  has  a  top-hat  profile  that  varies 
from  0.51  to  -0.17  m/s  for  the  case  shown  in  Fig.  13a.  Because  the 
profi  le  is  flat  atthe  bottom  of  the  nozzle,  the  centerl  i  ne  ax i  al  vel oci ty 
increases  due  to  the  no-slip  condition  along  the  nozzle  walls.  This 
results  in  the  increase  of  the  positive  centerline  velocity  from  0.51 
to  0.65  m/s.  However,  the  peak  negative  velocity  only  changes  from 
-0.17  to  -0.15  m/s  because  the  strongest  negative  velocities  are 
seen  near  the  nozzle  walls  (Fig.  11;  60  and  80%  phase). 


A  comparison  of  the  velocity  profiles  of  the  forced  jets,  with  and 
without  the  nozzle,  is  shown  in  Fig.  15  for  a  forcing  amplitude  of 
200%.  The  centerline  axial  velocity  profile  of  the  jets  as  a  function 
of  the  downstream  distance  is  plotted.  In  the  case  of  the  jet  with 
the  nozzle,  the  downstream  distance  has  been  offset  by  the  nozzle 
length,  so  that  the  downstream  distances  in  both  the  cases  are  from 
thejet  exit  plane  tip.  For  the  low-forcing-frequency  case,  the  velocity 
profiles  with  and  without  the  nozzle  match  one  another  beyond 
10  diameters.  This  is  because  the  vortices  have  decayed  at  these 
far  downstream  locations,  and  the  jets  now  behave  as  steady  jets. 
However,  the  high-frequency  cases  do  not  match  one  another  over 
the  domain  considered.  Earlier  results  (without  the  nozzle)  showed 
that  at  high-frequency  forcing  the  jet  decays  in  a  similar  manner 
to  a  steady  jet.  The  steady-state  jet  exit  velocity  profile  in  Fig.  13a 
shows  that  the  jet,  in  the  case  with  the  nozzle,  is  close  to  fully 
devel  o ped .  T  he  steady  centerl  i  ne  ax  i  al  vel  oci  ty  decay  profi  I  es  f  or  the 
top-hat  and  parabolic  profiles  are  shown  in  Fig.  16.  These  profiles 
are  very  similar  to  those  observed  in  the  high-frequency-forcing 
cases  in  Fig.  15.  Thus,  the  difference  in  the  high-frequency-axial- 
velocity  profi  lescan  be  explained  based  on  thespanwise  exit  velocity 
profile.  Generally,  jets  with  top-hat  and  fully  developed  profiles 
develop  differently  because  the  top-hat  profile  jet  has  more  initial 
axial  momentum  than  the  fully  developed  jet  with  the  same  mass 
flux  and,  hence,  decays  more  slowly  than  the  fully  devoted  jet. 
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Fig.  12  Vorticity  contour  plotsand  instantaneous  velocity  field  for  case  with  forcing  amplitude  200%  at  50  H  z,  Sr  =  0.98;  steady  case  and  five  different 
phases,  0,  20, 40, 60,  and  80% ,  are  shown. 


C.  Jet  Spread  and  Entrainment 

Figure  17  shows  the  half-width  of  the  jet  as  a  function  of  down¬ 
stream  distance  for  the  steady  jet  and  200%  amplitude  forcing  jets. 
The  half-width  of  the  jet  is  the  radial  distance  at  which  the  axial 
velocity  is  one-half  of  the  centerline  axial  velocity.  The  steady  jet 
half-width  compares  well  with  the  half-width  in  Ref.  17.  Figure  17 
shows  that  the  forced  jets  do  not  spread  as  quickly  as  the  steady 
jet.  The  spread  rates  are  calculated  at  downstream  locations  where 
the  velocity  oscillations  have  disappeared,  and  the  jet  appears  to  be¬ 
have  I  i  ke  a  steady  j et.  B  ecause  there  i s  i  ncreased  average  momentum 
flux  and  increased  induced  volumetric  flow  rate  for  the  pulsed  jet 
at  locations  where  the  pulsed  jet  is  steady,  it  appears  to  be  a  higher- 
R  ey  no  I  ds-  nu  m  ber  j  et  than  a  steady  j  et  w  i  th  the  same  mass  fl  ow  rate. 
The  lower  spread  rate  appears  to  be  a  result  of  this  higher  effective 
Reynolds  number  of  the  pulsed  jets  because  it  is  well  known  that 
steady  laminar  jets  spread  more  slowly  as  the  Reynolds  number  is 
increased. 

The  forced  jets  are  expected  to  have  higher  flow  rates  than  steady 
jets  because  the  forcing  action  would  bring  in  more  fluid  from  the 
surroundings.  In  the  current  study  the  entrainment  is  quantified  by 
the  ratio  of  the  volumetric  flow  rateQ  at  a  downstream  cross  section 
to  the  volumetric  flow  rate  at  the  nozzle  exit  Qe.  The  volumetric  flow 


rate  at  a  given  cross  section  was  calculated  as 

/>oo 

0  =2n  u(r)r  dr  (5) 

Jo 

Figure  18  shows  the  entrainment  as  a  function  of  downstream 
distance  for  the  200%  forcing  cases.  The  steady-state  case  has  also 
been  plotted  for  comparison.  In  the  steady  case,  the  slope  of  the 
entrainment  curve  flattens  out  with  downstream  distance.  This  has 
been  observed  by  Abdel-Flameed  and  Bellan23  in  simulations  of 
rectangular  jets  with  Reynolds  numbers  in  the  400-600  range.  The 
volumetric  flow  rate  calculations  for  the  forced  jets  were  made  at 
the  downstream  distances  at  which  the  unsteady  effects  have  de¬ 
cayed.  For  the  forced  jet  cases,  the  entrainment  varies  linearly  with 
downstream  distance,  and  at  any  downstream  distance  the  entrain¬ 
ment  in  forced  jets  is  higher  than  that  for  the  steady  jet.  The  forced 
jets  are  narrower  as  compared  to  the  steady  jet  (Fig.  17)  and  have 
higher  axial  velocities  (Figs.  5a  and  5b).  The  forcing  action  at  the 
orifice  edge  causes  fl  ui d  to  be  sucked  i nto  the  orifice  over  part  of  the 
forci  ng  peri od  and  then  pushed  out  over  the  remai  nder  of  the  peri od. 
Separation  at  the  orifice  plane  causes  the  jet  to  have  higher  average 
axial  momentum  than  the  equivalent  steady  jet  with  th^g^me  mass 


BARVE  ET  AL. 


1751 


0  1  2  3  4  5 

b)  r  (mm) 


F  ig.  13  Velocity  profiles  a)  axial  and  b)  radial  at  first  grid  point  after 
nozzle  exit  for  five  different  phases  with  200%  amplitude  forcing  at 
f  =  5  Hz,  Sr  =  0.098,  and  corresponding  no-forcing  (steady)  profile. 


a)  x/d 


b)  01  1  k/D  10  10G 

Fig.  14  Centerline  axial  velocity  vs  downstream  distance  for  200% 
amplitude  forcing  at  a)  5  Hz,  Sr  =  0.098,  and  b)  50  Hz,  Sr  =  0.98,  for 
five  different  phases;  time-averaged  velocity  over  cycle  and  steady-state 
velocity  profile  are  also  shown,  with  centerline  axial  velocity  normalized 
by  mean  velocity  at  bottom  of  nozzle. 


Fig.  15  Comparison  of  normalized  time-averaged  centerline  axial  ve¬ 
locity  profiles  along  centerline,  with  and  without  the  nozzle  for  200% 
amplitude  forcing. 


k/D 


Fig.  16  Centerline  axial  velocity  profilesfor  steady  jets  with  parabolic 
profile  and  top-hat  profile. 


Fig.  17  Half-widthof  jet  as  function  of  downstream  distance  for  200% 
amplitude  forcing  at  Sr  =  0.098, 0.98,  and  9.8. 


flux.  Stated  differently,  even  though  the  time-averaged  flow  rate  for 
the  forced  jets  is  the  same  as  the  flow  rate  for  the  steady  jet,  the 
directional  flow  rate  (flow  rate  of  the  fluid  being  pushed  out)  for  the 
forced  jets  over  the  time  period  is  higher  than  the  flow  rate  for  the 
steady  jet.  This  increased  flow  rate  is  seen  in  the  higher  volumetric 
flow  rates  for  the  forced  jets. 

Also,  the  slopes  for  forced  jets  are  different  compared  to  that 
of  the  steady  jet.  These  slopes  represent  a  nondimensional  entrain¬ 
ment  rate,  D /0  0(dQ  /dx).  For  steady  laminar  jets,  the  volumetric 
flow  rate  at  any  downstream  distance  as  given  by  Schlichting18  is 
Q  =  Qttvx.  The  entrainment  rate  for  the  Schlichting  correlation  is 


BARVE  ET  AL. 


1752 


x/D 


Fig.  18  Entrainment  as  function  of  downstream  distance  for  200% 
amplitude  forcing  at  Sr  =  0.098, 0.98,  and  9.8. 


and  nondi  mensional  ly. 


D  6Q  n  D  4 D  ^  v  32 

— — —  =  871  v  — —  =  8ttv - = —  =  32  =  — — 

Q 0  dx  Q 0  nD2U 0  U0D  Re 


(6) 


For  f? e  =  100,  the  Schlichting  nondimensional  entrainment  rate 
is  0.32.  In  our  steady  jet  calculations,  this  corresponding  value  over 
x/D  <  10  is  0.324.  For  the  forced  cases,  the  entrainment  rates  are 
higher  as  compared  to  that  of  the  steady  jet.  The  nondimensional 
entrainment  rate  for  the  steady  jet  at  x/D  =  25  is  0.18,  whereas  the 
correspondi  ng  values  for  the  forced  jets  are  0.3,  0.27,  and  0.265  for 
Sr  =  0.098,  0.98,  and  9.8,  respectively. 

IV.  Conclusions 

Simulations  of  strongly  forced  axisymmetric  jets  using  a  finite 
vol  ume  based  C  F  D  code  have  been  performed.  T  he  code  was  bench- 
marked  by  simulating  a  steady  jet  and  low-amplitude  forcing  jets. 
The  forced  jets  were  simulated  using  a  periodically  varying  jet  ax¬ 
ial  velocity  boundary  condition.  The  peak  velocities  for  the  forced 
jets  were  three  to  four  times  the  mean  velocity  and  the  forcing  fre¬ 
quencies  varied  from  5  to  500  Hz.  The  creation  and  convection 
of  vortices  from  orifice  and  nozzle  exit  planes  were  studied.  The 
results  showed  that  the  Strouhal  number  was  the  critical  parame¬ 
ter  for  the  downstream  evolution  of  the  forced  jets.  For  jets  with  a 
Strouhal  number  less  than  unity,  the  vortices  were  found  to  convect 
downstream,  whereas  with  a  higher  Strouhal  number,  the  forcing 
effects  were  localized  to  the  near  exit  region.  Also,  for  jets  forced 
athigh  Strouhal  number  the  far-field  centerline  axial  velocity  scales 
with  the  downstream  distance  similar  to  that  of  a  steady  jet.  The 
jet  exit  velocity  profile  (fully  developed  or  top  hat)  did  not  affect 
these  trends,  and  similar  trends  were  observed  for  jets  issuing  from 
a  nozzle  (tube  five  diameters  in  length).  The  forced  jets  were  seen 
to  spread  slower  than  steady  jets  of  equivalent  mass  flow  rate.  The 
entrai  nment  cal cu I ati ons  show ed  an  i  ncrease  i  n  vol  u metri c  fl ow  rate 
and  entrainment  rates  for  forced  jets. 
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The  effects  of  H2  enrichment  on  the  propagation  of  laminar  CH4-air  triple  flames  in 
axisymmetric  coflowing  jets  are  numerically  investigated.  A  comprehensive,  time-dependent 
computational  model,  which  employs  a  detailed  description  of  chemistry  and  transport,  is 
used  to  simulate  the  transient  ignition  and  flame  propagation  phenomena.  Flames  are 
ignited  in  a  jet-mixing  layer  far  downstream  of  the  burner.  Following  ignition,  a  well-defined 
triple  flame  is  formed  that  propagates  upstream  with  nearly  constant  flame  displacement 
speed  towards  the  burner  along  the  stoichiometric  mixture  fraction  line.  As  the  flame 
approaches  the  burner,  it  transitions  to  a  double  flame,  and  subsequently  to  a  burner- 
stabilized  nonpremixed  flame.  Predictions  are  validated  using  measurements  of  the  flame 
displacement  speed.  Detailed  simulations  are  used  to  examine  the  effects  of  H2  enrichment  on 
the  propagation  characteristics  of  CH4-air  triple  flames.  As  H2  concentration  in  the  fuel 
blend  is  increased,  the  flame  displacement  and  propagation  speeds  increase  progressively 
due  to  the  enhanced  chemical  reactivity,  diffusivity,  and  preferential  diffusion  caused  by  H2 
addition.  In  addition,  the  flammability  limits  associated  with  the  triple  flames  are 
progressively  extended  with  the  increase  in  H2  concentration.  The  flame  structure  and  flame 
dynamics  are  also  markedly  modified  by  H2  enrichment,  which  substantially  increases  the 
flame  curvature  and  mixture  fraction  gradient,  as  well  as  the  hydrodynamic  and  curvature- 
induced  stretch  near  the  triple  point.  For  all  the  H2-enriched  methane-air  flames 
investigated  in  this  study,  there  is  a  negative  correlation  between  flame  speed  and  stretch, 
with  the  flame  speed  decreasing  almost  linearly  with  stretch,  consistent  with  previous 
studies.  The  effect  of  H2  addition  is  to  modify  the  flame  sensitivity  to  stretch,  as  it  decreases 
the  Markstein  number  (Ma)  and  increases  the  flame  tendency  towards  diffusive-thermal 
instability  (i.e.  Ma— >0).  These  results  are  consistent  with  the  previously  reported 
experimental  results  for  outwardly  propagating  spherical  flames  burning  a  mixture  of 
natural  gas  and  hydrogen. 
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I.  Introduction 

There  is  a  worldwide  interest  in  developing  hydrogen-based  combustion  systems,  due  to  growing  environmental 
concerns  and  deteriorating  supply-demand  scenario  with  regards  to  fossil  fuels.  Fossil  fuels  are  non-renewable 
and  major  source  of  pollutants,  including  C02,  NOx,  UHC,  and  soot.  In  contrast,  hydrogen  represents  a  potentially 
unlimited  source  of  energy  that  is  environmentally  clean,  with  NOx  being  the  major  undesirable  pollutant.  There  are, 
however,  significant  difficulties  associated  with  hydrogen  storage  due  to  its  high  flammability  limits,  low  ignition 
energy,  and  low  volumetric  energy  content.  There  are  also  many  unresolved  issues  with  regards  to  H2  combustion, 
such  as  knock,  detonation,  pre-ignition,  and  flashback.  In  this  context,  hydrogen-hydrocarbon  fuel  blends  offer  a 
very  promising  alternative,  as  they  can  synergistically  resolve  the  storage  and  combustion  problems  associated  with 
hydrogen  and  the  emission  problems  associated  with  fossil  fuel  combustion.  Consequently,  there  has  been 
considerable  interest  in  investigating  the  combustion  and  emission  characteristics  of  hydrogen-hydrocarbon  fuel 
blends. 

Several  studies  have  been  reported  on  the  performance  and  emission  characteristics  of  internal  combustion 
engines  using  hydrogen-fossil  fuel  blends.  These  include  studies  dealing  with  a  diesel  engine  using  hydrogen- 
vegetable  oil  blend  [1],  and  spark  ignition  engines  using  hydrogen-gasoline  blend  [2,3],  hydrogen-natural  gas  blend 
[4, 5, 6, 7, 8],  and  hydrogen-methanol  blend  [9].  Bauer  and  Forest  [10]  investigated  the  effect  of  hydrogen  addition  on 
the  performance  of  methane-fueled  vehicles.  It  was  shown  that  the  wide  flammability  limits  of  hydrogen  makes  it 
possible  to  run  SI  engines  at  lower  equivalence  ratios  using  a  hydrogen-methane  blend,  which  lowers  cylinder 
temperature  and  thereby  NOx  emission.  Al-Baghdadi  [11]  also  observed  a  significant  reduction  in  NOx  production  in 
spark  ignition  engines  when  a  hydrogen-ethanol  mixture  was  used  instead  of  gasoline. 

Flame  studies  using  hydrogen-hydrocarbon  fuel  blends  have  also  been  reported.  Choudhuri  and  Gollahali  [12] 
performed  an  experimental-numerical  investigation  of  hydrogen-natural  gas  jet  diffusion  flames,  and  observed  a 
reduction  in  soot  concentration  and  emission  index  of  CO  (EICO),  but  an  increase  in  EINO  with  hydrogen  addition. 
Rortveit  et  al.  [13]  reported  an  experimental-numerical  study  of  NOx  emissions  in  counterflow  methane-hydrogen 
nonpremixed  flames.  Naha  et  al.  [14,15]  studied  the  emission  characteristics  of  hydrogen-methane  and  hydrogen-n- 
heptane  fuel  blends  using  a  counterflow  flame,  and  observed  significant  reduction  in  NOx  emission  in  hydrogen-n- 
heptane  flames.  Fotache  et  al.  [16]  investigated  the  ignition  characteristics  of  hydrogen-enriched  methane  flames  at 
various  pressures,  and  identified  three  ignition  limits,  namely  (i)  hydrogen-assisted  ignition,  (ii)  transition,  and  (iii) 
hydrogen-dominated  ignition.  Huang  et  al.  [17]  measured  the  flame  speeds  for  natural  gas-hydrogen  mixtures,  and 
observed  that  the  increase  in  H2  content  increases  the  flame  speed  exponentially,  while  the  Markstein  length 
transitions  from  positive  to  negative  implying  tendency  towards  diffusive-thermal  instability.  Law  et  al.  [18] 
examined  the  effect  of  adding  propane  to  hydrogen  at  different  pressures,  and  observed  that  propane  reduces  the 
tendency  towards  diffusive-thermal  instability,  whereas  a  pressure  increase  promotes  diffusive-thermal  instability 
causing  flame  front  wrinkling  and  higher  flame  speeds.  Schefer  [19]  investigated  the  stabilization  of  hydrogen- 
enriched  methane-air  swirl-stabilized  premixed  flames.  It  was  shown  that  hydrogen  addition  reduces  the  lean 
stability  limit,  allowing  stable  burner  operation  at  lower  flame  temperature  that  is  in  turn  beneficial  for  achieving 
lower  NOx  emission.  Similarly,  Hawkes  and  Chen  [20]  studied  hydrogen-enriched  lean  premixed  methane  air 
flames,  and  reported  that  hydrogen  addition  increases  flame  resistance  to  quenching,  but  also  increases  tendency 
towards  diffusive-thermal  instability.  In  addition,  the  NO  emission  was  observed  to  increase  while  CO  emission 
decreased  with  hydrogen  addition. 

Our  literature  review  indicates  that  while  many  important  combustion  and  emission  characteristics  of  hydrogen- 
hydrocarbon  fuel  blends  have  been  investigated,  the  flame  propagation  characteristics  of  such  fuel  blends  have  not 
been  examined  in  previous  studies.  A  fundamental  understanding  of  the  flame  propagation  characteristics  of  various 
fuel  blends  is  important  for  the  design  of  future  combustion  devices,  such  as  spark  ignition  engines  and  gas  turbine 
combustors,  burning  fuel  blends.  These  characteristics  are  also  important  for  the  design  of  flame  arrestors,  which 
require  laminar  flame  speed  data  for  different  fuel  blends  over  a  wide  range  of  conditions.  For  example,  a  venturi 
flame  arrestor  employs  a  flow  restriction  to  increase  the  mixture  velocity  above  the  flame  propagation  speed  in  order 
to  capture  a  propagating  flame. 

In  this  paper,  we  report  a  fundamental  investigation  on  the  propagation  characteristics  of  H2-enriched  CH4-air 
flames  in  a  laminar  nonpremixed  jet.  The  major  objective  is  to  examine  the  effects  of  H2  enrichment  on  the 
propagation  characteristics  of  CH4-air  flames  in  nonuniform  mixtures  in  which  the  flame  is  subjected  to  flow 
nonuniformity  and  mixture  fraction  gradients,  as  well  as  curvature-induced,  hydrodynamic,  and  unsteady  stretch 
effects.  A  propagating  flame  is  established  by  igniting  the  fuel-air  mixture  in  the  far  field  of  a  jet  issuing  a  H2-CH4 
mixture  in  a  coflowing  air  jet.  The  ignition  event  is  simulated  by  providing  a  small  high-temperature  zone 
containing  small  amounts  of  H  and  OH  radicals.  This  high-temperature  zone  generates  an  ignition  kernel  that 
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propagates  upstream  and  rapidly  develops  into  a  triple  flame,  which  then  propagates  upstream  towards  the  burner 
rim.  The  effects  of  hydrogen  enrichment  on  the  propagation  characteristics  of  this  triple  flame  are  investigated  using 
a  comprehensive  computational  model  that  includes  detailed  descriptions  of  transport  and  chemistry.  The  choice  of 
this  configuration  is  based  on  several  considerations.  First  this  configuration  is  relevant  to  many  combustion 
systems,  including  gas  turbines  and  internal  combustion  engines  [21].  Second,  it  is  difficulty  to  establish  lifted  H2- 
air  or  CH4-air  flames  in  a  jet  configuration  due  to  the  high  mass  diffusivity  of  these  fuels  (Sccl)  [22].  Third,  the 
present  configuration  is  well  suited  to  examine  the  propagation  characteristics  of  triple  flames  established  using 
hydrogen-methane  fuel  blends,  and  to  characterize  the  effects  of  hydrogen  on  stretch-flame  speed  interactions. 
Finally,  investigations  of  triple  flame  propagation  in  laminar  jets  provide  fundamental  information  for  the 
understanding  and  modeling  of  turbulent  flames.  For  instance,  the  stabilization  [23,24]  and  propagation  [25,26]  of 
turbulent  flames  often  involve  triple  flames,  which  are  subjected  to  a  wide  range  of  mixture  fraction  gradient, 
stretch,  and  partial  premixing.  Consequently,  several  previous  studies  have  investigated  the  effects  of  jet  velocity 
[22,26],  coflow  velocity  [27],  partial  premixing  [25,28,29],  heat  release  [30],  and  dilution  [28,29]  on  laminar  flame 
stabilization  and  propagation.  However,  the  flame  propagation  characteristics  associated  with  fuel  blends  have  not 
yet  been  investigated. 

It  is  important  to  note  that  a  similar  configuration  involving  triple  flames  has  been  employed  in  previous  studies. 
Ruetsch  et  al.  [30]  reported  the  first  numerical  investigation  of  triple  flames  and  thus  laid  the  foundation  for  such 
studies.  They  showed  that  heat  release  redirects  the  flow  ahead  of  the  triple  flame,  reducing  the  flow  velocity  along 
the  stoichiometric  mixture  fraction  line,  which  reaches  a  local  minimum  just  ahead  of  the  triple  flame.  For  a  lifted 
triple  flame,  this  local  minimum  flow  velocity  was  defined  as  the  flame  propagation  speed  (Stri)  at  the  triple  point, 
while  the  upstream  flow  velocity  was  defined  as  the  far-field  or  global  flame  speed  (UF).  In  addition,  it  was  shown 
that  the  global  flame  speed  increases  with  the  decrease  in  mixture  fraction  gradient,  and  in  the  limit  of  small  mixture 
fraction  gradient,  the  UF/  Stri  ratio  is  proportional  to  the  square  root  of  the  density  ratio  of  unburnt  to  burnt  mixtures 
(V(pu/pb))  across  the  flame.  Qin  et  al.  [25]  and  Ko  and  Chung  [26]  investigated  the  propagation  of  CH4-air  triple 
flames  in  laminar  jets  and  observed  that  the  flame  displacement  speed  (Vf),  which  is  the  flame  velocity  in  laboratory 
coordinates,  remains  nearly  constant  during  propagation,  while  the  flame  propagation  speed  (Stri)  decreases  with 
flame  stretch  and  mixture  fraction  gradient.  In  addition,  Stri  was  found  to  be  about  two  times  the  laminar 
stoichiometric  unstretched  flame  speed  (SL°),  while  it  was  observed  to  be  considerably  higher  (3-6  times)  in 
turbulent  jets  [31].  It  is  also  interesting  to  note  that  in  both  laminar  [25,26]  and  turbulent  flows  [32]  it  was  observed 
that  an  increase  in  jet  velocity  decreases  the  flame  displacement  speed  but  increases  the  propagation  speed,  and  that 
the  flame  propagation  speed  decreases  with  axial  position  due  to  the  increase  in  mixture  fraction  gradient  and  flame 
curvature.  This  further  highlights  the  fact  that  investigations  of  laminar  triple  flames  can  provide  insight  into  the 
stabilization  and  propagation  of  turbulent  flames. 

Im  and  Chen  [33]  investigated  the  propagation  of  H2-air  triple  flames  in  a  nonpremixed  jet.  Similar  to  previous 
studies  [30,34],  the  global  flame  speed  was  found  to  be  proportional  to  the  square  root  of  the  density  ratio  across  the 
flame.  Another  important  observation  from  this  study  was  that  for  H2-air  mixtures,  the  flame  is  shifted  towards  the 
air  side  and  becomes  asymmetric  with  respect  to  the  stoichiometric  mixture  fraction  (fs=0.0285)  line,4  since  fs  is 
much  smaller  than  0.5.  Consequently,  the  triple  point,  located  at  the  intersection  of  stoichiometric  mixture  fraction 
line  and  flame  surface,  does  not  coincide  with  the  flame  leading  edge,  which  is  located  at  the  local  minimum  flame 
curvature.  This  shift  between  the  triple  point  and  the  leading  edge  is  important  in  the  context  of  determining  the 
triple  flame  speed,  since  the  experimental  studies  have  generally  reported  the  flame  speeds  at  the  leading  edge  [35], 
while  the  numerical  investigations  have  computed  these  speeds  at  the  triple  point  [25,29,33].  While  this  shift  is  also 
observed  for  hydrocarbon  flames,  it  becomes  more  pronounced  for  hydrogen  flames,  and  therefore,  relevant  for  fuel 
blends  containing  hydrogen. 

The  preceding  literature  review  indicates  that  several  investigations  have  been  reported  dealing  with  the 
propagation  of  triple  flames  in  the  context  of  pure  fuels.  However,  the  flame  propagation  characteristics  of  fuel 
blends  have  not  been  examined  as  yet. 


II.  Computational  Model 

The  numerical  model  is  based  on  the  solution  of  the  time-dependent  governing  equations  for  a  two- 
dimensional  unsteady  reacting  flow  [36,37].  Using  cylindrical  coordinates  (r,z)  these  equations  can  be  written  as: 


4  Note  that  for  fs=0.5  the  flame  will  be  symmetric  with  respect  to  the  stoichiometric  mixture  fraction  line,  and  the  locations 
of  the  triple  point  and  the  flame  leading  edge  will  coincide. 
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3(/xI>)  3(/?v^>)  d(pu<t>) 

dt  dr  dz 


d<i>^ 
dr  j 


dzV 


dz  , 


z?i4>  r*  a<t>  0 

— — + - +s 

r  r  dr 


(1) 


Here  ^  denotes  the  time,  p  the  density,  and  11  and  v  the  axial  (z)  and  radial  (r)  velocity  components, 
respectively.  The  general  form  of  the  equation  represents  conservation  of  mass,  momentum,  species,  or  energy 

conservation,  depending  on  the  variable  used  for  .  The  diffusive  transport  coefficient  1  and  source  terms  ^ 
are  described  in  Ref.  36.  Introducing  the  overall  species  conservation  equation  and  the  state  equation  completes  the 
equation  set.  A  sink  term  based  on  an  optically  thin  gas  assumption  was  included  in  the  energy  equation  to  account 


for  thermal  radiation  from  the  flame  [38]  in  the  form 


tfrad 


-4  oK 


-To) 


[39]  where  T  denotes  the  local  flame 


temperature,  and  p  accounts  for  the  absorption  and  emission  from  the  participating  gaseous  species  (C02,  H20, 

Kp=p'£iXiKp4  k 

CO  and  CH4)  expressed  as  k  where  p,t  denotes  the  mean  absorption  coefficient  of  the  kth 

species*  □  is  the  Stephen-Boltzmann  constant,  and  T0  is  the  ambient  temperature.  The  value  of  p,t  is  obtained 
using  a  polynomial  approximation  to  the  experimental  data  provided  in  Ref.  39. 

The  thermodynamic  and  transport  properties  appearing  in  the  governing  equations  are  temperature  and 
species  dependent.  The  thermal  conductivity  and  viscosity  of  the  individual  species  were  based  on  Chapman- 
Enskog  collision  theory,  following  which  those  of  the  mixture  are  determined  using  the  Wilke  semi-empirical 
formulas  [40]  Chapman-Enskog  theory  and  the  Lennard-Jones  potentials  were  used  to  estimate  the  binary-diffusion 
coefficient  between  each  species  and  nitrogen.  The  methane-air  chemistry  is  modeled  using  a  detailed  mechanism 
that  considers  31  species  and  346  elementary 
reactions  [41].  The  major  species  included  in  the 
mechanism  are  CH4,  02,  C02,  CO,  CH20,  H2, 

H20,  C2H2,  C2H4,  C2H6,  CH3OH,  and  N2,  while 
the  radical  species  include  CH3,  CH2,  CH,  CHO, 

H,  O,  OH,  H02,  H202,  C2H,  C2H3,  C2H5,  CHCO, 

C,  CH2(s),  CH2OH,  CH30,  CH2CO,  and  HCCOH. 

The  mechanism  has  been  validated  previously  for 
the  computation  of  premixed  flame  speeds  and  the 
detailed  structure  of  premixed  and  nonpremixed 
flames  [42,43,44]. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  QUICKEST  scheme 
[45],  while  those  of  the  species  and  energy  are 
obtained  using  a  hybrid  scheme  of  upwind  and 
central  differencing.  The  pressure  field  is 
calculated  at  every  time  step  by  solving  all  of  the 
pressure  Poisson  equations  simultaneously  and 
using  the  LU  (lower  and  upper  diagonal)  matrix- 
decomposition  technique. 

Figure  1  illustrates  the  computational  domain. 

It  consists  of  100  mmx50  mm  in  the  axial  (z)  and 
radial  (r)  directions,  respectively,  and  is  represented  by  a  staggered,  non-uniform  grid  system.  The  reported  results 
are  grid  independent,  as  discussed  in  the  next  section.  The  minimum  grid  spacing  is  0.05  mm  in  both  the  r-  and  z- 
directions.  An  isothermal  insert  (2x0.8  mm)  simulates  the  inner  burner  wall.  The  temperature  at  the  burner  wall  was 
set  at  300K.  The  inner  and  outer  jets  are  set  with  a  constant  and  uniform  velocity  of  lOcm/s  and  30  cm/s, 
respectively.  The  inner  jet  issues  a  H2-CH4  mixture,  while  the  outer  jet  issues  air.  A  propagating  flame  is  established 
by  igniting  the  fuel-air  mixing  layer  in  the  far  field  (35mm  above  the  burner  rim).  The  ignition  event  is  simulated  by 
providing  a  small  high-temperature  zone  with  a  temperature  of  2000K  and  a  rectangular  cross-sectional  area  of 
2mm2,  and  containing  small  amounts  of  H  and  OH  radicals.  This  high-temperature  zone  generates  an  ignition  kernel 
that  propagates  upstream  and  rapidly  develops  into  a  triple  flame,  which  then  propagates  upstream  towards  the 
burner  rim  and  eventually  stabilizes  at  the  rim.  Detailed  numerical  algorithm  is  developed  to  determine  the 


Figure  1:  Schematic  of  the  computational  grid  used  in  the 
simulations.  The  small  rectangle  shows  the  minimum  grid 
spacing  region  where  the  propagation  flame  front  is  located. 
Schematic  of  the  computational  domain  is  also  shown. 
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propagation  characteristics  of  this  flame,  such  as  flame  displacement  and  propagation  speeds,  flame  structure  and 
dynamics  near  the  triple  point,  and  flame  stretch-speed  interactions. 

III.  Results  and  Discussion 


A.  Validation  of  Numerical  Model 

The  algorithm  used  for  the  simulation  of  propagating  flames  has  been  extensively  validated  in  previous  studies, 
using  experimental  data  from  burner- stabilized  flames  [36,46],  lifted  partially  premixed  flames  [37],  and 
propagating  partially  premixed  flames  [25].  The  validation  has  included  the  comparison  of  the  predicted  and 
measured  flame  topology,  liftoff  heights  (Lf),  temperature,  velocity  and  concentration  fields,  and  flame  displacement 
speed  (Vf).  In  the  following  section,  we  will  provide  an  additional  validation  by  comparing  the  predicted  and 
measured  [47]  flame  displacement  speed  (Vf)  of  a  propagating  CH4-air  triple  flame. 


Oms 


3ms 


18ms 


48ms 


88ms 


Stable 


B.  Ignition  and  Flame  Propagation 

Figure  2  presents  the  simulated  results  of  transient  ignition,  flame  propagation,  and  flame  attachment  for  a 
propagating  CH4-air  triple  flame  in  terms  of  heat  release  rate  contours.  The  first  image  at  t=0ms  corresponds  to  an 
instant  when  the  high-temperature  ignition  source  is  removed,  while  the  subsequent  images  show  the  formation  and 
propagation  of  a  triple  flame.  Following  ignition,  two  reacting  volumes  (or  kernels)  are  formed,  as  indicated  by  the 
image  at  t=3ms.  One  propagates  downstream  and  is  quickly  extinguished.  The  other  propagates  upstream  towards 
the  burner  and  develops  into  a  triple  flame,  which  is  the  focus  of  this  investigation.  The  triple  flame  structure 
develops  at  t~18ms.  The  flame  propagates  in  a  quasi-steady  manner,  i.e.,  at  near-constant  flame  displacement  speed 
(Vf),  from  z=25mm  to  z=4mm,  exhibiting  a  well-defined  triple  flame  structure  as  indicated  in  the  snapshot  at  48ms. 
The  three  reaction  zones,  namely  the  rich  premixed  zone  (RPZ),  the  lean  premixed  zone  (LPZ),  and  the 
nonpremixed  zone  (NPZ),  can  be  readily  identified  in  the  18ms  and  48ms  images.  As  the  flame  approaches  the 
burner  rim  (i.e.  z~4mm),  the  length  of  the  RPZ  shortens,  and  the  flame  transitions  to  a  double  flame,  as  the  LPZ 

disappears.  The  flame  reaches 
the  burner  rim  at  88  ms,  and 
during  its  stabilization  at  the 
rim,  the  RPZ  extinguishes  and 
the  flame  transitions  from  a 
double  flame  to  a  steady 
nonpremixed  flame. 

Figure  3  presents  the 
flame  displacement  speed  (Vf) 
during  propagation  as  a 
function  of  flame  position  (df) 
for  the  0%H2-,  25%H2-, 

50%H2-,  and  75%H2-enriched 
CH4-air  flames.  The 
instantaneous  flame 

displacement  speed  is 
obtained  by  calculating  rate  of 
change  of  axial  position  of  the 
triple  point  with  time  (i.e. 
Vf=(Az)tri/At).  Following  Won 
et  al.  [35]  the  flame  surface, 
which  is  needed  for 
determining  the  triple  point,  is 
chosen  to  be  the  iso-contour 


0  5  10  5  10  5  10  5  10  5  10  5  10 

r  (mm)  r  (mm)  r(mm)  r(mm)  r(mm)  r(mm) 

Figure  2:  Simulated  results  showing  the  temporal  evolution  of  ignition  and 
flame  propagation  in  terms  of  heat  release  rate  contours  for  the  pure  CH4-air 
flame. 


of  0.0727  H20  mass  fraction.  The  measured  flame  displacement  speed  as  a  function  of  flame  position  for  a 
propagating  CH4-air  triple  flame,  taken  from  Ref.  [47],  is  also  shown  in  the  figure.  There  is  good  agreement  between 
the  predicted  and  measured  flame  displacement  speeds.  Both  predictions  and  measurements  indicate  that  Vf  is  nearly 
independent  of  time.  Our  predictions  are  also  consistent  with  the  measurements  of  Ko  and  Chung  [26]  for 
propagating  CH4-air  triple  flames  with  different  jet  inlet  velocities.  The  flame  displacement  speed  decreases  as  the 
flame  gets  close  to  the  burner  rim  (df~2-3mm)  and  tends  to  zero  as  the  flame  stabilizes  at  the  rim.  In  addition,  results 
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in  Fig.  3  indicate  that  as  the  amount  of  H2  in  the  fuel  blend  is  increased,  the  flame  displacement  speed  progressively 
increases,  and  the  flame  reaches  the  burner  rim  in  shorter  time.  The  increase  in  Vf  is  due  to  an  increase  in  the  flame 
propagation  speed,  Stri  (discussed  later),  which  in  turn  is  due  the  enhanced  chemical  reactivity,  diffusivity,  and 
preferential  diffusion  effects  caused  by  H2 
enrichment.  The  aspects  dealing  with  the  effects 
of  H2  enrichment  on  the  flame  propagation 
characteristics,  including  stretch-flame  speed 
interactions,  are  further  discussed  in  Section  3.4. 


C.  Flame  Base  Structure 

In  order  to  spatially  resolve  the  various 
reaction  zones  of  the  propagating  flame  more 
clearly,  we  have  previously  developed  a  modified 
flame  index  [28,29],  defined  as 
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Figure  3:  Predicted  axial  propagation  velocity  (Vf)  as  a 
function  of  axial  position  from  the  burner  rim  (df)  for  the 
0%H2-,  25%H2-,  50%H2-,  and  75%H2-enriched  CH4-air 
propagating  flames.  The  measured  axial  displacement 
flame  speed  (Vf)  for  a  CH4-air  propagating  flames  is  also 
included  for  validation  of  the  numerical  simulations. 


(2) 

Here  the  mixture  fraction  (f)  is  defined 
following  Bilger  [48],  and  GF0  is  the  flame  index 
proposed  by  Takeno  and  coworkers  [49].  With 
this  definition,  =1  represents  a  rich  premixed 
zone,  -1  a  lean  premixed  zone,  and  10.51  a 
nonpremixed  zone  for  hydrocarbon  flames.  Since 
identification  of  the  various  reaction  zones  is 
more  relevant  in  regions  of  high  reactivity,  i.e. 
where  the  heat  release  rates  are  significant,  we 
have  computed  only  in  regions  where  the  heat 
release  rate  is  at  least  1%  of  the  maximum  heat 
release  rate. 

Figure  4  presents  contours  for  propagating  CH4-air  flames  established  with  different  H2  enrichment.  The 
contours  are  shown  when  the  flames  are  at  two  different  positions,  the  first  one  at  z=17mm  corresponding  to  quasi¬ 
steady  propagation,  and  the  second  one  near  the  burner  rim  (z~2)  when  the  flames  are  in  the  attachment  process  at 
the  burner  rim.  For  all  the  four  cases  considered,  the  contours  clearly  indicate  that  during  quasi- steady  flame 
propagation,  the  flames  exhibit  a  triple  flame  structure  at  the  flame  base.  The  LPZ  is  weakened  with  H2  addition  as 
indicated  by  the  reduction  of  the  lean  premixed  wing.  For  all  the  four  cases,  as  the  flames  get  close  to  the  burner  rim, 
the  LPZ  extinguishes  and  the  triple  flame  transitions  to  a  double  flame  containing  the  rich  premixed  (RPZ)  and 
nonpremixed  (NPZ)  zones.  As  these  four  flames  are  stabilized  at  the  burner  rim,  the  RPZ  gets  extinguished  due  to 
insufficient  mixing  near  the  rim,  and  the  flames  exhibit  a  single  (NPZ)  flame  structure. 

Since  H2-air  premixed  flames  exhibit  wider  flammability  limits  than  typical  hydrocarbon-air  premixed  flames,  it 
is  relevant  to  examine  the  effect  of  H2  enrichment  on  the  flammability  limits  of  propagating  CH4-air  triple  flames. 
Figure  5  presents  the  four  flames,  discussed  in  the  context  of  Fig.  4,  in  terms  of  heat  release  rate  contours, 
streamlines,  and  equivalence  ratio  contours.  The  equivalence  ratio  is  computed  using  (f)=(f(  1  -fs)/(fs(  1  -f))),  which 
implies  that  the  stoichiometric  line  (c|)=l  .0)  coincides  with  the  stoichiometric  mixture  fraction  (fs)  line.  Previous 
investigations  [47]  have  used  an  equivalence  ratio  (|)u=YF/(vY0X),  where  V  is  the  stoichiometric  fuel-air  mass  ratio) 
based  on  the  reactants’  mass  fractions  in  the  unburnt  mixture.  However,  the  propagating  triple  flame  structure  is 
better  characterized  using  §  instead  of  <|)u,  since  4>u=l  .0  line  does  not  coincide  with  fs  in  the  burnt  region,  although  it 
does  in  the  unburnt  region.  For  the  0%H2-enriched  flame,  the  region  of  high  reactivity  (red  color)  extends  from 
([>=0.46  to  (f>=1.58,  which  correspond,  respectively,  to  the  lean  and  rich  flammability  limits  of  CH4-air  premixed 
flames.  [50,51,52].  There  is,  however,  still  significant  reactivity  beyond  these  values,  implying  that  a  triple  flame 
extends  the  flammability  limits  due  to  synergistic  interactions  among  the  three  reaction  zones.  The  H2  enrichment 
further  extends  these  flammability  limits,  since  it  enhances  flame  reactivity  as  well  as  interactions  between  the 
reaction  zones.  For  instance,  for  the  75%H2-enriched  flame,  the  region  of  high  reactivity  (red  color)  extends  from 
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(|)=0.14  to  4>=2.54.  H2  addition  also 
increases  both  the  mixture  fraction 
gradient  and  flame  curvature,  as 
indicated  by  the  collapsed  (])  lines  near 
the  flame  base.  Moreover,  since  H2 
enrichment  decreases  the  stoichiometric 
mixture  fraction  (fs),  the  flame  becomes 
more  asymmetric  with  respect  to  (|)=1.0 
line.  For  example,  fs  is  0.055  for  the 
0%H2-flame,  and  decreases  to  0.044  for 
the  75%H2-enriched  flame. 
Consequently,  the  flow  divergence 
ahead  of  the  flame  base  becomes  more 
asymmetric  with  increasing  H2  content. 
Therefore,  the  effect  of  H2  enrichment  is 
to  significantly  extend  the  flammability 
limits,  decrease  the  radius  of  curvature 
at  the  triple  flame  base,  increase  the 
mixture  fraction  gradient,  and  make  the 
flow  divergence  more  asymmetric  with 
respect  to  the  stoichiometric  line.  These 
effects  influence  the  flame  dynamics,  as 
discussed  in  the  following  sections. 
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Figure  4.  Flame  structures  of  various  H2-enriched  CH4-air  flames  are 
shown  through  the  modified  flame  index  (^M)  contours  during  quasi¬ 
steady  flame  propagation  (a)  and  flame  attachment  (b). 
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D.  Stoichiometric  Flame  Structure 

Our  simulations  indicate  that  in 
addition  to  the  enhanced  flammability 
limits,  H2  enrichment  also  causes  a 
significant  increase  in  the  flame 
propagation  speed  of  triple  flames. 
Since  the  flame  speed  is  strongly 
influenced  by  preferential  mass 
diffusion  effects,  we  examine  in  this 
section  the  effect  of  H2  enrichment  on 
preferential  diffusion.  The  preferential  diffusion  effect  can  be  demonstrated  by  comparing  the  structure  of  H2- 
enriched  propagating  triple  flames 
along  the  stoichiometric  mixture 
fraction  with  that  of  the 
corresponding  stoichiometric  planar 
flames. 

Lateral  diffusion  of  heat  and 
species  plays  an  important  role  in 
determining  the  structure  of 
propagating  triple  flames.  With  fuel 
blends  (say)  containing  fuels  A  and 
B  with  unequal  diffusivities, 
preferential  diffusion  of  fuel  species 
can  lead  to  localized  regions  of 
higher  concentration  of  fuel  A 
compared  to  B,  and  this  may 
significantly  affect  the  flame 
propagation  characteristics.  This 
preferential  diffusion  effect  becomes 
more  significant  in  propagating 
triple  flames  compared  to  that  in 
planar  flames  due  to  the  presence  of 
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Figure  5:  Computed  heat  release  rate  contours  (rainbow  scheme)  (q), 
equivalence  ratio  contours  (red  lines)  ((|>),  and  flow  field  streamlines  (black 
lines)  (v)  for  0%H2-,  25%H2-,  50%H2-,  and  75%H2-enriched  CH4-air 
propagating  flames. 
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lateral  diffusion.  In  order  to  characterize  this  effect,  we  compare  the  structure  of  H2-enriched  propagating  triple 
flames  along  the  stoichiometric  mixture  fraction  with  that  of  the  corresponding  stoichiometric  planar  flames.  Figure 
6  presents  these  flame  structures  in  terms  of  the  temperature,  axial  velocity,  and  major  species  (CH4,  02,  H20,  H2, 


Figure  6.  Comparison  of  the  temperature,  axial  velocity,  reactants  (CH4,  H2,  and  02),  and  products  (C02,  CO, 
and  H20)  mass  fraction  profiles  between  the  instantaneous  flame  structure  along  the  stoichiometric  mixture 
fraction  line  of  simulated  axisymmetric  propagating  triple  flames  (solid)  discussed  in  the  context  of  Fig.  7  and 
the  corresponding  stoichiometric  planar  flames  (dashed).  Both  structures  are  superimposed  at  the  location  of  the 
maximum  heat  release  rate  peak. 

C02,  and  CO)  profiles  for  the  four  H2-enriched  triple  flames  (discussed  in  the  context  of  Figs.  4  and  5)  and  the 
corresponding  stoichiometric  planar  flames.  The  two  structures  are  superimposed  at  the  location  of  the  maximum 
heat  release  rate.  The  peak  flame  temperature  for  triple  flames  is  lower  than  that  for  the  corresponding  planar 
premixed  flames,  and  this  may  be  attributed  to  the  effects  of  lateral  heat  transport  and  stretch  in  triple  flames.  The 
peak  flame  temperature,  however,  increases  with  H2  addition  for  both  triple  and  planar  premixed  flames. 

The  presence  of  preferential  diffusion  in  the  case  of  triple  flames  can  be  observed  by  comparing  the  CH4  and  H2 
mass  fraction  profiles  for  the  triple  flames  and  the  corresponding  planar  flames  in  Fig.  6.  For  the  0%H2-enriched 
case,  the  CH4  mass  fraction  profiles  for  the  triple  flame  is  almost  identical  to  that  for  the  planar  premixed  flame. 
However,  with  increasing  H2  enrichment,  the  CH4  mass  fraction  becomes  increasingly  smaller  while  H2  mass 
fraction  becomes  larger  in  triple  flames  than  those  in  planar  flames,  indicating  the  preferential  diffusion  of  H2  over 
that  of  CH4.  The  reduction  in  CH4  mass  fraction  due  to  preferential  diffusion  is  further  indicated  by  the  reduced  CO 
and  C02  mass  fractions  and  the  increased  H20  mass  fractions  for  the  triple  flames  compared  to  those  for  the  planar 
flames.  Therefore,  the  preferential  diffusion  of  H2  in  H2-enriched  propagating  triple  flames  leads  to  localized  higher 
concentration  of  hydrogen,  which  enhances  the  flame  propagation  speed. 
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Figure  7:  Normalized  flame  propagation  speed  (Stri/SL°)  plotted 
as  a  function  of  distance  from  the  burner  rim  (df)  for  the  0%H2- 
25%H2-,  50%H2-,  and  75%H2-enriched  CH4-air  propagating 
flames. 

33,53]: 


Another  important  observation  from  Fig.  6 
is  that  the  axial  velocity  in  the  case  of  triple 
flames  reaches  a  minimum  ahead  of  the  flame 
due  to  the  flow  divergence  effect.  This 
minimum  velocity  is  associated  with  the  triple 
flame  propagation  speed  (Stri).  For  stationary 
lifted  triple  flames,  Ruetsch  et  al.  [30]  and  Im 
and  Chen  [33]  have  shown  this  minimum 
velocity  to  be  close  to  the  stoichiometric  planar 
flame  speed  (SL).  However,  for  upstream 
propagating  triple  flames,  this  minimum 
velocity  becomes  negative  (cf.  Fig.  6)  due  to 
flow  reversal  ahead  of  the  flame.  This  is 
consistent  with  the  results  reported  by  Qin  et  al. 
[25].  As  the  amount  of  H2  in  the  fuel  blend  is 
increased,  the  minimum  flow  velocity  increases 
in  magnitude,  indicating  that  the  flame 
propagation  speed  also  increases. 

E.  Flame  Dynamics  at  the  Triple  Point 

In  order  to  examine  the  flame  dynamics  and 
stretch-flame  speed  interactions,  the  flame 
speed  (Stri),  and  the  hydrodynamic  (Kh), 
curvature-induced  (X),  and  total  (k)  stretch 
rates  at  the  triple  point  are  extracted  from  our 
simulations,  using  the  following  equations  [25, 


\  - 
0 d  ~ 


psd 

Pu 


— 


1 


p  I  Vcp  I 


[V  ■  (pDV  cp)  +  (Dj 


Kh  —  W  V fluid 

Kc  =  Sd<y  n) 


-  nn :  VV 


fluid 


K- 


Kh  +  Kc 


(3a) 

(3b) 

(3c) 

(3d) 


In  Eq.  (3a)  the  scalar  cp  is  represented  by  the  H20  mass  fraction  (YH2o=0-0727  [26]).  Note  that  a  density- 
weighted  flame  speed  (Sd  )  is  being  used  following  Im  and  Chen  [33].  Here  Sd  represents  the  local  flame  speed 
along  the  flame  surface,  while  Sd  at  the  triple  point  yields  the  flame  propagation  speed  (Stri).  In  addition,  the  far- 
field  flame  speed  (UF),  which  represents  the  global  triple  flame  speed  is  evaluated  using  [33,54]: 


UK 


■U0  =  stri 


■u=v. 


f  (4) 

Here  U0  is  the  local  maximum  flow  velocity  along  the  stoichiometric  mixture  fraction  line  (fs)  ahead  of  the  flame, 
which  is  not  affected  by  flow  divergence,  whereas  Ue  is  the  local  minimum  flow  velocity  along  fs  ahead  of  the 
flame.  Note  that  if  the  flame  were  to  be  stabilized  as  a  lifted  flame,  its  displacement  speed  is  zero  (Vf=0),  and  then 
UF=IU0I  and  StrFIUel. 


Figure  7  presents  the  normalized  flame  propagation  speed  (Stri/SL°)  as  a  function  of  distance  from  the  burner  rim 
(df)  for  the  four  H2-enriched  CH4-air  triple  flames.  Here  SL°  is  the  stoichiometric  unstretched  planar  flame  speed, 
which  is  computed  for  each  of  the  four  H2-enriched  flames  using  the  Chemkin  package  [55]  with  GRI  1.2  chemistry 
model  [41].  The  SL°  values  for  the  four  flames  are  provided  in  Table  1.  Several  important  observations  can  be  made 
from  this  figure.  First,  with  increasing  H2  enrichment,  Stri  increases  due  to  the  enhanced  chemical  reactivity, 
diffusivity,  and  preferential  diffusion  caused  by  H2  addition.  Second,  the  ratio  Stri/SL°  is  less  than  unity,  implying  that 
the  effect  of  stretch  is  to  reduce  the  flame  speed  for  these  flames.  This  aspect  is  further  discussed  later  in  this 
section.  Third,  the  difference  between  Stri  and  SL°  is  reduced  with  increasing  H2  enrichment,  implying  that  the  flame 
becomes  less  sensitive  to  stretch  rate  with  H2  addition.  Finally,  Stri  varies  during  flame  propagation.  Both  of  these 
aspects  are  also  discussed  later  in  this  section. 
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SL°  (m m/s) 

8l°  (mm)1 

0%H2-100%CH4 

400.0 

0.47 

25%H2-75%CH4 

497.0 

0.44 

50%H2-50%CH4 

693.0 

0.37 

75%H2-25%CH4 

1163.0 

0.33 

Ruetsch  et  al.  [30]  and  Im  and  Chen  [33]  showed  that  UF/Stri  is  proportional  to  the  square  root  of  the  density  ratio 
(i.e.  V(pu/pb))  for  small  mixture  fraction  gradients.  In  order  to  confirm  this  relationship  for  our  simulations,  we 
present  in  Fig.  8  the  normalized  far-field  flame  speed  (UF/Stri)  as  a  function  of  flame  position  (df)  for  the  flames 
discussed  in  the  context  of  Fig.  5.  It  is  interesting  to  note  that  for  all  H2-enriched  flames,  UF/Stri~2.5  during  quasi¬ 
steady  flame  propagation.  Our  simulations  also  indicate  that  the  square  root  of  the  density  ratio  remains  nearly 
constant  (V(pu/pb)~  2.6)  for  all  the  four  flames  during  propagation.  While  Ruestch  et  al.  [30]  and  Im  and  Chen  [33] 
reported  this  relationship  for  triple  flames  under  idealized  conditions,  our  simulations  demonstrate  a  similar 
relationship  under  more  complex  conditions.  For  instance,  Ruetsch  et  al.  [30]  used  global  chemistry  with  constant 
thermodynamics  and  transport  properties  to  establish  perfectly  symmetric  non-buoyant  propagating  triple  flames  in  a 
uniform  flow  field,  while  our  simulations  include  detailed  chemistry  as  well  as  variable  transport  and 

thermodynamic  properties,  and  show  that  the  flow 
redirection  effect  (i.e.,  UF/Stri~V(pu/pb))  is  observed 
for  propagating  triple  flames  under  more  complex 
conditions,  such  as  nonuniform  flow  field,  presence 
of  buoyancy,  flame  radiation,  and  asymmetric  flow 
divergence  upstream  of  the  flame. 

In  order  to  examine  the  stretch-flame  speed 

^  _  TT  t  t  Ox  i  i  t  interactions,  we  present  in  Fig.  9  the  normalized 

Table  1.  Unstretched  flame  speeds  (SL  )  and  thicknesses  flame  propagation  speed  (Stn/S|  «)  as  a  function  of 

(6l)  of  H2-enriched  CH4-air  stoichiometric  planar  Karlovitz  number  (Ka)  for  the  flames  discussed  in 
premixed  flames,  computed  using  the  Chemkin  package  the  context  of  Rg  7  Based  on  the  flame  stretch 

and  GRI-Mech.  1.2  chemistry  model.  theory,  SL0/  Stn=l+MaKa  [56],  where  the  Karlovitz 

number  is  given  by  Ka=8L°.K/Stri,  and  the  Markstein  number  (Ma)  is  equal  to  the  negative  of  the  slope  of  each  curve 
in  this  figure.  The  flame  propagation  speed  decreases  almost  linearly  with  increasing  Ka  for  all  cases,  implying  that 

these  flames  are  diffusive-thermally  stable  [56,  57]. 
For  a  positively  stretched  flame  base,  its  convex  nature 
towards  the  fresh  mixture  defocuses  the  heat,  while 
focusing  the  deficient  reactant.  Thus,  for  Le>1.0,  the 
defocusing  effect  dominates,  leading  to  a  negative 
correlation  between  flame  propagation  speed  and 
stretch.  In  addition,  results  in  Fig.  9  indicate  that  the 
propagating  triple  flames  generally  becomes  less 
sensitive  to  stretch  (i.e.,  less  diffusive-thermally 
stable)  as  H2  enrichment  increases,  as  indicated  by  the 


Figure  8.  Normalized  far-field  flame  speed  (UF/Stri)  as 
a  function  of  distance  from  the  burner  rim  (df)  for  the 
0%H2-  25%H2-,  50%H2-,  and  75%H2-enriched  CH4- 
air  propagating  flames. 

decrease  in  the  slope  (i.e.  -Ma).  This  is  consistent  with  the 
results  shown  in  Fig.  7.  Previous  experimental  and 
numerical  studies  have  shown  that  the  flame  speed 
decreases  linearly  with  stretch  for  stoichiometric  outwardly 
propagating  spherical  CH4-air  and  H2-air  flames  (Ka>0), 
and  that  the  latter  is  less  sensitive  to  stretch  [56,57]. 
Therefore,  our  results  are  consistent  with  those  reported  in 
the  cited  studies.  Our  results  are  also  consistent  with  the 
experimental  results  of  Huang  et  al.  [17]  who  observed  that 


Figure  9.  Normalized  flame  propagation  speed 
(Stri/Si°)  as  a  function  of  Karlovitz  number  (Ka)  for 
the  flames  discussed  in  the  context  of  Fig.  7. 
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for  outwardly  propagating  spherical  flames  burning  a  stoichiometric  mixture  of  natural  gas  and  hydrogen  with  air, 
the  increase  in  H2  content  decreases  the  Markstein  number,  implying  greater  tendency  towards  diffusive-thermal 
instability. 


IV.  Conclusions 

The  effects  of  H2  enrichment  on  the  flame  structure,  dynamics,  and  stretch-flame  speed  interactions  for 
propagating  triple  flames  are  characterized. 

1.  Following  ignition,  a  well-defined  triple  flame  is  formed  that  propagates  upstream  with  a  nearly  constant 
displacement  speed  (Vf)  along  the  stoichiometric  mixture  fraction  line.  As  this  flame  approaches  the  burner,  it 
transitions  to  a  double  flame,  and  subsequently  to  a  nonpremixed  flame  as  it  stabilizes  at  the  burner  rim.  With 
increase  in  H2  concentration  in  the  fuel  blend,  both  the  flame  displacement  speed  and  propagation  speed  (Stri) 
increase  progressively  due  to  the  enhanced  chemical  reactivity,  diffusivity,  and  preferential  diffusion  caused  by 
H2  enrichment. 

2.  The  propagating  triple  flame  structure  is  substantially  modified  with  H2  enrichment,  which  increases  the  flame 

curvature  and  mixture  fraction  gradient  near  the  triple  point.  The  addition  of  H2  also  enhances  interactions 
between  the  reaction  zones,  which  extend  the  flammability  limits  associated  with  CH4-air  triple  flames.  In 
addition,  H2  enrichment  makes  the  flow  divergence  ahead  of  the  flame  more  asymmetric  with  respect  to  the 
stoichiometric  mixture  fraction  line.  Consequently,  the  triple  point  does  not  coincide  with  the  flame  leading 
edge,  which  is  located  at  the  local  minimum  flame  curvature.  This  distinction  is  important  in  the  context  of 
determining  the  flame  propagation  speed  (Stri),  since  experimental  studies  have  generally  reported  the  flame 
speeds  at  the  leading  edge,  while  numerical  investigations  have  reported  these  values  at  the  triple  point. 

3.  The  flame  dynamics  at  the  triple  point  is  also  significantly  modified  with  H2  enrichment.  In  addition  to  the 
enhancement  in  flame  propagation  speed  (Stri),  H2  addition  considerably  increases  both  the  hydrodynamic  and 
curvature-induced  stretch,  and  hence  the  total  stretch.  Moreover,  the  stretch-flame  speed  interactions  are 
substantially  modified,  as  H2  enrichment  reduces  the  flame  sensitivity  to  stretch,  i.e.,  it  decreases  the  Markstein 
number  (Ma)  and  increases  flame  tendency  towards  diffusive-thermal  instability  (i.e.  Ma^O).  These  results  are 
consistent  with  the  previously  reported  experimental  results  for  outwardly  propagating  premixed  spherical 
flames  burning  a  stoichiometric  mixture  of  natural  gas  and  hydrogen  with  air. 

4.  For  all  the  H2  enriched  methane-air  flames  investigated  in  this  study,  the  flame  propagation  speed  decreases 
linearly  with  stretch.  This  is  consistent  with  previous  studies  which  have  shown  a  negative  correlation  between 
flame  speed  and  stretch  for  stoichiometric  CH4-air  and  H2-air  premixed  flames  with  an  effective  Lewis  number 
greater  than  one.  While  Stri  decreases  linearly  with  stretch,  the  ratio  Uf/Stri  (Uf  being  the  far-field  flame  speed)  is 
found  to  be  proportional  to  the  square  root  of  the  unburned  to  burned  density  ratio  (V(DU/Db)).  This  is  an 
important  result  because  it  implies  that  the  flame  stretch  theory  and  flow  redirection  effect,  which  have 
previously  been  discussed  in  the  context  of  idealized  flame  configurations,  also  apply  to  more  complex  flames 
such  as  H2-enriched  CH4-air  triple  flames  propagating  in  a  non-uniform  flow  field. 
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Abstract 

The  counterflow  flame  system  established  between  lean-methane-air  and  lean-hydrogen-air  streams  is 
investigated  experimentally  and  numerically.  A  two-dimensional  model  known  as  UNICORN  was  used  for 
the  simulation.  Detailed  measurements  for  temperature  and  species  concentrations  were  obtained  along  the 
centerline  using  Raman  spectroscopy.  A  double-state  behavior  for  this  flame  system  was  identified  in  the 
numerical  simulations,  which  was  later  confirmed  by  the  experiments.  For  the  given  flow  conditions,  the 
flame  system  can  have  either  a  single-flame  or  a  double-flame  structure  depending  on  the  way  those  con¬ 
ditions  were  achieved.  Detailed  comparisons  were  made  between  measurements  and  calculations  for  the 
two  flame  structures.  Calculations  for  various  lean  methane-air  mixtures  and  stretch  rates  were  performed 
to  understand  the  double-state  behavior  of  counterflow  premixed  flames.  It  was  found  that  the  flame  sys¬ 
tem  exhibits  double-state  behavior  only  for  leaner  (0CH4  <  0.74)  methane-air  mixtures.  Aerodynamic  and 
chemical  structures  of  the  flames  in  different  stretch-rate  regimes  were  analyzed.  When  stretch  rate  on  the 
flame  system  is  increased,  the  flame  transitions  from  a  double-flame  to  a  single-flame  structure  due  to  aero- 
dynamic-cooling  process.  When  stretch  rate  is  decreased,  the  flame  does  not  transition  back  to  the  double¬ 
flame  structure  due  to  stretch  effects  on  molecular  diffusion.  However,  for  (0CH4  >  0.81),  decrease  in 
stretch  rate  increases  flame  temperature  due  to  lack  of  stretch-induced  cooling  and  returns  the  flame  struc¬ 
ture  to  a  double-flame  one.  For  a  narrow  range  of  equivalence  ratios  (0.74-0.81)  counterflow  premixed 
flames  exhibit  a  hysteresis  property. 

©  2006  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Lean  combustion  is  of  interest  due  to  its  poten¬ 
tial  advantages  in  limiting  thermal  NOx  emissions 
and  in  increasing  fuel  consumption  efficiency. 
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Typically,  diluted  fuel-air  mixtures  are  obtained 
through  either  available  excess  air  or  exhaust-gas 
recirculation.  Lean  combustion  has  been  used  in 
gas  turbines  and  direct  injection  spark  ignition 
(DISI)  engines.  However,  a  critical  problem  in 
using  lean  combustion  is  that  it  tends  to  produce 
unburned  hydrocarbon  pollutants.  Lor  example, 
in  DISI  engines,  ultra-lean  combustion  is  achieved 
by  charge  stratification.  The  fuel/air  mixture  is 
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inhomogeneous,  leading  to  the  simultaneous  for¬ 
mation  of  lean,  rich  and  stoichiometric  regions. 
For  the  inhomogeneous  reactants,  Haworth 
et  al.  [1]  simulated  turbulent  inhomogeneous  com¬ 
bustion  in  DISI  engines  and  found  that  hydrocar¬ 
bon-rich  fragments  and  oxidizer  penetrate  behind 
the  primary  heat-release  zone  to  form  a  secondary 
reaction  zone  and,  thereby,  pollutants.  Flames 
occurring  in  an  inhomogeneously  mixed  fuel  and 
air  regions  are  also  examples  of  partially  premixed 
combustion.  Some  of  this  partially  premixed  mix¬ 
ture  is  so  lean  that  it  does  not  burn.  However, 
such  ultra-lean  mixtures  may  still  combust  if  hot 
products  interact  with  it.  That  is,  under  certain 
conditions,  the  lean  mixture  region  can  burn  and 
thus  reduce  the  potential  pollutants.  The  focus 
of  this  work  is  to  study  interaction  of  lean  mixture 
with  hot  products  that  are  needed  to  maintain  the 
lean  region  burning.  Partially  premixed  flames 
have  been  studied  widely.  In  particular,  the  down¬ 
stream  interaction  of  two  premixed  streams  was 
investigated  by  Sohrab  et  al.  [2].  On  the  other 
hand,  most  practical  flames  are  stretched  to  differ¬ 
ent  extents.  The  stretch  effects  combined  with 
other  aspects  such  as  the  effect  of  Lewis  number 
or  curvature  will  modify  flame  structure  signifi¬ 
cantly  [3,4].  Considering  the  various  conditions 
that  exist  simultaneously  in  inhomogeneous  fuel/ 
air  reaction,  a  set  of  CH4/air  flames  with  a  wide 
range  of  equivalence  ratios  and  stretch  rates 
impinging  upon  counterflowing  hot  products  are 
studied  experimentally  and  numerically.  The 
opposed  jet  burner  that  generates  nearly  flat 
flames  are  widely  used  to  study  chemical  kinetics 
and  species  transport  under  aerodynamic  stretch. 
Using  the  counterflow  jet  flames,  partially  pre¬ 
mixed  CH4/air  versus  air  flame  structures  were 
investigated  [5,6].  Structures  of  the  lean  partially 
premixed  CH4  and  C3H8  flames  established 
between  the  fuels  and  the  hot  products  have  also 
been  investigated  [7-9].  In  general,  premixed 
flames  [10,11]  are  much  less  sensitive  to  stretch 
than  diffusion  flames  [12].  In  the  present  work, 
stretch  effects  on  the  flame  structure  of  lean 
CH4/air  mixtures  are  studied  using  a  two-dimen¬ 
sional,  detailed  transport,  complex  chemistry 
numerical  model. 


2.  Numerical  model 

A  time-dependent,  axisymmetric  mathematical 
model  known  as  UNICORN  (Unsteady  Ignition 
and  Combustion  using  ReactioNs)  [13,14]  is  used 
for  the  simulation  of  the  unsteady  counterflow 
premixed  flames.  It  solves  for  axial-  and  radial- 
momentum  equations,  continuity,  and  enthalpy- 
and  species-conservation  equations  on  a  stag- 
gered-grid  system.  A  clustered  mesh  system  is 
employed  to  trace  the  large  gradients  in  flow  vari¬ 
ables  near  the  flame  surface.  A  detailed  chemical- 


kinetics  model  (GRI  Version  1 .2)  of  Gas  Research 
Institute  [15]  is  incorporated  into  UNICORN  for 
the  investigation  of  methane-hydrogen  flames.  It 
consists  of  32  species  and  346  elementary-reaction 
steps.  Thermo-physical  properties  such  as  enthal¬ 
py,  viscosity,  thermal  conductivity,  and  binary 
molecular  diffusion  of  all  the  species  are  calculated 
from  the  polynomial  curve  fits  developed  for  the 
temperature  range  300-5000  K.  Mixture  viscosity 
and  thermal  conductivity  are  then  estimated  using 
the  Wilke  and  Kee  expressions,  respectively. 
Molecular  diffusion  is  assumed  to  be  of  the  bina¬ 
ry-diffusion  type,  and  the  diffusion  velocity  of  a 
species  is  calculated  using  Fick’s  law  and  the  effec¬ 
tive-diffusion  coefficient  of  that  species  in  the  mix¬ 
ture.  A  simple  radiation  model  based  on  the 
optically  thin-media  assumption  [16]  is  incorpo¬ 
rated  into  the  energy  equation.  Only  radiation 
from  CH4,  CO,  C02,  and  H20  is  considered  in 
the  present  study.  Radiation  from  soot  is  not  con¬ 
sidered,  which  is  justified  for  the  nearly  non-soot¬ 
ing  lean  premixed  flames  studied. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICK¬ 
EST  scheme  [17],  and  those  of  the  species  and 
energy  equations  are  obtained  using  a  hybrid 
scheme  of  upwind  and  central  differencing.  At 
every  time  step,  the  pressure  field  is  accurately  cal¬ 
culated  by  solving  all  the  pressure  Poisson  equa¬ 
tions  simultaneously  and  using  the  LU  (Lower 
and  Upper  diagonal)  matrix-decomposition  tech¬ 
nique.  The  computational  domain  is  bounded 
between  sets  of  inflow  boundaries  in  the  axial 
direction  and  between  the  axis  of  symmetry  and 
outflow  boundaries  in  the  radial  direction.  The 
boundary  conditions  are  treated  in  the  same  way 
as  that  reported  in  earlier  papers  [17,18]. 


3.  Experiment 

The  counterflow  burner  used  in  this  study  was 
designed  by  Seshadri  et  al.  [19]  which  has  been 
extensively  considered  for  hydrogen-  and  hydro¬ 
carbon-fueled  diffusion  flames  and  for  hydrocar¬ 
bon-fueled  premixed  flames.  With  the 
honeycomb  inserts,  rather  than  wire  screens,  it 
has  also  been  used  for  the  studies  of  lean  H2/air 
premixed  flames  [20].  The  schematic  diagram  of 
the  burner  along  with  the  supplied  flows  is  shown 
in  Fig.  1.  The  burner  system  consists  of  25-mm 
diameter  inner  nozzles  that  are  separated  by 
12.6  mm.  Methane-air  mixture  was  issued  from 
the  top  nozzle  while  hydrogen-air  mixture  was 
issued  from  the  bottom  nozzle.  The  honeycomb 
flow  straighteners  inserted  in  the  flow  supplies 
yielded  uniform  exit  velocities  [20].  A  low-speed 
nitrogen  flow  was  issued  from  the  top  and  bottom 
outer  nozzles  for  protecting  the  flame  from  the 
room-air  disturbances.  The  exit  temperature  for 
all  the  gases  was  300  K.  Measurements  of  major 
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Fig.  1.  Premixed  flame  system  used  for  the  investigation  of  products-supported  lean  combustion.  Typical  temperature 
and  OH-concentration  distributions  are  shown  in  the  left  and  right  halves,  respectively. 


species  and  temperature  were  made  along  the  cen¬ 
terline  using  a  non-intrusive,  Raman-scattering 
diagnostic  system  [8,20].  Experiments  were  per¬ 
formed  for  various  equivalence  ratios  and  stretch 
rates.  Details  of  eight  flames  that  were  classified 
into  three  groups  are  given  in  Ref.  [20].  For  exam¬ 
ple,  Group  A  includes  three  flames  with  the  same 
CH4/air  mixture  (with  an  equivalence  ratio  of 
0.68)  and  lean  H^air  mixture  (with  an  equivalence 
ratio  of  0.28)  but  subjected  to  different  stretch 
rates  [20].  In  this  study,  two  additional  flames 
are  measured  with  a  slightly  leaner  CH4-air  mix¬ 
ture  (0  =  0.64). 


4.  Results  and  discussion 

Two-dimensional  calculations  for  the  premixed 
flame  system  developed  between  the  upper  and 
lower  nozzles  were  made  using  UNICORN  code 
on  a  grid  system  that  has  421  x  101  node  points 
in  the  axial  (z)  and  radial  (r)  directions,  respective¬ 
ly.  Flat  velocity  profiles  were  used  at  the  nozzle 
exits.  Computed  results  in  the  form  of  tempera¬ 
ture  and  OH-concentration  distributions  for  a 
typical  flame  in  Group  A  are  shown  in  Fig.  1. 
The  global  stretch  rate  (defined  as  the  ratio 
between  twice  the  velocity  difference  and  the  noz¬ 
zle  separation)  applied  on  this  flame  was  90  s_1. 
Even  though  the  computational  domain  was 


extended  to  20  mm  in  the  radial  direction,  only 
the  data  up  to  15  mm  is  shown  in  Fig.  1.  Calcula¬ 
tions  have  yielded  a  double-fame  structure  with 
methane  flame  (lower)  burning  more  intensely 
than  the  hydrogen  one  (upper).  Former  flame  is 
also  shorter  (in  the  radial  direction)  than  the  lat¬ 
ter.  Detailed  comparisons  made  between  the  com¬ 
puted  and  measured  temperature  and  species 
profiles  along  the  centerline  [21]  suggested  that 
UNICORN  code  with  GRI-V1.2  chemical  kinet¬ 
ics  predicts  the  flame  structure  accurately. 

Increasing  the  velocities  of  the  hydrogen-  and 
methane-fuel  jets  increases  the  applied  stretch  rate 
on  the  double-flame  system  and  decreases  the  sep¬ 
aration  between  the  two  flames.  At  a  certain 
stretch  rate,  the  methane  flame  extinguishes  and 
the  flame  system  switches  from  a  double-flame 
structure  to  a  single-flame  one.  Interestingly,  sig¬ 
nificant  differences  developed  between  the  predic¬ 
tions  and  measurements  when  the  stretch  rate  was 
increased  to  204  s-1.  While  experiments  produced 
a  single  flame,  calculations  have  predicted  a  dou¬ 
ble-flame  structure.  Repeated  calculations  with 
different  grid  sizes  and  for  stretch  rates  slightly 
higher  and  lower  than  204  s-1  failed  to  predict 
the  single-flame  structure.  Note  that  calculations 
made  by  Cheng  et  al.  [20]  using  OPPDIF  code 
also  resulted  in  a  double-flame  structure  for  this 
stretch-rate  condition.  Their  efforts  in  using  differ¬ 
ent  chemical  kinetics  models  have  also  failed. 
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Fig.  2.  Response  of  a  premixed  flame  formed  between  counter-flowing  methane-air  and  hydrogen-air  jets  to  increasing 
(open  circles)  and  decreasing  (solid  circles)  strain  rates.  <PCh4  =  0.64,  <PH2  =  0.28.  Insets  show  the  temperature  images  of 
two  stable  states  under  identical  conditions. 


State  B 

■ 


Increasing 


-  -  •  -  -  Decreasing 
■  Experiment 


C  H  4+A i r 

H  2  +A i r 

Additional  calculations  are  performed  for 
understanding  the  discrepancy  between  the  pre¬ 
dicted  and  measured  flame  structures  for  the 
204-s_1 -stretch-rate  case.  Typically,  finite-rate 
chemistry  calculations  for  a  flame  are  performed 
using  an  initial  solution  that  is  either  generated 
by  a  global-chemistry  model  or  constructed  from 
a  known  solution  at  different  flow  conditions. 
Occasionally,  such  calculations  are  also  per¬ 
formed  from  a  cold-flow  solution  and  by  using  a 
high-temperature  ignition  spot.  In  the  present 
study,  calculations  for  the  flame  at  a  given  stretch 
rate  are  performed  from  a  known  solution  at  a 
lower  stretch  rate.  Note  that  this  approach  result¬ 
ed  in  accurate  predictions  of  the  double-flame 
structure  for  low-stretch-rate  cases  and  the  sin¬ 
gle-flame  structure  for  the  high-stretch-rate  cases, 
but  failed  to  predict  the  single-flame  structure  for 
the  low-stretch-rate  204-s_1  case.  While  repeating 
the  calculations  for  the  204-s_1  case  using  different 
initial  conditions,  accidentally  one  calculation  was 
provided  with  a  high-stretch-rate  flame  as  initial 
solution.  Surprisingly,  that  calculation  converged 


to  a  single-flame  structure  -  just  the  way  that 
was  seen  in  the  experiments,  and  gave  the  first 
indication  for  the  existence  of  two  stable  states 
for  the  methane-air/hydrogen-air  flame  system. 

For  understanding  the  double-state  behavior 
of  the  counterflow  premixed  flames,  experimental 
and  numerical  studies  are  performed  on  a  flame 
system  with  #Ch4  =0.64,  <PH2  =0.28.  Calcula¬ 
tions  are  performed  first  for  a  low-stretch-rate 
case  using  the  global-chemistry  solution  as  the  ini¬ 
tial  data  and  then  for  higher-stretch-rate  cases 
using  previously  obtained  solution  as  the  initial 
data.  Calculations  are  repeated  for  all  the 
stretch-rate  cases  starting  from  the  highest- 
stretched  flame  and  then  by  decreasing  the  stretch 
rate.  Peak  temperature  (7"f)  along  the  centerline 
computed  for  various  stretch  rates  are  shown  in 
Fig.  2.  Data  computed  with  increasing-stretch- 
rate  approach  are  shown  with  open  circles  and 
those  computed  with  decreasing-stretch-rate 
approach  are  shown  with  solid  circles.  Solid  and 
broken  lines  are  drawn  through  the  symbols  for 
clarity.  For  all  the  stretch  rates  ^168s-1  flame 
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Fig.  3.  Computed  (lines)  and  measured  (symbols)  temperature  and  species  distributions  along  stagnation  line  for  the 
flame  in  State  A.  <PCh4  =  0-64,  <PH2  =  0-28,  kg i0bai  =  143  s-1  flame. 


system  has  a  unique  solution  independent  of  how 
that  strain  rate  was  arrived  at.  There  is  a  slight 
scatter  in  the  temperature  data  as  the  planar 
flames  formed  in  the  counterflow  burner  tend  to 
oscillate  weakly.  For  all  the  stretch  rates 
<168  s-1  flame  system  has  two  stable  states; 
namely,  A  and  B.  Therefore,  flame  temperature 
in  this  regime  depends  on  the  way  the  stretch  rate 
was  achieved,  i.e.,  through  increasing  or  decreas¬ 
ing.  Note,  the  double-state  behavior  is  also  con¬ 
firmed  with  OPPDIF  code  and  using  increasing- 
and  decreasing-stretch-rate  approaches. 

Experiments  for  the  $Ch4  =  0.64-$h2  =0.28 
flame  system  at  a  given  stretch  rate  are  performed 
first  by  establishing  the  flame  using  a  blow  torch 
and  then  significantly  perturbing  the  flame  using 
a  metal  wire.  Inline  with  the  computations,  exper¬ 
iments  have  also  shown  the  existence  of  two  stable 
states.  The  two  peak  temperatures  measured  for 
the  1 43 -s_1 -stretch-rate  case  are  shown  in  Fig.  2 
using  solid  squares.  Good  agreement  between  pre¬ 
dictions  and  experiments  was  found  for  both 


states  (A  and  B).  Computed-flame  images  in  terms 
of  temperature  distributions  corresponding  to 
these  states  are  shown  in  Fig.  2  as  insets.  Several 
observations  can  be  noted  from  the  flame 
behavior: 

1.  Transition  from  state  A  to  B  occurs  sharply 
with  a  small  change  in  stretch  rate. 

2.  Once  the  flame  system  is  in  state  B,  it  is  not  pos¬ 
sible  to  bring  it  back  to  state  A  through  chang¬ 
ing  stretch  rate.  State  A  was  achieved  through 
the  use  of  global-chemistry  solution  as  initial 
condition  in  the  calculations  and  through  the 
use  of  flame  torch  for  ignition  in  the 
experiment. 

3.  Peak  temperature  decreases  (from  1722  K)  with 
stretch  rate  when  the  flame  system  is  in  state  A 
and  increases  (from  1160  K)  when  it  is  in  state 
B. 

Detailed  comparisons  between  the  predicted 
and  measured  structures  of  the  143-s_  ^stretch-rate 
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Fig.  4.  Computed  (lines)  and  measured  (symbols)  temperature  and  species  distributions  along  stagnation  line  for  the 
flame  in  State  B.  <PCh4  =0.64,  <PH2  =0.28,  kg i0bai  =  143  s_1  flame. 


flame  system  for  states  A  and  B  are  shown  in  Figs.  3 
and  4,  respectively.  Temperature  and  species  distri¬ 
butions  along  the  centerline  are  compared.  Here,  z 
is  the  distance  from  the  top  nozzle.  Locations  of  the 
stagnation  points  are  indicated  with  vertical  lines. 
Note  that  the  flow  and  boundary  conditions  for 
the  flame  systems  shown  in  Figs.  3  and  4  are  identi¬ 
cal.  The  only  difference  between  these  two  flame 
systems  is  in  the  way  they  were  arrived  at,  i.e.,  in 
the  initial  conditions.  The  double-flame  structure 
of  state  A  (Fig.  3)  is  well  reproduced.  The  meth¬ 
ane-air  mixture  produced  a  flame  on  the  left  side 
(z  ~  5.4  mm)  of  the  stagnation  point  with  a  peak 
temperature  of  ~1720K  and  the  hydrogen-air 
mixture  produced  a  flame  on  the  right  side 
(z~8.1mm)  with  a  temperature  of  ~1300K. 
When  the  flame  system  is  operating  in  state  B 
(Fig.  4),  the  methane  flame  extinguished  and  only 
the  hydrogen  flame  is  established  at  z  ~  7  mm  with 
a  peak  temperature  of  ~1320  K.  Due  to  lack  of 
methane  combustion  only  trace  amounts  of  CO 
and  C02  are  produced.  Complete  depletion  of 
methane  in  Fig.  4  is  resulting  from  the  counterflow 


geometry  rather  than  from  combustion.  Over  all, 
very  good  agreement  between  experiment  and  cal¬ 
culations  is  achieved  for  the  flames  in  the  two  differ¬ 
ent  states. 

>The  major  distinction  between  the  flames  in 
states  A  and  B  is  that  methane  is  burning  in  one 
state  (A)  and  is  not  in  the  other  (B).  This  means 
that  the  temperature  resulting  from  hydrogen- 
air  combustion  is  not  sufficient  for  igniting  the 
methane-air  mixture  with  0  =  0.64.  It  is  known 
that  ignition  temperature  for  fuel-lean  mixture 
decreases  with  equivalence  ratio.  Therefore,  for  a 
particular  equivalence  ratio  >0.64  the  counterflow 
premixed  flame  system  may  not  exhibit  double¬ 
state  behavior.  For  verifying  this  hypothesis  a  ser¬ 
ies  of  calculations  are  performed  by  using  meth¬ 
ane-air  mixtures  with  different  equivalence 
ratios.  Both  the  increasing-  and  decreasing- 
stretch-rate  approaches  are  used.  Equivalence 
ratio  for  H2/air  mixture  was  not  changed 

(0n2  =  0.28). 

Computed  peak  flame  temperatures  along  the 
centerline  for  various  CH4/air  equivalence  ratios 
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Stretch  Rate  (s_1) 

Fig.  5.  Response  of  various  premixed  flames  formed  between  counter-flowing  methane-air  and  hydrogen-air  jets  to 
increasing  (symbols)  and  decreasing  (broken  lines)  strain  rates.  <PCh4  is  varied  while  <PH2  is  kept  constant  at  0.28. 


are  shown  at  different  stretch  rates  in  Fig.  5.  Sym¬ 
bols  represent  the  data  obtained  while  increasing 
the  stretch  rate  and  solid  lines  are  the  curves  fitted 
through  this  data.  Broken  lines  represent  the 
curves  passing  through  the  data  obtained  while 
decreasing  the  stretch  rate.  The  transition  at 
which  flame  system  jumps  from  state  A  to  B  is 
shifted  to  higher  stretch  rates  as  the  CH4/air 
equivalence  ratio  is  increased.  Moreover,  transi¬ 
tion  took  place  over  a  wider  range  of  stretch  rates 
in  higher  CH4/air-equivalance-ratio  cases.  Unlike 
in  the  case  of  $Ch4  =0.64,  where  flame  system 
exhibited  double-state  behavior,  the  decreasing- 
stretch-rate  data  (broken  line)  for  &cn4  =0.811 
followed  the  increasing-stretch-rate  data  (solid 
line)  -  suggesting  that  the  flame  system  did  not 
posses  double-state  behavior.  Nevertheless,  the 
flame  system  still  has  a  double-flame  structure 
for  stretch  rates  <610  s_1  and  a  single-flame  struc¬ 
ture  (with  methane  flame  being  extinguished)  for 
stretch  rates  >700  s-1.  More  interestingly,  for 


intermediate  CH4/air  equivalence  ratios  such  as 
0.76  and  0.78,  flame  system  exhibits  hysteresis. 
For  example,  in  #Ch4  =0.76  case,  flame  system 
stays  in  state  A  (double-flame  state)  until  the 
stretch  rate  is  increased  beyond  500  s-1,  but  it 
does  not  come  back  to  state  A  from  state  B  until 
the  stretch  rate  is  decreased  to  430  s_1.  Such  a 
brief  hold  back  in  state  B  could  lead  to  combus¬ 
tion-induced  noise  if  stretch  rate  on  the  flame  sys¬ 
tem  were  cyclically  varied  as  in  unsteady 
counterflow  experiments  [22,23]. 

Reasons  for  the  products-supported  premixed 
flames  to  exhibit  double-state  behavior  can  be 
understood  by  studying  the  differences  in  flow 
and  chemical  structures  of  flame  systems  formed 
under  different  stretch-rate  regimes.  Flames  in 
regimes  marked  as  I,  II,  and  III  in  Fig.  5  for 
CH4/air  equivalence  ratio  of  0.74  are  considered 
for  this  purpose.  While  regimes  I  and  II  represent 
flames  in  states  A  and  B,  respectively,  at  a  stretch 
rate  of  250  s-1,  regime  III  represents  the  flame  in 
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Fig.  6.  Changes  in  flame  structure  to  perturbation  in  strain  rate  when  State  A  flame  is  established  under  low-strain-rate 
conditions.  <PCh4  =  0.74,  <PH2  =  0.28,  and  k0  =  250  s-1.  Distributions  of  (a)  velocity,  temperature  and  heat  release  rate, 
and  (b)  H  and  CH  mole  fractions  and  02  consumption  rate.  Broken  lines  represent  the  flame  structure  for  k j}“  =  275  s_1. 


state  B  at  a  stretch  rate  of  600  s_1.  Temperature, 
velocity,  and  heat  release  rate  distributions  along 
the  centerline  for  the  flames  in  regimes  I,  II,  and 
III  are  shown  using  solid  lines  in  Figs.  6a,  7a, 
and  8a,  respectively.  Concentrations  of  H  and 
CH  radicals  and  oxygen  consumption  rates  for 
the  three  flames  are  shown  using  solid  lines  in 
Figs.  6b,  7b,  and  8b,  respectively.  Stagnation 
points  are  marked  with  U  —  0  lines.  Broken  lines 
in  Figs.  6-8  represent  the  data  obtained  for  the 
flame  systems  stretched  10%  more  than  those  in 
I,  II,  and  III  (i.e.,  275,  275,  and  660  s"1), 
respectively. 

As  shown  in  Fig.  6,  both  methane  and  hydro¬ 
gen  flames  are  present  in  regime-I  flames.  Heat 


release  rate  and  temperature  generated  by  the 
methane  flame  are  higher  than  those  generated 
by  the  0.28-equivalence-ratio  hydrogen  flame. 
Because  of  the  counterflow  configuration  heat 
generated  by  the  hotter  methane  flame  heats 
the  cooler  hydrogen  flame  [24].  Consequently, 
the  temperature  of  the  methane  flame  is  lower 
and  that  of  the  hydrogen  flame  is  higher  com¬ 
pared  to  their  respective  adiabatic  flame  temper¬ 
atures.  Note  the  less-than-unity  Lewis  number  of 
the  hydrogen  fuel  further  increases  the  flame 
temperature  when  the  flame  is  stretched  [4].  Heat 
release  rate  and  oxygen  consumption  rate  indi¬ 
cate  that  the  reaction  zones  of  the  two  flames 
are  well  separated.  However,  temperature  and 
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Fig.  7.  Changes  in  flame  structure  to  perturbation  in  strain  rate  when  State  B  flame  is  established  under  low-strain-rate 
conditions.  <PCh4  =  0.74,  <PH2  =  0.28,  and  k0  =  250  s_1.  Distributions  of  (a)  velocity,  temperature  and  heat  release  rate, 
and  (b)  H  and  CH  mole  fractions  and  02  consumption  rate.  Broken  lines  represent  the  flame  structure  for  k q  =  275  s_1. 


H-mole-fraction  distributions  suggest  a  strong 
interaction  between  the  two  flames  through  prod¬ 
uct  species.  These  flames  come  closer  when  the 
stretch  rate  on  the  system  increases  (compare  sol¬ 
id  and  broken  lines  in  Fig.  6),  which  results  in 
more  interaction  between  the  two  flames.  As  a 
result,  the  temperature  of  the  methane  flame 
decreases  further  and  that  of  hydrogen  flame 
increases  further;  which,  as  shown  in  Figs.  2 
and  5,  translates  into  a  decrease  in  peak  temper¬ 
ature  of  the  flame  system  with  stretch  rate  (for 
regime  I  flames). 

Extinction  temperature  for  hydrogen  flames 
(~1150  K)  [25]  is  less  than  that  of  methane  flames 
(~1500K)  [26].  As  a  result,  the  methane  flame 
extinguishes  first  when  the  temperature  of  the  meth¬ 


ane-air/hydrogen-air  flame  system  decreases  and 
the  structure  of  the  double-flame  system  transitions 
into  a  single-flame  one  (regime  II)  as  shown  in 
Fig.  7.  Unburned  methane  gas  in  this  mode  diffuses 
into  the  products  generated  by  the  hydrogen  flame 
and  a  part  of  it  gets  decomposed  (low-temperature 
chemistry)  and  releases  a  small  amount  of  heat.  Sig¬ 
nificant  drop  in  oxygen  consumption  rate  and  CH 
and  H  mole  fractions  also  suggest  incomplete  com¬ 
bustion  of  methane  fuel.  Nevertheless,  reaction 
zones  for  the  two  fuels  came  close  to  each  other 
and  interacting  directly.  Note  the  peak  in  heat 
release  rate  from  methane  decomposition  appear¬ 
ing  on  the  hydrogen  side  of  the  stagnation  point. 
As  diffusion  fluxes  increase  with  stretch  rate,  heat 
release  rate  and  temperature  also  increase  (compare 
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Fig.  8.  Changes  in  flame  structure  to  perturbation  in  strain  rate  when  flame  is  established  under  high-strain-rate 
conditions.  <PCh4  =  0.74,  <PH2  =  0.28,  k0  =  620  s-1.  Distributions  of  (a)  velocity,  temperature  and  heat  release  rate,  and 
(b)  H  and  CH  mole  fractions  and  02  consumption  rate.  Broken  lines  represent  the  flame  structure  for  k J  =  660  s-1. 


the  solid  and  broken  lines  in  Fig.  7).  This  translates 
into  an  increase  in  peak  temperature  of  the  flame 
system  with  stretch  rate  (for  regime  II  flames)  as 
shown  in  Figs.  2  and  5. 

Either  from  regime  I  or  regime  II,  at  higher 
stretch  rates  the  flame  system  moves  into  regime 
III.  Methane  fuel  diffuses  into  the  products  of  the 
hydrogen  flame  and  participates  in  low-tempera¬ 
ture  chemistry.  According  to  flamelet  theory  for 
non-premixed  combustion  [27]  reaction-zone  tem¬ 
perature  decreases,  even  though  heat  release  rate 
continues  to  increase,  with  stretch  rate  due  to 
reduced  reaction-zone  thickness  and,  thereby, 
increased  heat  losses  (compare  solid  and  broken 
lines  in  Fig.  8).  This  translates  into  a  decrease  in 
peak  temperature  of  the  flame  system  with  stretch 


rate  (for  regime  III  flames)  as  shown  in  Figs.  2 
and  5. 

Double-state  behavior  of  counterflow  pre¬ 
mixed  flames  can  be  explained  by  considering 
their  characteristics  in  different  regimes  (I,  II  and 
III).  High-energy  ignition  sources  such  as  a  blow 
torch  establish  state-A  flames  with  methane  and 
hydrogen  burning  in  regime  I.  When  stretch  rate 
is  increased,  flame  temperature  decreases  due  to 
aerodynamic  heat  loss  and  the  flame  system  tran¬ 
sitions  to  state  B  when  the  methane  flame  extin¬ 
guishes.  Such  a  transition  occurs  at  relatively 
low  stretch  rates  in  regime  II  for  leaner  meth¬ 
ane/air  mixtures.  When  stretch  rate  on  a  state-B 
flame  with  0CH4  <0.74  (regime  II)  decreases,  the 
flame  temperature  also  decreases  due  to  a  drop 
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in  diffusion  fluxes.  The  flame  remains  in  state  B  as 
the  temperature  can  not  reach  the  ignition  value 
for  the  methane-air  mixture.  Therefore,  for  leaner 
methane/air  mixtures,  the  flame  system  allows  two 
stable  states  at  a  given  stretch  rate  and  exhibits 
double-state  behavior.  When  stretch  rate  on  a 
moderately  lean  state- A  flame  (0CH4  >  0.74) 
increases  it  transitions  into  state  B  in  regime  III. 
If  stretch  rate  of  this  state-B  flame  is  decreased, 
then  flame  temperature  increases  due  to  drop  in 
stretch-induced  cooling  (flamelet  description) 
and  the  flame  system  transitions  to  state  A  when 
flame  temperature  reaches  its  ignition  value.  For 
these  equivalence  ratios,  the  flame  system  does 
not  exhibit  double-state  behavior. 


5.  Conclusions 

The  counterflow  flame  system  established 
between  lean-methane-air  and  lean-hydrogen-air 
streams  was  investigated  experimentally  and 
numerically.  A  two-dimensional  model  known  as 
UNICORN  was  used  for  the  simulation.  GRI 
version  1.2  chemical  kinetics  involving  32  species 
and  346  one-way  elementary  reactions  was  used. 
Detailed  measurements  for  temperature  and 
species  concentrations  were  obtained  along  the 
centerline  using  Raman  spectroscopy.  A  double¬ 
state  behavior  for  this  flame  system  was  first 
identified  in  the  numerical  simulations,  which  was 
later  confirmed  by  the  experiments.  A  good  agree¬ 
ment  between  measurements  and  calculations  was 
obtained  for  the  flame  in  different  states. 

Calculations  for  various  lean  methane-air  mix¬ 
tures  were  performed  to  understand  the  double¬ 
state  behavior  of  the  counterflow  premixed  flames. 
Aerodynamic  and  chemical  structures  of  the  flames 
at  different  stretch  rates  were  obtained  through 
increasing-stretch-rate  and  decreasing-stretch-rate 
approaches.  It  was  found  that  flame  system  exhibits 
double-state  behavior  only  for  leaner  (0CH4  <0.74) 
methane-air  mixtures.  When  stretch  rate  is 
increased,  the  flame  transitions  from  a  double¬ 
flame  to  a  single-flame  structure  due  to  aerodynam¬ 
ic  cooling.  When  stretch  rate  is  decreased,  the  flame 
does  not  transition  back  to  the  double-flame  struc¬ 
ture  due  to  stretch  effects  on  molecular  diffusion. 
However,  for  0CH4  >  0.74,  decrease  in  stretch  rate 
increases  flame  temperature  due  to  a  decrease  in 
stretch-induced  cooling  and  returns  the  flame  struc¬ 
ture  to  a  double-flame  one.  For  a  narrow  range  of 
equivalence  ratios  (0.74-0.81)  counterflow  pre¬ 
mixed  flames  exhibited  a  hysteresis  property. 
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The  primary  and  secondary  recirculation  zones,  which  are  formed  in  between  the  fuel  and  oxidizer 
jets  of  a  centerbody  burner,  transport  fuel  across  the  centerbody  to  the  oxidizer  jet  and  establish  a 
flame  anchored  to  the  rim  of  the  centerbody.  Experimentally  it  was  found  that  the  sooting 
characteristics  of  a  centerbody  burner  change  dramatically  when  the  operating  conditions  are 
altered  systematically.  A  time-dependent,  axisymmetric,  detailed-chemistry  CFD  model  is 
developed  for  the  studies  of  soot  in  a  46-mm-diameter  centerbody  burner.  Combustion  and  PAH 
formation  are  simulated  using  Wang-Frenklach  (99  species  and  1066  reactions)  and  NIST  (197 
species  and  2800  reactions)  mechanisms.  Soot  is  simulated  using  a  two-equation  model  of 
Linstedt.  Calculations  are  performed  for  different  flow  conditions  in  which  concentration  of 
ethylene  was  reduced  gradually  without  altering  the  fuel  and  oxidizer  flow  rates.  Numerical 
experiments  are  performed  for  determining  the  effect  of  soot  radiation  on  flame  structure.  The 
flame  weakening  in  the  transition  region  of  the  leading  and  trailing  flame  sections  is  found  to 
result  from  soot  radiation.  Amazingly  similar  flame  and  soot  structures  are  obtained  with  the  two 
chemical-kinetics  mechanisms  considered. 


1.  Introduction 

Particulate  matter  with  particle  sizes  of  2.5  microns  or  less  (PM2.5)  is  perhaps  the  most 
important  of  all  air  pollutant  because  these  small  particles  can  penetrate  deep  into  the  lungs  and 
cause  significant  health  problems.  In  2005,  the  EPA  proposed  revisions  to  the  National  Ambient 
Air  Quality  Standards  (NAAQS)  that  would  reduce  the  PM2.5  24-hour  standard  from  65  pg/m3 
to  35  pg/m3.  Essentially  all  of  the  solid  particles  (soot)  produced  in  gas  turbine  engines  are 
PM2.5  emissions.  Indeed,  the  major  source  of  PM2.5  emissions  produced  by  the  Department  of 
Defense  (DoD)  is  gas  turbine  engine  powered  aircraft.  In  2004,  DoD  aircraft  produced  about 
4.2xl010  kg  of  PM2.5  emissions.  This  corresponds  to  the  production  of  about  2.1xl023  soot 
particles.  Much  of  these  emissions  occur  in  local  areas  around  active  air  bases. 

The  formation,  growth,  transport,  and  burnout  of  soot  are  perhaps  the  most  complex  and  least 
understood  processes  in  flames  and  combustion  systems.  Soot  particles  containing  several- 
thousand  carbon  atoms  are  formed  in  flames  from  simple  fuel  molecules  within  a  few 
microseconds  [1].  However,  these  soot  precursor  particles  on  a  much  longer  time  scale  interact 
with  the  gas-phase  molecules  during  the  surface-growth  process,  colloid  with  each  other  in  the 
agglomeration  process  and  react  with  oxygenated  species  in  the  oxidation  process.  All  of  these 
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chemical  and  physical  two-phase  processes  occur  simultaneously  in  typical  nonpremixed  or 
premixed  flames.  In  gas  turbine  combustors,  these  processes  are  further  complicated  by  the 
burning  of  practical  fuels,  consisting  of  thousands  of  species,  and  the  actions  of  turbulent  flow. 
There  is  a  significant  science  base  for  understanding  the  soot  processes;  however,  it  is  inadequate 
to  provide  accurate  soot  models  that  can  aid  in  the  design  of  future  low  sooting  gas  turbine 
combustors  burning  current  and  future  alternative  fuels.  Thus,  there  is  a  pressing  need  to  expand 
the  science  base  in  ways  that  foster  the  development  and  evaluation  of  accurate  CFD  models  for 
designing  low  sooting  combustion  systems. 

The  Strategic  Environmental  Research  and  Development  Program  (SERDP)  office  recently 
started  a  comprehensive  fundamental  soot  research  initiative  involving  five  principal  research 
groups  and  eight  supporting  groups.  The  objectives  of  these  coordinated  programs  are:  (1)  to  aid 
the  DoD  in  meeting  current  and  future  NAAQS  PM2.5  regulations  and  (2)  to  establish  the 
fundamental  science  base  needed  to  develop  and  validate  soot  models  that  can  be  used  to  design 
low  PM2.5  emission  combustor  in  future  gas  turbine  engines  burning  practical  hydrocarbon 
fuels.  One  of  the  SERDP  sponsored  programs  involves  a  strongly  coupled,  mutually  supportive 
experimental  and  simulation  effort  that  investigates  soot  processes  in  different  burners.  The 
burner  designs  progress  in  complexity  in  a  way  that  the  effects  of  chemical  kinetics,  diffusion, 
flame  stretch,  recirculation,  and  turbulence  on  the  soot  processes  can  be  systematically  studied. 
The  computational  part  of  this  effort  is  to  use  a  state-of-the-art,  Navier-Stokes  based  2D  CFD 
code  to  aid  in  designing  experiment,  predicting  and  interpreting  results,  and  evaluating  soot  and 
chemistry  models  for  the  suite  of  burners.  The  CFD  code  used  for  this  purpose  is  called 
UNICORN  (UNsteady  Ignition  and  COmbustion  using  ReactioNs)  [2,3], 

This  paper  describes  the  simulations  performed  by  UNICORN  using  a  simple  soot  model  for  the 
centerbody  flames.  Predictions  for  the  changes  in  flame  and  soot  characteristics  when  the  fuel  is 
diluted  with  nitrogen  are  presented.  Effects  of  soot  radiation  on  flame  and  soot  structures  are  also 
presented.  Calculations  are  performed  using  two  detailed  chemical-kinetics  models  for  assessing 
the  predictive  capabilities  of  the  state-of-the-art  mechanisms  for  ethylene  combustion.  Rather 
extensive  calculations  and  the  comparisons  made  with  the  experimental  flames  are  presented  in  a 
companion  paper  that  evaluates  the  suitability  of  a  centerbody  for  studying  sooting  process  [4], 

2.  Mathematical  Model 

A  time-dependent,  axisymmetric  mathematical  model  known  as  UNICORN  (Unsteady  Ignition 
and  Combustion  using  ReactioNs)  [2,3]  is  used  for  the  simulation  of  the  unsteady  combusting 
flows  in  the  centerbody  combustor.  It  solves  for  u-  and  v-momentum  equations,  continuity,  and 
enthalpy-  and  species-conservation  equations  on  a  staggered-grid  system.  The  body-force  term 
due  to  the  gravitational  field  is  included  in  the  axial-momentum  equation  for  simulating 
vertically  mounted  flames.  A  clustered  mesh  system  is  employed  to  trace  the  steep  gradients  in 
flow  variables  near  the  flame  surface.  A  detailed  chemical-kinetics  model  developed  by  Wang 
and  Frenklach  [5]  is  incorporated  into  UNICORN  for  the  investigation  of  PAH  and  soot 
formation  in  ethylene  flames.  It  consists  of  99  species  and  1066  elementary-reaction  steps.  A 
more  comprehensive  mechanism  that  involves  197  species  and  2800  reactions  [6],  developed  by 
NIST,  has  also  been  incorporated  into  UNICORN  code  for  validation  and  future  use  purposes. 
Thermo-physical  properties  such  as  enthalpy,  viscosity,  thermal  conductivity,  and  binary 
molecular  diffusion  of  all  the  species  are  calculated  from  the  polynomial  curve  fits  developed  for 
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the  temperature  range  300  -  5000  K.  Mixture  viscosity  and  thermal  conductivity  are  then 
estimated  using  the  Wilke  and  Kee  expressions,  respectively.  Molecular  diffusion  is  assumed  to 
be  of  the  binary-diffusion  type,  and  the  diffusion  velocity  of  a  species  is  calculated  using  Fick's 
law  and  the  effective-diffusion  coefficient  of  that  species  in  the  mixture.  A  simple  radiation 
model  based  on  the  optically  thin-media  assumption  is  incorporated  into  the  energy  equation  [7]. 
Only  radiation  from  CH4,  CO,  CO2,  H2O,  and  soot  is  considered  in  the  present  study.  Soot 
radiation  is  modeled  as  blackbody  type  [8]. 

Computational  soot  models  based  on  the  fundamental  physics  of  soot  formation  and  oxidation 
are  not  yet  available.  The  research  groups  around  Moss  [9]  and  Lindstedt  [10]  have  made  some 
progress  in  modeling  soot  formation  using  semi-empirical  models  based  on  the  mechanisms  of 
particle  inception,  agglomeration,  surface  growth,  and  oxidation.  Both  the  groups  utilized  two 
equation  models  with  transport  equations  for  particle  number  density,  Ns,  and  soot  mass  fraction, 
Ys.  The  source  terms  in  these  soot  transport  equations  are  obtained  using  Lindstedt’ s  model  [10], 
which  is  based  on  the  simplifying  assumption  that  nucleation  and  growth  are  first-order  functions 
of  acetylene  concentrations.  Soot  oxidation  was  considered  primarily  due  to  the  presence  of  O2 
and  OH.  Finally,  soot  agglomeration  was  treated  as  a  source  term  in  the  soot  number  density 
equation. 

The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit 
QUICKEST  scheme  [1 1,12],  and  those  of  the  species  and  energy  equations  are  obtained  using  a 
hybrid  scheme  of  upwind  and  central  differencing.  At  every  time  step,  the  pressure  field  is 
accurately  calculated  by  solving  all  the  pressure  Poisson  equations  simultaneously.  The  LU 
(Lower  and  Upper  diagonal)  matrix-decomposition  technique  is  used.  The  boundary  conditions 
are  treated  in  the  same  way  as  that  reported  in  earlier  papers  [13].  This  model  has  been 
extensively  validated  [2]  by  simulating  various  steady  and  unsteady  counterflow  [14-16]  and 
coflow  [17,18]  jet  diffusion  flames  and  by  comparing  the  results  with  experimental  data. 

3.  Results  and  Discussion 

The  geometry  of  the  centerbody  burner  was  described  in  detail  in  Ref.  4.  ft  consists  of  a  46-mm- 
diameter  disc  enclosed  in  a  cylindrical  chimney  with  an  annular  gap  of  17  mm.  A  7.6-mm- 
diameter  jet  is  located  at  the  center  of  the  disc  through  which  fuel  (a  mixture  of  ethylene  and 
nitrogen)  is  injected  at  a  velocity  of  1.25  m/s.  A  mixture  of  air  and  nitrogen  is  flowed  through  the 
annular  gap  also  at  the  same  velocity.  Calculations  for  the  flames  of  the  centerbody  burner  are 
made  using  a  301x161  grid  system. 

Simulations  are  performed  on  a  Personal  Computer  with  2.0  GB  of  memory.  Execution  times 
strongly  depend  on  the  number  of  species  considered  in  the  model  and  the  grid  size.  Typically 
with  99  species  and  1066  reactions  (Wang-Frenklach  model)  on  a  301X161  grid  system 
simulations  took  ~30  s/time-step  on  AMD-Opteran-250  computer.  Steady  state  solution  for  each 
case  is  obtained  in  about  10,000  time  steps. 

In  order  to  understand  the  flame  structures  associated  with  the  centerbody  burner,  calculations 
are  made  for  two  fuel-flow  cases.  While  pure  ethylene  is  used  as  fuel  for  the  first  case,  a  44- 
percent-diluted  ethylene -nitrogen  mixture  is  used  for  the  second  case.  For  both  cases  less  sooty 
flames  are  obtained  by  reducing  the  oxygen  concentration  in  the  annular  flow.  The  oxygen-to- 
nitrogen  ratio  used  in  the  annular  flow  is  0.20  (which  is  achieved  by  adding  25%  nitrogen  to  air). 
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Note,  the  fuel  and  oxidizer  jet  velocities  are  held  constant  at  1.25  m/s  with  uniform  distribution 
for  both  cases. 

Results  obtained  for  pure-fuel  case  are  shown  in  Fig.  1.  Axisymmetric  representation  of  the 
flame  is  used  while  displaying  the  data.  Centerbody  with  fuel-  and  oxidizer-jet  openings  is 
displayed  at  the  bottom  of  each  of  the  figures  1(a)  and  1(b).  While  velocity  vectors  are 
superimposed  on  the  temperature  field  on  the  left  half  of  1(a),  streamlines  are  superimposed  on 
soot-volume-fraction  distribution  on  the  right  half.  Similarly,  iso-concentration  contours  of 
ethylene  (black  lines)  and  OH  (red  lines)  are  superimposed  on  oxygen  concentration  field  on  the 
left  half  of  1(b)  and  those  of  benzene  are  superimposed  on  acetylene  concentration  field  on  the 
right  half.  Streamlines  and  velocity  vectors  show  the  two  recirculation  zones  associated  with  the 
centerbody  flames.  These  recirculation  zones  are  formed  due  to  the  separation  between  the  fuel 
and  oxidizer  jets.  However,  due  to  the  differences  in  the  momentum,  the  recirculation  zone 
closer  to  the  oxidizer  jet  (primary  recirculation  zone,  PRZ)  is  much  larger  than  the  one  closer  to 
the  fuel  jet  (secondary  recirculation  zone,  SRZ).  These  recirculation  zones  play  a  vital  role  in 
transporting  fuel  toward  oxidizer  and  in  establishing  a  flame  along  the  outer  edge  of  the 
centerbody.  The  leading  portion  of  the  flame  curves  along  the  outer  edge  of  the  PRZ  and  then 
transitions  into  the  trailing  nonpremixed  jet  flame  when  PRZ  is  terminated  at  z  ~  30  mm.  Even 
though  it  is  not  that  obvious,  the  SRZ  and  the  PRZ  terminate  at  the  same  height.  Both 
temperature  and  OH  profiles  suggest  that  flame  is  becoming  weak  in  this  transition  region. 

As  seen  in  Fig.  1(a),  most  of  the  soot  is  located  within  the  PRZ  and  is  not  symmetrically 
distributed  within  the  recirculation  zone  This  suggests  that  soot  is  formed  in  PRZ  rather  than 
formed  somewhere  else  and  transported  into  the  recirculation  zone.  In  fact,  a  significant  portion 
of  the  fuel-side  flame  zone  is  within  PRZ  and  all  most  all  of  the  acetylene  is  produced  along  the 
outer  edge  of  the  PRZ,  which  is  then  transported  toward  its  center.  As  the  soot  model  used  in  the 
current  simulations  is  based  on  acetylene,  soot  in  Fig.  1(a)  is  also  being  generated  and  grown 
within  the  PRZ.  Interestingly,  soot  doesn’t  seem  to  accumulate  in  the  SRZ.  Velocity  vectors  and 
streamlines  in  Fig.  1(a)  suggest  that  the  flow  is  nearly  parallel  to  the  flame  surface  and  turns 
inward  as  it  approaches  the  end  of  the  recirculation  zone.  The  flow  pattern  and  residence  times 
need  to  be  analyzed  to  better  understand  the  sooting  behavior  of  the  centerbody  flames. 

Results  obtained  for  the  diluted- fuel  case  are  shown  in  Fig.  2.  The  shown  variables  and  the 
display  schemes  used  are  identical  to  those  used  in  Fig.  1 .  As  expected,  the  addition  of  nitrogen 
in  the  fuel  decreases  the  flame  temperature.  Interestingly,  the  decrease  in  soot  volume  is  more 
dramatic  than  what  one  would  expect  based  on  changes  in  temperature.  A  quick  look  at  the 
velocity  and  temperature  fields  suggest  that  the  flame  surface  has  moved  into  the  core  of  the 
vortex  especially  the  section  where  it  transitioned  from  recirculation-supported  leading  flame  to 
normal  nonpremixed  trailing  flame.  Such  flame  movement  can  be  expected  as  the  stoichiometric 
surface  shifts  closer  to  the  fuel  jet  with  fuel  dilution.  On  the  other  hand,  the  sizes  of  the  PRZ  and 
SRZ  in  the  diluted-fuel  case  are  nearly  the  same  as  those  in  the  pure-fuel  case  with  the  heights 
being  ~  30  mm.  Since  the  recirculation  zones  behind  the  centerbody  are  established  due  to  the 
fuel  and  oxidizer  jets,  they  are  not  affected  by  the  fuel  dilution  (molecular  weights  of  nitrogen 
and  ethylene  being  the  same).  However,  as  the  viscosity  of  the  fluid  in  the  upper  portion  of  the 
recirculation  zones  decreased  due  to  lower  flame  temperature,  the  centers  of  the  recirculation 
zones  moved  downstream  in  the  diluted-fuel  case.  Consequently,  with  fuel  dilution,  flame 
surface  shifts  toward  the  center  of  the  PRZ;  while,  the  latter  moves  downstream  (closer  to  the 
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flame  surface).  The  changes  in  flame-recirculation-zone  interaction  [4]  led  to  a  dramatic 
decrease  in  soot  formation  in  diluted-fuel  case. 

Radial  distributions  of  temperature  and  axial  velocity  along  the  centers  of  the  PRZs  for  pure- fuel 
and  diluted-fuel  cases  (heights  of  9  and  11  mm,  respectively)  are  shown  in  Fig.  3(a).  The 
distributions  of  soot  volume  fraction  and  number  density  are  shown  in  Fig.  3(b).  The  radial 
locations  of  the  centers  of  the  PRZs  are  marked  on  the  velocity  profiles  with  solid  circles.  As 
noted  earlier,  the  structure  of  the  recirculation  zone  did  not  change  much  with  fuel  dilution.  The 
flame  temperature  decreased  by  ~  120  K  while  the  gas  temperature  at  the  PRZ  center  increased 
over  200  K.  A  three-fold  decrease  in  soot  volume  fraction  due  to  nitrogen  addition  to  fuel  is 
noted  in  Fig.  3(b).  Soot  number  density,  which  peaks  on  the  fuel  side  of  the  peak-temperature 
location,  decreased  by  50%.  Even  though  the  soot  number  density  increased  in  the  core  region  of 
PRZ  with  fuel  dilution,  the  soot  volume  decreased  dramatically. 

The  centerbody  flames  seem  to  produce  a  significant  amount  of  soot  in  the  leading  portion  of  the 
flame  and  within  the  recirculation  zones.  Computations  for  these  flames  were  performed 
assuming  that  radiative  heat  loss  from  soot  follows  that  of  a  blackbody.  Such  an  assumption  is 
known  to  over  estimate  the  actual  losses.  To  determine  the  effect  of  soot  radiation  on  the  flames 
shown  in  Figs.  1  and  2  calculations  are  repeated  by  turning  it  off.  Flame  and  soot  structures 
obtained  without  soot  radiation  are  shown  in  Figs.  4(a)  and  4(b)  for  the  pure-  and  diluted-fuel 
cases,  respectively.  Note  the  changes  in  the  scales  used  for  the  color  maps  for  these  figures 
compared  to  those  used  in  1  and  2. 

As  expected,  the  flame  temperature  decreased  by  as  much  as  100  K  when  the  soot  radiation  was 
considered  in  the  model.  The  decrease  was  more  in  the  sooty  pure-fuel  flame.  This  drop  in  flame 
temperature  could  be  responsible  for  the  significant  decrease  in  soot  concentration  predicted  with 
soot  radiation  turned  on.  Even  though  the  flame  structures  were  significantly  changed  due  to  soot 
radiation,  the  recirculation  zones  (PRZ  and  SRZ)  were  not  significantly  affected.  Interestingly, 
the  flame  weakening,  in  the  leading-flame-to-trailing-flame  transition  region  observed  in  Figs.  1 
and  2,  disappeared  when  soot  radiation  was  ignored.  The  soot  volume  distributions  in  Figs.  4(a) 
and  4(b)  do  not  indicate  any  increase  in  soot  in  this  region,  ft  is  not  clear  why  temperature  in  this 
transition  region  was  more  affected  by  soot  radiation  than  in  the  leading-flame  or  trailing- flame 
regions.  Moreover,  even  though  the  soot  levels  in  diluted-fuel  case  are  one-third  of  those  in  pure- 
fuel  case,  the  flame-weakening  behavior  is  similar  in  both  the  flames — suggesting  that  soot 
radiation  itself  is  not  responsible  for  such  behavior. 

Calculations  for  the  pure-fuel  and  diluted-fuel  cases  are  also  performed  using  a  more 
comprehensive  chemical-kinetics  model  developed  by  NIST  for  ethylene  fuel.  Temperature,  soot 
and  species  structures  obtained  for  pure-fuel  case  are  shown  in  Fig.  5  and  those  for  the  diluted- 
fuel  case  are  shown  in  Fig.  6.  Variables  shown  and  the  display  schemes  used  for  these  figures  are 
identical  to  those  used  in  Fig.  1.  Amazingly  identical  flame  structures  are  obtained  with  Wang- 
Frenklach  and  NIST  mechanisms  for  both  the  flame  cases.  The  soot  structures  are  also  very 
similar.  However,  acetylene  and  benzene  concentrations  predicted  by  NIST  mechanism  are 
notable  lower  than  those  predicted  by  Wang-Frenklach  mechanism.  Such  a  discrepancy  in  the 
predictions  of  these  two  mechanisms  was  previously  noted  in  heptane  opposing-jet  flames 
studies  [19].  Detailed  measurements  are  required  for  sorting  out  the  differences  in  these 
predictions,  which  will  be  the  focus  of  our  future  work. 
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4.  Conclusions 

In  a  companion  paper  [4],  it  was  experimentally  found  that  the  sooting  characteristics  of  a 
centerbody  burner  could  change  dramatically  with  changes  in  operating  conditions.  UNICORN 
was  successful  in  predicting  the  change  in  shape  of  the  sooting  flame.  This  paper  describes  the 
UNICORN  code  and  provides  predictions  of  the  sooting  characteristics  not  reported  in  [4],  A 
time-dependent,  axisymmetric,  detailed-chemistry  CFD  model  is  used  to  simulate  the  ethylene- 
air  combustion  in  a  5.6-mm-diameter  centebody  burner.  Combustion  and  PAH  formation  are 
simulated  using  Wang-Frenklach  (99  species  and  1066  reactions)  and  NIST  (197  species  and 
2800  reactions)  mechanisms.  Soot  is  simulated  using  a  two-equation  model  of  Linstedt. 
Calculations  are  performed  for  different  flow  conditions  in  which  concentration  of  ethylene  was 
reduced  gradually  without  altering  the  fuel  and  oxidizer  flow  rates.  The  structures  of  the  primary 
and  secondary  recirculation  zones  that  are  formed  between  the  fuel  and  oxidizer  jets  are  not 
greatly  affected  by  this  dilution.  However,  as  the  fuel  dilution  increased,  the  flame  formed 
outside  the  PRZ  moved  into  the  recirculation  zone  and  altered  the  sooting  characteristics. 
Numerical  experiments  are  performed  for  determining  the  effect  of  soot  radiation  on  flame 
structure.  The  flame  weakening  in  the  transition  region  of  the  leading  and  trailing  flame  sections 
is  found  to  result  from  soot  radiation.  Amazingly  similar  flame  and  soot  structures  were  obtained 
with  the  two  chemical-kinetics  mechanisms  used  in  this  study. 
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Fig.  1.  Centerbody  flame  with  pure  fuel  calculated  using  detailed  chemical  kinetics,  (a)  Velocity 
vectors  and  streamlines  are  superimposed  on  temperature  (left  half)  and  soot-volume-fraction 
(right  half)  fields,  respectively,  (b)  Iso  contours  of  ethylene  and  benzene  are  superimposed  on 
oxygen  (left)  and  acetylene  (right)  fields,  respectively.  Red  contours  represent  OH. 


Fig.  2.  Centerbody  flame  with  diluted  fuel.  Velocity,  temperature,  streamlines  and  soot  volume 
fraction  are  shown  in  (a)  and  ethylene,  oxygen,  OH,  acetylene  and  benzene  are  shown  in  (b). 
Color  scales  are  same  as  the  ones  used  in  Fig.  1. 
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(a) 


(b) 


Fig.  3.  Effect  of  fuel  dilution  on  (a)  flame  and  vortex  structure  and  (b)  soot  and  particle 
distributions.  Vortex  centers  are  shown  in  (a)  with  filled  circles. 
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Fig.  4.  The  effects  of  radiation  on  flame  structure  and  soot  formation  in  pure-fuel  (a)  and  diluted- 
fuel  (b)  cases.  Velocity  and  streamlines  are  superimposed  on  temperature  (left  half)  and  soot- 
volume-fraction  (right  half)  fields,  respectively.  Note  the  changes  in  the  ranges  used  for  the 
variables. 
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This  paper  describes  the  preliminary  evaluation  of  a  centerbody  burner  as  a  tool  for 
developing  and  evaluating  soot  models.  The  burner  consists  of  a  46-mm  diameter  disk 
symmetrically  located  in  an  80-mm  diameter  annular  quartz  duct.  A  7.6-mm  diameter 
fuel  jet  is  located  at  the  center  of  the  disk.  A  mixture  of  air  and  excess  nitrogen  is 
supplied  to  the  annular  duct  at  a  flow  rate  of  250  SLPM.  Ethylene  fuel,  mixed  with 
nitrogen,  is  supplied  to  the  central  fuel  jet  at  a  flow  rate  of  3.4  SLPM.  Three  flames  are 
studied.  They  have  the  same  air  and  fuel  velocity  (1.2  m/s)  and  similar  vortex 
characteristics.  Different  sooting  flame  characteristics  are  achieved  by  varying  the  N2 
dilution  in  the  fuel  and  air.  For  example,  with  no  N2  dilution  almost  the  entire  surface  of 
the  flame  is  sooting.  The  two  flames  with  N2  dilution  have  donut  and  ring  shaped  sooting 
structures.  All  three  of  the  flames  have  the  interesting  characteristic  that  the  soot  path 
lines  have  spiraling  trajectories  that  terminate  at  the  center  of  the  recirculation  zone. 
Simulations,  using  a  2D,  CFD-based  code  (UNICORN),  correctly  estimate  the  structures 
of  the  recirculation  and  flame  zones.  Also,  reasonable  estimates  are  presented  for  the 
global  structure  of  the  unusual  sooting  surfaces  of  the  three  flames.  This  is  somewhat 
surprising  consider  the  rudimentary  soot  model  used  in  UNICORN.  However,  the  soot 
model  is  not  sufficiently  developed  to  capture  the  spiral  trajectories  of  the  soot  particles. 

The  spiraling  path  lines  are  correctly  estimated  using  a  particle-tracing  program  and  flow 
field  data  from  UNICORN.  Other  computational  experiments  are  presented  that  give 
insights  into  the  interesting  sooting  characteristics  of  these  flames. 

1.  Introduction 

Particulate  matter  with  particle  sizes  of  2.5  microns  or  less  (PM2.5)  is  perhaps  the  most 
important  air  pollutant  because  these  small  particles  can  penetrate  deep  into  the  lungs  and 
cause  significant  health  problems.  In  2005,  the  EPA  proposed  revisions  to  the  National 
Ambient  Air  Quality  Standards  that  would  reduce  the  PM2.5  24-hour  standard  from  65 

O  'J 

|ig/m  to  35  pg/m  .  Essentially  all  of  the  solid  particles  (soot)  produced  in  gas  turbine 
engines  are  PM2.5  emissions.  Indeed,  the  major  source  of  PM2.5  emissions  produced  by 
the  Department  of  Defense  (DoD)  is  gas  turbine  engine-powered  aircraft.  In  2004,  DoD 
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aircraft  produced  about  4.2xl010  kg  of  PM2.5  emissions.  This  corresponds  to  the 
production  of  about  2.1x10  soot  particles.  Much  of  these  emissions  occur  in  local  areas 
around  active  air  bases. 

The  formation,  growth,  transport,  and  burnout  of  soot  are  perhaps  the  most  complex  and 
least  understood  processes  in  flames  and  combustion  systems.  Soot  precursor  particles 
containing  several  thousand-carbon  atoms  are  formed  a  few  microseconds  in  simple 
flames.  However,  on  a  much  longer  time-scale  the  soot  precursor  particles  interact  with 
gas-phase  molecules  during  the  surface-growth  process,  collide  with  each  other  in  the 
agglomeration  process,  and  react  with  oxygenated  species  in  the  oxidation  process.  All  of 
these  chemical  and  physical  two-phase  processes  occur  simultaneously  in  typical 
nonpremixed  or  premixed  flames.  In  gas  turbine  combustors,  these  processes  are  further 
complicated  by  burning  practical  fuels,  consisting  of  thousands  of  species,  and  the  actions 
of  turbulent  flow.  There  is  a  significant  science  base  for  understanding  the  soot 
processes;  however,  it  is  inadequate  to  provide  accurate  soot  models  that  can  aid  in  the 
design  of  future  low-sooting  gas  turbine  combustors  burning  current  and  future 
alternative  fuels.  Thus,  there  is  a  pressing  need  to  expand  the  science  base  in  ways  that 
foster  the  evaluation  and  development  of  accurate  CFD  models  for  designing  low-sooting 
combustion  systems. 

The  Strategic  Environmental  Research  and  Development  Program  (SERDP)  office 
recently  started  a  comprehensive  soot  research  initiative  to  meet  the  scientific  challenges 
facing  the  Department  of  Defense  in  meeting  current  and  future  NAAQS  PM2.5 
regulations  in  and  around  airbases.  The  objective  of  the  SERDP  program  is  to  establish 
the  fundamental  science  base  needed  to  develop  and  validate  soot  models  that  can  be 
used  to  design  low  PM2.5  emission  combustors  in  future  gas  turbine  engines  burning 
practical  hydrocarbon  fuels.  The  SERDP  program  involves  five  principal  research  groups 
and  eight  supporting  groups.  One  of  the  SERDP  sponsored  programs  involves  a  strongly 
coupled,  mutually  supportive  experimental  and  simulation  effort  that  investigates  soot 
processes  in  different  burners.  The  burner  designs  progress  in  complexity  in  such  a  way 
that  the  effects  of  chemical  kinetics,  diffusion,  flame  stretch,  recirculation,  and  turbulence 
on  the  soot  processes  can  be  systematically  studied.  A  centerbody  burner  was  selected  to 
study  the  effects  of  a  laminar  recirculation  zone  on  the  soot  processes. 

The  centerbody  configuration,  also  referred  to  in  the  literature  as  a  bluff-body  burner  or 
coannular  jets  with  a  large  separation,  is  selected  for  these  studies  because  it  has  been 
used  for  many  years  to  aid  the  evaluation  and  development  of  combustion  models 
(Roquemore,  1983),  (Sturgess  1984),  (Correa,  1992),  (Fallot,  1997),  (Liu,  2005),  (Kempf, 
2006),  and  (Merci,  2006).  It  has  a  simple  geometry  with  clean  inlet  conditions  for 
modeling,  clear  optical  access  for  use  of  laser  diagnostics,  and  can  be  operated  at 
conditions  that  give  radically  different  flow  fields  and  flame  structures  for  evaluating  and 
developing  models.  The  ability  to  dramatically  change  the  flow  field  by  changing  the 
inlet  flow  rates  was  first  observed  by  (Yule  1980)  for  non-reacting  flows  and  by  others  in 
reacting  flows  (Roquemore  1980),  (Masri  1984),  (Dally  1998),  (Namazian  1989), 
(Esquiva-Dano  2001).  In  this  paper,  the  effects  due  to  changing  the  flow  field  are  not 
exploited.  Instead,  laminar  flames  are  studies  in  which  the  flow  fields  are  about  the  same 
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but  their  sooting  surfaces  are  radically  different.  To  our  knowledge,  a  centerbody  burner 
has  never  been  used  to  study  soot  at  similar  laminar  flow  conditions. 

This  paper  presents  a  preliminary  evaluation  of  the  suitability  of  the  centerbody  burner 
for  studying  soot.  Experimental  images  of  three  unusually  shaped  sooting  flames  are 
compared  with  soot  predictions  made  with  a  2D  simulation  called  UNICORN  (UNsteady 
Ignition  and  COmbustion  using  ReactioNs).  The  visualized  sooting  flame  structures,  flow 
fields,  and  soot  transport  are  compared  with  predictions  made  with  UNICORN. 

2.  Simulations  and  Modeling  (UNICORN) 

UNICORN  (UNsteady  Ignition  and  COmbustion  using  ReactioNs)  code  is  a  time- 
dependent,  axisymmetric  mathematical  model,  which  is  used  for  the  simulation  of  steady 
and  unsteady  reacting  flows.  It  has  been  developed  over  a  fourteen-year  period  (Katta, 
1993)  and  has  evolved  hand-in-hand  with  experiments  designed  to  test  its  ability  to 
predict  ignition,  extinction,  stability  limits,  and  the  dynamic  and  steady  state 
characteristics  of  diffusion  and  premixed  flames  burning  various  fuels  (Roquemore  and 
Katta,  2000).  UNICORN  uses  the  simplified  soot  model  by  (Lindstedt,  1994)  and  a 
detailed  chemical  kinetics  model  for  ethylene  (Wang  and  Frenklach,  1997).  A  simple 
radiation  model  based  on  the  optically  thin-media  assumption  is  incorporated  into  the 
energy  equation  for  treating  radiation  heat  loss  from  gaseous  species  (Annon,  2001).  Only 
CH4,  CO,  CO2,  and  H20  are  considered  as  radiating  species  in  the  present  study.  Heat 
losses  from  soot  particles  are  computed  assuming  blackbody  radiation  from  the  carbon 
soot  particles  (Guo,  2004).  A  more  detailed  description  of  UNICORN  is  given  in  (Katta 
2004  and  2007). 

3.  Experimental  Set-up 

The  experimental  set-up  is  shown  in  Fig.  1.  The  centerbody  is  contained  in  a  vertical 
wind  tunnel  designed  to  provide  a  smooth  flow  into  the  test  section.  The  centerbody  is  a 
46-mm  diameter  disk  with  a  7.6-mm  diameter  fuel  jet  located  at  its  center.  The 
centerbody  is  symmetrically  mounted  in  an  80-mm  ID  quartz  tube  that  extends  25  cm 
from  the  face  of  the  centerbody.  Ethylene  fuel  is  used  in  these  studies  because  a  detailed 
chemistry  mechanism  exists  (Wang,  1997),  and  because  it  has  been  widely  used  in  soot 
studies  (Smooke,  et  al.  2005).  A  YAG  laser  and  cylindrical  lens  are  used  to  form  a  laser 
sheet  for  visualizing  the  soot  characteristics  of  the  flames.  Mie  scattering  images  from 
soot  particles  are  collected  with  a  digital  camera  mounted  normal  to  the  laser  sheet. 


The  experiments  are  designed  so  the  laminar  flow  fields  are  about  the  same  for  the 
different  flow  conditions.  However,  the  sooting  flame  structures  are  dramatically 
different.  The  volumetric  flow  rate  of  the  mixture  of  air  and  excess  nitrogen  in  the 
annular  duct  is  250  SEPM,  and  the  flow  rate  for  the  ethylene  fuel  and  nitrogen  mixture  in 
the  central  fuel  jet  is  3.4  SEPM.  Since  the  molecular  weight  of  ethylene  is  about  the  same 
as  air  and  nitrogen,  maintaining  the  same  flow  rates  for  the  different  experiments  is 
equivalent  to  maintaining  constant  momentum  in  the  air  and  fuel  jets.  Because  of  this,  the 
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recirculation  zone  established  by  the  centerbody  has  about  the  same  size  and  shape  for 
the  different  flames.  Nitrogen  addition  is  used  to  change  the  soot  characteristics  of  the 
flames  by  dilution/chemistry  effects.  The  average  velocity  of  the  air  and  fuel  is  about  1.2 
m/s  for  all  of  the  experiments.  According  to  (Roquemore,  1986),  this  flow  condition 
would  correspond  to  a  fuel  jet  that  penetrates  the  recirculation  zone  established  by  the 
annular  air  jet. 


Results  and  Discussion 


The  purpose  of  this  paper  is  to  determine  if  the  centerbody  burner  is  suitable  for  long¬ 
term  soot  studies  and  evaluating  soot  models.  In  the  past,  we  have  extensively  used 
visualization  techniques  to  study  flames  and  evaluate  models  such  as  UNICORN 
(Roquemore  and  Katta  2000).  Simple  flames  were  selected  that  had  distinguishing 
features  that  could  be  easily  visualized.  A  model  that  could  not  capture  the 
distinguishing  features  obviously  needed  additional  work.  Although  this  approach  is  not 
sufficient  for  evaluating  models,  it  does  demonstrate  a  necessary  requirement  that  the 
models  correctly  predict  unusual  flame  features.  This  strategy  of  studying  simple  flames 
with  distinguishing  characteristics  is  adopted  for  this  preliminary  evaluation  of 
UNICORN  and  a  simple  soot  model. 


Dramatically  different  sooting  flame  structures  can  be  achieved  by  changing  the  N2 
dilution  in  the  fuel  and/or  air  jets.  This  is  illustrated  by  comparing  the  flame  photographs 
shown  in  Figs  2a,  3a,  and  4a.  The  yellow  flame  represents  the  sooting  surfaces.  In  Fig. 
2a,  the  sooting  surface  starts  about  1  mm  above  the  face  of  the  centerbody  and  appears  to 
follow  the  shear  layer  of  the  recirculation  zone.  A  blue  flame  is  located  along  the  outer 
rim  of  the  sooting  flame  surface.  It  results  from  chemiluminescence  of  species  such  as 
CH  and  C2  and  is  a  reasonable  marker  for  the  stoichiometric  flame  surface.  In  ah  three 
flames,  soot  forms  on  the  fuel  rich  side  of  the  stoichiometric  surface  just  as  one  would 
expect  for  diffusion  flames. 


The  sooting  surface  of  the  flame  shown  in  Fig.  3a  has  a  donut  shape.  The  base  of  the  soot 
surface  has  lifted  about  6  mm  and  the  attached  blue  flame  is  anchored  about  1  mm  above 
the  centerbody  face.  This  donut  shaped  sooting  surface  is  obtained  by  adding  N2  to  the 
air  and  fuel  in  a  way  that  keeps  their  total  flow  rates  constant.  Further  decreasing  the  fuel 
flow  and  increasing  N2  results  in  a  thin,  soot  ring  structure  and  an  attached  blue  flame  as 
noted  in  Fig.  4a.  These  unusual  flame  structures  are  well  suited  for  evaluating 
UNICORN  and  the  soot  model.  However,  some  caution  must  be  used  in  comparing 
photographed  and  computed  flames.  Only  the  outer  edges  of  the  observed  and  computed 
flame  surfaces  should  be  compared.  This  is  because  the  flame  photographs  are  2D 
images  of  3D  surfaces,  and  the  presented  calculations  are  2D  cross  sections  through  the 
center  of  the  flame.  The  only  locations  where  the  images  overlap  are  at  the  outer  surfaces. 
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Parts  (b)  and  (c)  of  Figures  2,  3,  4  present  the  calculated  temperature,  fuel  volume 
fraction,  soot  volume  fraction,  and  the  soot  radiation  intensity  contours  along  with  the 
velocity  vector  fields.  The  calculated  velocity  vectors  and  fuel  volume  fraction  contours 
give  insight  into  the  flow  field  and  the  processes  involved  in  establishing  and  maintaining 
a  flame.  For  example,  the  fuel  mass  fraction  contours  on  the  right  side  of  the  (b)  figures 
illustrates  how  a  small  fraction  of  the  fuel  is  entrained  into  the  recirculation  zone,  mixed 
with  hot  products,  and  transported  radially  outward  along  the  centerbody  face  where  it 
mixes  with  the  annular  air  and  ignites  and  bums  at  stoichiometric  conditions.  This  high- 
temperature,  stoichiometric  flame  can  be  directly  compared  with  the  blue  flames  in  the 
photographs  in  Figs.  2a-4a.  The  yellow  flames  in  the  photographs  are  due  to  blackbody 
radiation  from  the  soot  particles  and  can  be  directly  compared  with  the  computed 
radiation  intensity  from  the  soot.  However,  the  radiation  intensity  depends  exponentially 
on  temperature  so  that  a  small  quantity  of  soot  in  the  higher  temperature  regions  can 
dominate  the  soot  radiation  pattern.  Thus,  the  calculated  radiation  intensities  do  not 
indicate  the  regions  of  highest  soot  concentration  as  shown  by  the  soot  volume  fraction 
contours  in  the  (c)  images.  The  flame  photographs  and  the  contour  plots  have  a  one-to- 
one  scaling,  so  they  can  be  directly  compared. 


UNICORN  calculations  capture  the  unusual  shapes  of  the  sooting  flames  and  many  of  the 
details  of  the  combustion  process.  This  is  noted  by  using  enlarged  transparent  overlays  to 
compare  the  observed  and  computed  flames  in  Figs.  2-4.  When  this  is  done,  the 
computed  soot  radiation  intensity  in  Fig.  2c  and  the  blue  flame  in  Fig.  2a  overlay  almost 
perfectly.  A  near  perfect  overlay  is  also  obtained  when  the  observed  sooting  flame 
surface  in  Fig.  2a  is  compared  with  the  computed  radiation  intensity  surface  in  Fig.  2c. 
The  calculations  show  that  the  radiation  intensity  surface  is  just  inside  the  high 
temperature  flame  surface  shown  in  Fig.  2b  just  as  observed  in  the  flame  photograph. 
Similar  overlay  comparisons  of  the  flame  surfaces  in  Figs.  3  and  4  also  show  reasonable 
agreement.  Indeed,  the  calculated  soot  radiation  intensities  have  similar  donut  and  ring 
type  sooting  structures  as  those  observed  in  the  flame  photographs.  The  major  difference 
is  that  the  calculated  radiation  intensities  are  displaced  several  millimeters  downstream  of 
the  observed  donut  and  ring  surfaces.  The  agreement  is  surprisingly  good  considering  the 
simple  nature  of  the  soot  model. 


UNICORN  predicts  that  the  highest  soot  concentrations  are  located  inside  the 
recirculation  zone.  This  is  noted  in  the  calculated  soot  volume  fraction  contours  shown  in 
Figs.  2c-4c.  The  soot  is  also  predicted  to  be  concentrated  around  the  vortex  center,  as 
shown  by  the  superimposed  velocity  vector  fields.  This  prediction  can  be  evaluated  using 
Mie  scattering  from  a  2D  laser  sheet. 


Laser  sheet-lit  images  in  Figures  5a  and  6a  show  soot  path  lines  that  spiral  towards  the 
center  of  the  recirculation  zone.  The  soot  appears  to  form  near  the  centerbody  face  and 
can  be  easily  tracked  as  the  particles  progress  towards  the  vortex  center.  The  soot  tends  to 
accumulate  at  the  vortex  center  where  visual  observations  indicate  they  either  bum  up  or 
grow  to  the  point  that  they  fall  to  the  centerbody  face.  This  very  unusual  phenomenon  is 
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not  new.  It  was  observed  more  than  20  years  ago  in  studies  with  a  similar  centerbody 
bum  on  an  Air  Force  Office  of  Scientific  Research  program  (Roquemore,  1986). 
However,  its’  importance  to  soot  studies  was  not  recognized.  The  current  version  of 
UNICON  cannot  directly  simulate  this  spiraling  motion  since  soot  is  treated  as  a  gas  in 
the  current  model. 


It  is  intriguing  to  consider  what  causes  the  spiral  trajectories  of  the  soot  particles  shown 
in  Figs.  5a  and  6a.  To  explore  possible  answers  to  this  question,  a  particle-tracking 
program  embedded  in  UNICORN  is  used  (Katta,  2005).  It  is  a  Lagrangian-based  program 
with  Newtonian  particle  dynamics  and  includes  drag,  thermophoretic  (Goldhirsch,  1983), 
and  gravitational  forces.  This  particle-tracking  program  is  used  to  explore  the  path  lines 
of  particles  released  in  the  sooting  zone  of  the  flames. 


It  is  evident  from  Fig.  5b  that  5-micron  diameter  carbon  particles,  released  at  the  location 
where  the  UNICORN  calculations  show  soot  is  first  formed,  follow  spiral  path  lines  like 
the  soot  particles  observed  in  Fig.  5  a.  There  are  other  interesting  details  that  are  also 
captured  in  the  path-line  calculations.  For  example,  the  center  and  size  of  the  observed 
and  computed  vortices  are  almost  identical  and  the  spiral  tracks  have  similar 
characteristics.  In  Fig.  5a,  the  widths  of  the  path  lines  are  broader  where  the  particles 
turn  and  start  their  downward  motion  towards  the  centerbody.  The  widths  of  the  path 
lines  become  narrower  as  the  particles  approach  the  vortex  center.  This  phenomenon  is 
captured  by  the  calculation  as  noted  by  the  path  lines  on  the  right  side  of  Fig.  5b.  In  this 
figure,  more  particles  are  released  over  a  slightly  wider  region  than  is  shown  by  the 
image  on  the  left  side  of  Fig.  5b.  This  implies  that  the  broadening  results  from  the 
number  of  soot  particles  and,  to  a  lesser  extend,  the  region  in  which  they  are  produced. 
Since  the  particle-tracking  program  does  not  have  a  mechanism  for  destroying  the 
particles,  the  observed  narrowing  of  the  path  lines  must  result  from  some  other  effect  that 
is  not  currently  understood. 


The  nature  of  the  forces  causing  the  spiral  particle  path  lines  in  Figs.  5a  and  6a  is  not 
clearly  understood.  Spiral  trajectories  for  heavy  particles  in  a  Burgers  vortex  have  been 
calculated  by  (Marcu,  1995).  They  found  that  if  the  Stokes  number  is  less  than  16  n2A 
where  A  is  equal  to  W  T  (viscosity/circulation),  then  the  radially  outward  centrifugal 
force  is  less  than  the  inward  drag  force.  When  this  happens,  the  particles  spiral  towards 
the  vortex  center.  This  analysis  does  not  directly  apply  to  our  problem  because  the  fluid 
in  a  spiraling  Burgers  vortex  is  transported  towards  the  vortex  center,  which  is  not  the 
case  for  the  centerbody-stabilized  vortex.  However,  the  spiral  motion  does  depend  on 
particle  size.  Figure  7a  illustrates  what  happens  when  massless  particles  are  released 
close  to  the  centerbody  face  in  the  shear  region  where  the  calculations  show  soot  is  first 
formed.  The  black  lines  are  the  particle  tracks.  The  massless  particles  do  not  spiral 
toward  the  vortex  center  but  form  a  closed  path  that  follows  the  outer  region  of  the 
recirculation  zone.  Particle-tracking  calculations  (not  presented)  with  0.05,  1,  and  5- 
micron  diameter  carbon  particles  result  in  spiral  path  lines.  However,  the  calculated 
particle  tracks  shown  in  Fig.  7b  illustrate  that  50-micron  diameter  carbon  particles  have 


598 


Paper  #  D36 


Topic:  Soot 


sufficient  momentum  to  carry  them  down  stream  without  being  entrained  into  the 
recirculation  zone.  Thus,  there  is  a  range  of  particle  sizes  that  will  exhibit  a  spiral 
motion.  Perhaps  the  type  of  nondimensional  analysis  performed  by  (Marcu,  1995)  when 
applied  to  a  bluff-body  stabilized  vortex  can  provide  the  conditions  resulting  in  spiral 
path  lines. 


The  particles  experience  several  forces  that  could  contribute  to  their  spiral  motion.  These 
forces  include  drag,  thermophoresis,  shear,  and  gravity.  For  the  particles  to  spiral  towards 
the  vortex  center,  these  forces  must  interact  in  a  way  that  produces  a  net  centripetal 
(inward  directed)  force.  The  two  major  forces  are  believed  to  be  thermophoresis  and 
drag.  Their  interaction  could  be  very  simple.  Drag  causes  the  particles  to  lose  energy,  and 
the  thermophoresis  pushes  them  towards  the  vortex  center.  The  result  is  a  spiraling 
motion  of  the  particles.  More  studies  are  planned  to  determine  if  this  simple  explanation 
is  correct. 


The  soot  in  the  donut  flame  also  has  a  spiral  motion  as  noted  in  Fig.  6a.  However,  the 
path  lines  are  different  from  those  in  Fig.  5a  in  that  they  have  a  very  tight  spiral  that  is 
almost  contained  in  the  sooting  donut  structure.  UNICORN  with  particle-tracking 
calculations  shown  in  Fig.  6b  capture  some  but  not  all  of  observed  details.  For  example, 
UNICORN  correctly  predicts  the  location  of  the  vortex  center,  but  the  particle  tracks  are 
about  the  same  size  as  those  calculated  for  the  full  sooting  flame  show  in  Fig.  5a.  Thus, 
the  tightly  spiraling  path  lines  shown  in  Fig.  6a  are  not  predicted.  For  the  sooting  ring 
flame  shown  in  Fig.  4a,  close  visual  inspection  reveals  that  the  soot  particles  have  a  very 
tight  spiral  trajectory  that  is  about  the  same  size  as  the  sooting  ring  structure.  Visual 
observations  show  that  the  sooting  ring  is  actually  distributed  around  the  vortex  center 
ring  of  the  axisymmetric  recirculation  zone.  UNICORN  with  particle  tracking  does  not 
predict  this  very  tight  spiral  motion. 


Soot  oxidation  or  bum-up  may  be  responsible  for  the  tight  spiral  motion  in  the  donut  and 
ring  flames.  The  sooting,  donut  flame  is  formed  by  adding  N2  to  both  the  fuel  and  air. 
The  sooting  ring  is  formed  when  more  N2  is  added  to  the  fuel.  For  nonpremixed  jet 
flames,  adding  N2  to  the  fuel  causes  the  stoichiometric  flame  surface  to  move  towards  the 
centerline  of  the  burner.  This  also  appears  to  happen  in  the  centerbody  flame.  The  flame 
surfaces  in  Figs.  3  and  4  move  towards  the  burner  center  line  as  the  N2  is  added  to  the 
fuel.  This  is  evident  in  both  the  flame  photographs  and  the  computed  temperature 
contours  shown  in  Figs.  3  and  4.  Thus,  adding  N2  brings  the  flame  surface  closer  to  the 
vortex  center.  In  the  ring  shape,  sooting  flame  (Fig.  4a),  the  actual  flame  surface  appears 
to  pass  through  the  vortex  center.  For  this  case,  consider  what  happens  to  the  soot 
particles  as  they  spiral  around  the  vortex  center.  The  particles  with  the  larger  radii  must 
pass  through  the  high-temperature  flame  zone.  If  these  particles  are  burned  up  in  the 
high-temperature  flame,  they  will  vanish  and  so  will  their  path  lines.  Indeed,  the  only 
path  lines  that  will  be  observed  are  those  close  to  the  vortex  center  that  don’t  pass 
through  the  high-temperature  flame  or,  if  they  do,  their  travel  time  is  sufficiently  small 
that  they  are  not  completely  oxidized.  Thus,  we  believe  that  soot  particles  with  large  radii 
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bum-up  as  they  pass  through  the  flame  zone.  This  leaves  only  the  particles  with  small 
radii  that  do  not  pass  through  the  flame.  They  appear  as  tight  spirals  observed  for  the 
donut  and  ring  flames. 


Summary  and  Conclusions 


Dramatically  different  sooting,  laminar  flames  can  be  established  with  a  centerbody 
burner.  These  flames  have  different  sooting  structures  and  other  interesting  features  that 
make  them  desirable  for  soot  model  evaluation  and  development.  For  example,  three 
flames,  with  different  N2  dilution  in  the  fuel  and  air,  exhibit  full,  donut,  and  ring-shaped 
sooting  structures.  Furthermore,  the  soot  particle  entrainment  into  the  recirculation  is  an 
interesting  phenomenon.  Their  path  lines  spiral  toward  the  vortex  center  in  all  of  the 
flames.  However,  the  spiral  path  lines  are  more  tightly  wrapped  for  the  donut  flame  than 
for  the  fully  sooting  flame.  The  spiral  path  for  the  ring  flame  is  wrapped  so  tight  that  it  is 
only  about  the  size  of  the  sooting  ring.  The  different  sooting  flame  shapes  are  calculated 
with  UNICORN  with  an  accuracy  that  is  surprising  good  considering  the  rudimentary 
nature  of  the  soot  model.  UNICORN  treats  the  soot  as  large  gas  molecules  and  does  not 
currently  predict  the  path  lines  of  actual  soot  particles.  Thus,  UNICORN  could  not 
directly  predict  the  spiral  motion  of  the  soot  particles.  However,  it  has  a  particle-tracking 
program  that  did  indirectly  simulate  the  spiral  motion  by  tracking  5-micron  diameter 
carbon  particles  that  are  released  in  a  region  where  soot  starts  to  form.  The  particle¬ 
tracking  program  did  not  correctly  calculate  the  tight  spiral  motion  of  the  donut  and  ring 
sooting  flames.  The  tight  spirals  may  result  because  soot  particles,  in  large  orbits  about 
the  vortex  center,  tend  to  bum  up  as  they  pass  through  the  high-temperature  flame,  thus 
leaving  only  the  particles  with  smaller  radii  (tighter  orbits)  around  the  vortex  center.  The 
spiral  path  lines  of  the  soot  are  postulated  to  result  as  the  drag  force  reduces  the  energy  of 
the  particles  and  the  thermophoretic  force  pushes  them  towards  the  vortex  center. 
However,  there  are  other  factors  that  must  be  considered.  For  example,  particle -tacking 
calculations  show  that  massless  particles  follow  a  closed  path  around  the  recirculation 
zone  and  do  not  spiral  towards  the  center,  whereas  the  inertia  of  50-micron  diameter 
carbon  particles  carries  them  downstream  without  being  entrained  into  the  recirculation 
zone.  Thus,  there  is  a  size  range  that  has  not  been  well  quantified  in  which  particles  will 
not  have  a  spiral  motion.  More  detailed  studies  of  these  flames  are  planed  in  the  future. 
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Figure  1.  Experimental  set-up  showing  flow  controllers,  test  section,  and  laser  sheet  lighting  arrangement. 
A  digital  camera  (not  shown)  is  set  up  normal  to  the  laser  sheet. 


603 


Paper  #  D36 


Topic:  Soot 


r  (mm)  r  (mm) 

(a)  (b)  (c) 


Figure  2.  (a)  Photograph  of  sooting  flame  structure  for  an  airflow  rate  of  250  SLPM  and  fuel  flow  rate  of 
3.4  SLPM.  UNICORN  calculations  of:  (b)  temperature  (left)  and  fuel  volume  fraction  (right);  and  (c) 
relative  soot  volume  (left)  and  normalized  soot  radiation  intensity  (right). 
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Figure  3.  (a)  Photograph  of  sooting  flame  structure  for  an  airflow  rate  of  200  SLPM  and  50  SLPM  N2  and 
fuel  flow  rate  of  2.1  SLPM  and  1.3  SLPM  N2.  UNICORN  calculations  of:  (b)  temperature  (left)  and  fuel 
volume  fraction  (right);  and  (c)  relative  soot  volume  (left)  and  normalized  soot  radiation  intensity  (right). 
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Figure  4.  (a)  Photograph  of  sooting  flame  structure  for  an  airflow  rate  of  200  SLPM  and  50  SLPM  N2  and 
fuel  flow  rate  of  1.5  SLPM  and  1.9  SLPM  N2.  UNICORN  calculations  of:  (b)  temperature  (left)  and  fuel 
volume  fraction  (right);  and  (c)  relative  soot  volume  (left)  and  normalized  soot  radiation  intensity  (right). 
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Figure  5.  (a)  Photograph  of  sooting  flame  and  laser  sheet  image  of  the  soot  structure  for  an  airflow  rate  of 
250  SLPM  and  fuel  flow  rate  of  3.4  SLPM.  (b)  Cross  section  of  the  computed  path  of  5 -micron  carbon 
particles  released  where  the  computations  estimate  the  soot  is  initially  formed.  Flow  conditions  of  (a)  and 
(b)  are  the  same. 
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Figure  6.  (a)  Photograph  of  sooting  flame  and  laser  sheet  image  of  the  soot  structure  for  an  airflow  rate  of 
200  SLPM  and  50  SLPM  N2  and  fuel  flow  rate  of  2.1  SLPM  and  1.3  SLPM  N2.  (b)  Cross  section  of  the 
computed  path  of  5 -micron  carbon  particles  released  where  the  computations  estimate  the  soot  is  initially 
formed.  Flow  conditions  of  (a)  and  (b)  are  the  same. 
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Figure  7.  UNICORN  calculations  of:  (a)  tracks  of  mass-less  particles  and  (b)  tracks  of  50-micron  diameter 
carbon  particles.  Soot  volume  fraction  is  shown  on  the  left  side  of  each  figure  and  soot  radiation  intensity 
is  shown  on  the  right  side.  Calculations  are  for  an  airflow  rate  of  250  SLPM  and  fuel  flow  rate  of  3.4 
SLPM. 
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1  Introduction 

Laminar  flamelet  is  an  asymptotic  concept  introduced  by  Peters  [1]  for  describing  turbulent  flames.  If  the 
relevant  chemical  time  scales  are  short  compared  to  the  convection  and  diffusion  time  scales,  according  to 
flamelet  concept,  combustion  takes  place  within  asymptotically  thin  layers  embedded  in  the  turbulent  flow.  In 
other  words,  laminar  flamelet  concept  allows  turbulent  fluctuations  in  a  reaction  layer  to  be  treated  as  variations 
to  the  flame  structure  rather  than  deviations  to  the  structure  itself.  The  usefulness  of  laminar  flamelet  concept  in 
modeling  turbulent  flames  comes  from  the  assumption  that  the  local  instantaneous  composition  and  temperature 
of  the  mixture  in  a  nonpremixed  system  could  be  modeled  as  being  the  same  as  those  in  a  stretched  laminar 
flame  [2].  The  mixture  fraction  and  scalar  dissipation  rate  are  commonly  used  in  linking  the  turbulent  flame 
structure  to  that  of  the  laminar  flame.  At  a  critical  value  of  scalar  dissipation  rate  laminar  nonpremixed  flame 
extinguishes  due  to  large  mixture  fraction  gradients.  The  reaction  zone  in  physical  space  under  such  critical 
conditions  becomes  so  narrow  that  diffusive  heat  loss  will  lead  to  quenching.  This  scalar-dissipation-rate  analogy 
has  been  used  in  flamelet  theories  in  modeling  extinction  and  ignition  phenomena  in  turbulent  flames.  Flamelet 
theories  have  been  successful  applied  to  the  modeling  of  various  nonpremixed  flame  systems  [3]. 

A  necessary  condition  for  the  flamelet  concepts  to  be  applied  is  that  the  reaction  zone  must  be  thinner  than  the 
smallest  scales  of  the  turbulence,  which  is  Kolmogorov  length  scale.  Performing  asymptotic  expansion  for  high 
Damkohler  numbers  for  hydrogen  flames,  Bilger  [4]  derived  an  expression  for  reaction  rate  and  argued  that 
flamelets  are  not  asymptotically  thin  due  to  the  influence  of  reverse  reactions;  which  means  that  the  reaction 
zones  must  be  broadened  due  to  chemical  equilibrium.  Even  though,  the  regular  asymptotic  analysis  and  the  non¬ 
reacting  experimental  data  used  by  Bilger  [4]  are  not  ideal  for  judging  the  validity  of  the  flamelet  theories,  they 
certainly  raised  important  issues  about  the  applicability  of  the  flamelet  theories  to  the  turbulent-combustion 
process.  It  has  been  widely  recognized  that  highly  resolved  measurements  and  numerical  simulations  are  needed 
for  addressing  the  existence  of  laminar  flamelets  in  turbulent- flow  environment  [5]. 

Recent  numerical  simulations  of  micro-vortex/flame  interactions  [6]  suggested  that  vortices  that  are  smaller 
than  a  millimeter  in  size  cannot  stretch  a  laminar  nonpremixed  flame.  Instead,  they  destroy  the  flame  structure 
during  the  interaction  process.  Even  though  these  findings  pose  questions  on  the  validity  of  the  laminar  flamelet 
concept,  they  could  not  disapprove  the  existence  of  infinitely  thin  reaction  layers.  A  weak  hydrogen-air 
nonpremixed  flame  is  aerodynamically  stretched  in  the  present  study  for  identifying  the  limits,  if  any,  on  the 
reaction  layer  thickness.  The  effect  of  chemical  equilibrium  on  reaction  layer  thickness  is  also  investigated. 

2  Mathematical  Model 


A  time-dependent  axisymmetric  model  known  as  UNICORN  (UNsteady  Ignition  and  COmbustion  using 
ReactioNs)  [7]  is  used  for  the  simulations  of  steady  flames  associated  with  an  opposed-jet  burner.  This  model 
solves  the  Navier-Stokes  and  species-  and  energy-conservation  equations  written  in  the  cylindrical-coordinate  (z- 
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r)  system.  A  detailed-chemical-kinetics  model  is  employed  for  describing  the  hydrogen-air  combustion  process. 
This  model  consists  of  13  species-namely,  H2,  02,  H,  O,  OH,  H20,  H02,  H202,  N,  NO,  N02,  N20,  and  N2-and 
74  elementary  reactions  (37  forward  and  37  backward)  among  the  constituent  species.  The  rate  constants  for  this 
H2-02-N2  reaction  system  were  obtained  from  Ref.  [8]. 

Temperature-  and  species-dependent  property  calculations  are  incorporated  in  the  model.  The  governing 
equations  are  integrated  on  a  nonuniform  staggered-grid  system.  An  orthogonal  grid  having  rapidly  expanding 
cell  sizes  in  both  the  axial  and  the  radial  directions  is  employed.  The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST  scheme  [9],  and  those  of  the  species  and  energy  equations 
are  obtained  using  a  hybrid  scheme  of  upwind  and  central  differencing.  At  every  time  step,  the  pressure  field  is 
calculated  by  solving  the  pressure  Poisson  equations  simultaneously 
and  utilizing  the  LU  (Lower  and  Upper  diagonal)  matrix- 
decomposition  technique.  UNICORN  has  been  validated  previously  by 
simulating  various  steady  and  unsteady  opposed  and  coflow  jet 
nonpremixed  flames  [7,10]. 

The  opposed-jet- flow  burner,  shown  in  Fig.  1,  consists  of  two 
concentric  nozzle  systems.  Fuel  (a  mixture  of  hydrogen  and  nitrogen) 
is  issued  from  the  top  nozzle  (d0  =  20  mm)  while  air  is  issued  from  the 
bottom.  Low  speed  nitrogen  shroud  flows  (D0  =  30  mm)  are  used  for 
both  the  fuel  and  air  jets.  The  top  and  bottom  nozzles  are  separated  by 
20  mm.  A  flat  nonpremixed  flame  is  formed  between  the  fuel  and  air 
jets  in  the  neighborhood  of  the  stagnation  plane.  The  weak  flame 
established  with  hydrogen-to-nitrogen  ratio  of  0.38  is  aerodynamic 
stretched  by  increasing  the  fuel  and  air  jet  velocities  simultaneously. 

The  z-r  coordinate  system  and  a  typical  computed  flame  are  shown  in 
Fig.  1.  Note,  only  one  half  of  the  flame  shown  in  this  figure  is 
calculated.  A  non-uniform  801  x  51  mesh  system  distributed  over  a 
physical  domain  of  20  x  20  mm  in  the  region  between  the  upper  and 
lower  nozzles  is  used.  An  uniform  mesh  spacing  of  0.02  mm  in  the 
axial  (z)  direction  across  the  flame  width  and  a  rapidly  increasing  grid 
spacing  in  the  radial  (r)  direction  starting  from  0.02  mm  spacing  at  the 
axis  of  symmetry  are  achieved  with  this  grid  system. 

3  Results  and  Discussion 

The  steady-state  flame  shown  in  Fig.  1  represents  a  weakly  stretched  laminar  flame  obtained  with  fuel  and  air 
jet  velocities  of  0.4  and  0.3  m/s,  respectively.  As  the  velocities  of  the  fuel  and  air  jets  increased,  flame  becomes 
thinner  and  its  temperature  decreases.  Flame  extinguishes  for  a  critical  set  of  velocities.  Variations  in  flame 
(peak)  temperature  and  peak  heat-release  rate  along  the  centerline  with  respect  to  scalar  dissipation  rate  at 
stoichiometry  (%st)  are  shown  in  Fig.  2  for  velocities  ranging  from  0.3  m/s  through  21  m/s.  Scalar  dissipation  rate 
(x)  is  calculated  from  mixture-fraction  formulation  of  Bilger  [4]  and  using  1  m2/s  for  diffusion  coefficient  [11]. 
Results  are  labeled  with  “normal  kinetics”  while  the  open  circles  represent  the  values  of  the  maximum- stretched 
flame.  Further  stretching  of  the  flame  resulted  in  extinguishment.  The  opposed-jet  flame  shown  in  Fig.  1 
extinguished  when  the  temperature  dropped  to  1140  K  at  which  the  scalar  dissipation  rate  was  1.12  s'1.  To 
understand  the  role  of  chemical  equilibrium  on  flame  structure,  calculations  for  the  opposed-jet  flame  are 
repeated  after  increasing  or  decreasing  the  rates  of  the  chemical  reactions.  Three  sets  of  data  with  modified 
reaction  rates  are  shown  in  Fig.  2.  Results  obtained  after  reducing  the  rates  of  the  37  forward  reactions  by  half 
are  shown  with  dash-dot  lines,  those  obtained  after  doubling  the  rates  of  the  forward  reactions  are  shown  in 
broken  lines,  and  those  obtained  after  doubling  the  rates  of  both  the  forward  and  reverse  reactions  are  shown  in 
thin  lines.  Changes  in  reaction  rates  affected  not  only  the  maximum  stretch  rate  that  can  be  applied  on  this  flame 
but  also  the  temperature  at  which  extinction  takes  place.  In  general,  temperature  and  heat  release  rates  at 
extinction  are  higher  with  faster  reactions.  At  a  given  scalar  dissipation  rate  (%st)  temperature  and  heat  release 
rate  of  the  flame  increase  with  the  reactivity  of  the  system  and  such  increase  is  more  pronounced  at  higher  %st. 
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This  behavior  can  be  explained  from  the  chemical-nonequilibrium  state  of  the  flame.  Increase  in  reaction  rates 
enhances  reactivity  in  the  flame  zone  and,  thereby,  shifts  the  flame  more  into  equilibrium. 

Flame  thickness  estimated  based  on  the  full  width  of  the  temperature  profile  is  shown  in  Fig.  3  for  different  %st 
values  and  for  different  chemical  kinetics.  Thicknesses  of  the  flame  at  the  time  of  extinction  are  marked  with 
open  circles.  As  the  stretch  rate  increased  on  the  steady  opposed-jet  flame,  its  thickness  decreased  as  suggested 
by  the  laminar  flamelet  theory.  However,  contrary  to  the  assumption  that  stretched  flames  become  infinitely  thin 
prior  to  extinction,  flame  thicknesses  at  extinction  obtained  with  normal,  reduced  and  enhanced  kinetics  are  all 
within  the  range  of  1  and  2  mm.  More  interestingly,  the  thickness  Vs  %st  plot  suggests  that  flame  thickness  is 
asymptotically  approaching  a  finite  value  (~  1  mm). 

One  could  argue  that  temperature  profile  may  not  necessarily  represent  the  reaction  zone  thickness  as  the  it 
will  be  influenced  by  the  thermal  and  molecular  diffusive  transport.  Typically,  intermediate  radical  species  such 
as  OH,  O,  and  H  that  have  short  lifespan  are  confined  to  reaction  zones.  Variations  of  flame  thicknesses  obtained 
from  the  full  width  of  OH  and  O  radical  distributions  are  shown  in  Figs.  4  and  5,  respectively.  For  a  given  scalar 
dissipation  rate,  reaction  zone  thicknesses  obtained  from  OH  and  O  radical  distributions  are  about  one  half  of 
that  obtained  from  temperature.  Figs.  4  and  5  suggest  that  the  radical-based  reaction-zone  thicknesses  are  also 
asymptotically  approaching  a  finite  value  as  the  scalar  dissipation  rate  on  the  flame  is  increased.  It  is  important 
to  note  that  even  the  smallest  thickness  of  0.5  mm  represents  a  radical  profile  that  has  been  resolved  with  a  large 
number  (25)  of  grid  points,  and  hence,  the  asymptotic  thicknesses  shown  in  Figs.  3-5  are  not  limited  by  the  grid 
distribution. 

An  examination  of  Figs.  4  and  5  further  reveals  that  when  the  forward  reaction  rates  (kf)  are  reduced  by  half, 
the  thickness  of  the  reaction  zone  has  increased  for  the  similarly  stretched  flames  (equal  scalar  dissipation  rates). 
When  the  forward  reaction  rates  are  increased  by  100%  the  reaction  zone  thickness  decreased  for  the  similarly 
stretched  flames.  On  the  other  hand,  when  the  reverse  reaction  rates  (kb)  are  also  doubled  the  reaction  zone 
thickness  did  not  change  much.  This  suggests  that  the  flames  calculated  using  twice  the  normal  reaction  rates  are 
in  chemical  equilibrium  and  any  further  increase  in  reaction  rates  doesn’t  decrease  the  reaction-zone  thickness. 
Which  means  flames  are  broadened  (from  infinitely  thin  reaction  zone)  not  due  to  finite-rate  chemistry,  but  due 
to  equilibrium  condition. 

Calculations  made  with  different  reaction  rates  suggest  that  a  minimum  reaction  zone  thickness  exists  for 
flames  that  are  aerodynamically  stretched.  For  the  hydrogen  flame  considered  in  this  study,  the  minimum 
reaction  zone  thickness  is  in  the  range  0.5- 1.0  mm,  depending  on  the  radical  species  used  for  obtaining  the 
thickness.  Consequently,  flamelet  theory  cannot  be  applied  to  hydrogen- air  nonpremixed  flames  for  turbulent 
fluctuation  length  scales  that  are  smaller  than  0.5  mm.  This  was  also  evident  in  our  previous  studies  [6]  on 
vortex/flame  interactions  in  which  vortices  smaller  than  0.5  mm  in  diameter  failed  in  stretching  the  flame. 

4  Conclusions 

A  numerical  study  has  been  performed  for  determining  the  minimum  possible  thickness  for  a  nonpremixed 
hydrogen-air  flame.  The  flat  flame  formed  between  the  counter  flowing  fuel  and  air  jets  is  stretched  through 
increasing  jet  velocities.  A  time-dependent  model,  known  as  UNICORN,  that  incorporates  13  species  and  74 
reactions  among  the  constituent  species  has  been  used  for  the  simulation  of  opposed-jet  hydrogen-air 
nonpremixed  flame.  Numerical  experiments  were  performed  through  changing  the  reaction  rates.  It  is  found  that 
a  nonpremixed  flame  can  only  be  stretched  to  a  minimum  thickness  prior  to  its  extinction.  Contrary  to  the 
flamelet  description  for  laminar  stretched  flames,  the  reaction  zone  thickness  for  a  hydrogen-air  nonpremixed 
flame  can  asymptotically  reach  a  value  in  the  range  0.5 -1.0  mm,  depending  on  the  radical  species  used  for 
measuring  the  thickness.  This  finding  has  an  important  bearing  on  turbulence  modeling  based  on  flamelet  theory. 
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Fig.  2.  Response  of  a  steady  state  flame  to  aerodynamic 
stretch  for  different  (fast  vs  slow)  chemical  kinetics. 


Fig.  3.  Thickness  (based  on  Temperature)  of  a  steady 
state  flame  at  different  stretch  rates  and  with  different 
(fast  vs  slow)  chemical  kinetics. 


Fig.  4.  Thickness  (based  on  OH  concentration)  of  a 
steady  state  flame  at  different  stretch  rates. 


Fig.  5.  Thickness  (based  on  O  concentration)  of  a 
steady  state  flame  at  different  stretch  rates. 
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Computational  fluid  dynamic  (CFD)  -based  predictions  are  presented  for  nonpremixed 
and  premixed  flames  burning  vaporized  heptane  fuel.  Three  chemical  kinetics  models  are 
incorporated  into  a  time-dependent,  two-dimensional,  detailed-chemistry,  CFD  model 
known  as  UNICORN.  The  first  mechanism  is  the  San  Diego  (SD)  mechanism  (52  species  and 
544  reactions),  the  second  one  is  the  Lawrence  Livermore  National  Laboratory  (LLNL) 
mechanism  (160  species  and  1540  reactions),  and  the  third  one  is  the  National  Institute  of 
Standards  and  Technology  (NIST)  mechanism  (197  species  and  2926  reactions).  Numerical 
models  are  validated  through  simulating  an  opposing-jet  nonpremixed  flame  that  was 
previously  studied  experimentally.  Models  are  also  tested  for  their  accuracies  in  predicting 
strain-induced  extinction  and  autoignition.  Compared  to  traditional  one-dimensional  models 
for  opposing-jet  flames,  two-dimensional  simulations  are  found  to  give  results  closer  to  the 
experimental  values.  All  three  mechanisms  are  reasonably  close  to  each  other  in  predicting 
co-axial  jet  nonpremixed  and  premixed  flames.  SD  mechanism  is  found  to  be  slightly  stiffer 
than  the  other  two  mechanisms,  especially  in  solving  for  premixed  combustion.  While  LLNL 
kinetics  resulted  in  a  steady  Bunsen-type  premixed  flame,  SD  and  NIST  mechanisms  yielded 
cellular-type  flame  structures  for  the  same  flow  conditions. 


I.  Introduction 

|  Retailed  chemical  kinetics  for  describing  combustion  of  higher  hydrocarbon  fuels  involves  several  hundred 

species  and  several  thousand  elementary  reactions.  The  need  for  more  accurate  and  presumably  larger  chemical- 
kinetic  mechanism  is  being  strongly  driven  by  the  escalating  costs  of  petroleum-based  fuels  and  the  need  to  develop 
alternate  fuels.  Indeed,  new  fuel  mechanisms  are  being  rapidly  developed.  Traditionally,  such  newly  developed 
mechanisms  are  validated  through  the  simulations  of  zero-  and  one-dimensional  flames  using  codes  such  as 
RUN1DL,1  OPPDIF,2  and  CHEMKIN3  and  comparing  the  results  with  the  available  experimental  data.  Extensive 
experimental  data  for  the  intermediate  species  concentrations  are  required  for  obtaining  a  reasonably  calibrated 
kinetics  mechanism.  However,  it  is  not  always  feasible  to  obtain  concentrations  of  the  numerous  hydrocarbon 
intermediates  generated  during  the  combustion  of  complex  hydrocarbon  fuels.  As  a  result,  validation  of  newly 
developed  complex  chemical-kinetics  mechanisms  using  traditional  approaches  can  only  be  partially  performed. 

One  of  the  dangers  in  using  partially  validated  mechanisms  is  that  the  simulations  for  a  reacting  flow  under 
certain  conditions  may  look  reasonable,  but  may  result  in  poor  simulations  under  different  conditions.  This  was 
demonstrated  by  Katta  et  al.4  using  recently  developed  mechanisms  for  JP-8  fuels.  Three  JP-8  mechanisms  were 
investigated.  One  came  from  Ranzi’s  group,  the  second  one  from  University  of  Utah,  and  the  third  one  came  from 
the  Propulsion  Directorate  of  the  Air  Force  Research  Laboratory  (AFARL/PR).  These  three  mechanisms  were 
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developed  independently  and  validated  using  the  limited  experimental  data  on  ignition  delay  and  flame  speeds.  The 
Violi  mechanism  (Ranzi’s  group)5  has  161  species  and  1538  reactions,  which  includes  some  global-type  reactions, 
the  University  of  Utah  mechanism6  has  208  species  and  2186  reactions,  and  the  Mawid  mechanism  (AFRL/PR)7  has 
216  species  and  3000  reactions.  These  three  mechanisms  were  incorporated  into  UNICORN  and  calculations  were 
performed  for  a  variety  of  two-dimensional  flame  systems.  It  was  found  that  the  flame  structures  predicted  by  these 
mechanisms  were  radically  different  from  each  other  and  more  importantly  the  blowout  characteristics  of  a 
nonpremixed  flame  varied  significantly  from  mechanism  to  mechanism.  Disappointingly,  the  partially  validated 
chemistry  models  were  found  to  be  of  only  limited  use  in  the  simulations  of  multidimensional  flames.  Thus,  there 
exists  a  great  need  for  validating  these  complex  mechanisms  through  the  simulation  of  multidimensional  flames 
using  robust  and  efficient  CFD  codes  that  can  handle  large  chemical-kinetics  mechanisms.8 

Chemical-kinetic-mechanisms  that  describe  oxidation  of  n-heptane  (n-c7H16)  have  been  developed  by  numerous 
investigators.9"10  n-Heptane  is  a  primary  reference  fuel  for  octane  rating  in  internal  combustion  engines.  Extensive 
experimental  work  has  been  performed  for  validating/developing  detailed  mechanisms  for  n-heptane.11'12  However, 
these  mechanisms  were  not  tested  for  their  ability  to  predict  multi-dimensional  flames.  This  is,  in  part,  due  to  lack  of 
detailed  experimental  data  in  laboratory  jet  flames  and,  in  part,  due  to  lack  of  robust  CFD  models  that  can  perform 
multi-dimensional  calculations  using  large  chemical  kinetics.  UNICORN  is  a  time-dependent  two-dimensional 
numerical  model  that  is  being  developed  for  simulating  the  dynamic  characteristics  of  nonpremixed  and  premixed 
flames  using  very  large  chemical  kinetic  mechanisms.8  This  paper  describes  the  predictions  made  for  n-heptane 
flames  using  three  detailed  chemical  kinetics  models. 

II.  Mathematical  Model 

UNICORN  (UNsteady  Ignition  and  COmbustion  using  ReactioNs)  code13,14  is  a  time-dependent,  axisymmetric 
mathematical  model,  which  is  used  for  the  simulation  of  unsteady  reacting  flows.  It  is  capable  of  performing  direct 
numerical  simulations  (DNS)  and  has  been  developed  over  a  ten-year  period.  Its  evolution  has  been  in  conjunction 
with  experiments  conducted  to  test  its  ability  to  predict  ignition,  extinction,  stability  limits,  and  the  dynamic 
characteristics  of  nonpremixed  and  premixed  flames  of  various  fuels.  It  solves  for  u-  and  v-momentum  equations, 
continuity,  and  enthalpy-  and  species-conservation  equations  on  a  staggered-grid  system.  The  body-force  term  due 
to  the  gravitational  field  is  included  in  the  axial-momentum  equation  for  simulating  vertically  mounted  flames.  A 
clustered  mesh  system  is  employed  to  trace  the  large  gradients  in  flow  variables  near  the  flame  surface.  Three 
detailed  chemical-kinetics  models  developed  for  heptane-  combustion  are  incorporated.  First  one  is  San  Diego  (SD) 
mechanism.15  It  consists  of  52  species  and  544  elementary  reactions.  The  second  one  is  Fawrence  Fivermore 
National  Faboratory  (FFNF)  mechanism.16  It  consists  of  160  species  and  1540  reactions.  And  the  third  one  is 
National  Institute  of  Standards  and  Technology  (NIST)  mechanism.17  It  consists  of  197  species  and  2926  reactions. 
Thermo-physical  properties  such  as  enthalpy,  viscosity,  thermal  conductivity,  and  binary  molecular  diffusion  of  all 
the  species  are  calculated  from  the  polynomial  curve  fits  developed  for  the  temperature  range  300  -  5000  K.  Mixture 
viscosity  and  thermal  conductivity  are  then  estimated  using  the  Wilke  and  Kee  expressions,  respectively.  Molecular 
diffusion  is  assumed  to  be  of  the  binary-diffusion  type,  and  the  diffusion  velocity  of  a  species  is  calculated  using 
Fick's  law  and  the  effective-diffusion  coefficient  of  that  species  in  the  mixture.  A  simple  radiation  model  based  on 
the  optically  thin-media  assumption  is  incorporated  into  the  energy  equation.18  Only  radiation  from  CH4,  CO,  C02, 
and  H20  is  considered  in  the  present  study. 

The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit  QUICKEST  scheme,19’20 
and  those  of  the  species  and  energy  equations  are  obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step,  the  pressure  field  is  accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  using  the  FU  (Tower  and  Upper  diagonal)  matrix-decomposition  technique.  Different 
types  of  boundary  conditions  such  as  adiabatic  wall,  isothermal  wall,  symmetric  surface,  outflow,  and  inflow  can  be 
applied  to  the  boundaries  of  the  computational  domain.21 

The  simulations  presented  here  are  performed  on  a  single  cpu,  AMD  Opteron  Personal  Computer  with  2.0  GB  of 
memory.  Typical  execution  time  is  -30  s/time-step  for  the  coaxial-nonpremixed- flame  simulations.  Steady  state 
solutions  are  typically  obtained  in  about  2,000  time  steps  starting  from  the  solution  obtained  using  the  global 
combustion  chemistry  model. 


III.  Results  and  Discussion 

Multidimensional-flame  simulations  using  UNICORN  can  be  performed  on  a  Personal  Computer  with  2.0  GB  of 
memory.  Execution  times  strongly  depend  on  the  number  of  species  considered  in  the  chemical-kinetics  model  and 
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the  grid  size.  The  calculations  made  with  different  heptane  chemical  kinetics  models  are  presented  in  the  following 
subsections: 

A.  Validations  for  Flame  Structure 

The  opposing-jet  flame  considered  for  validating  the  numerical  models  is  formed  between  pre-vaporized  heptane 
and  air  jets.  This  flame  represents  a  weakly  stretched  laminar  flame  and  the  experiments  were  carried  out  by  Seiser 
et  al.11  The  burner  for  gaseous  reactants  is  made  up  of  two  opposing  ducts  with  inner  diameters  of  22.2  mm  through 
which  reactants  are  introduced.  The  distance  between  the  ducts  is  10  mm.  The  mixture  of  n-heptane  vapor  and 
nitrogen  is  introduced  from  the  bottom  duct  while  air  is  introduced  from  the  top  duct.  The  temperatures  of  the  fuel 
and  air  jets  are  338  and  298  K,  respectively.  Experiments  were  conducted  for  different  strain  rates  (velocities)  and 
measurements  for  temperature  and  species  were  made  along  the  burner  centerline.  For  model  validation  purpose  the 
data  obtained  at  strain  rate  of  150  s"1  is  considered. 


StrainRate  a  =- 


n  hi 

\vi\i\pi\ 


Here,  Vi  and  V2  represent  the  velocities  of  the  fuel  and  air,  respectively  and  pi  and  p2  represent  the  respective 
densities.  L  is  the  separation  between  the  fuel  and  oxidizer  ducts.  Fuel  is  composed  of  15%  heptane  and  85% 
nitrogen.  The  fuel  and  air  velocities  used  for  the  150-s"1  flame  are  0.342  and  0.375  m/s,  respectively.  Two- 
dimensional  simulations  for  the  flowfield  between  the  upper  and  lower  ducts  are  performed  using  a  301x41  variable 
grid  system.  This  grid  yielded  a  mesh  spacing  of  33  pm  across  the  flame  surface  in  the  axial  direction.  Calculations 
for  this  flame  are  performed  using  the  three  chemical  kinetics  models.  The  three  steady  state  flames  obtained  are 
shown  in  Fig.  1.  Temperature  distributions  color-coded  with  rainbow  color  scheme  (red  and  violet  representing  300 
and  1700  K,  respectively)  are  shown  in  Fig.  1.  The  nonpremixed  flame  formed  between  the  two  reactant  ducts  is 
slightly  curved  upward  toward  air  duct.  All  three  mechanisms  resulted  in  nearly  identical  flames  in  shapes  and  sizes. 

Temperature  and  axial-velocity  distributions  along  the  centerline  across  the  flame  are  shown  in  Fig.  2.  While  the 
computed  profiles  are  shown  with  lines  temperature  measurements  obtained  by  Seiser  et  al.11  are  plotted  with  solid 
symbols.  Even  though  the  moments  of  the  fuel  and  oxidizer  jets  were  matched,  the  stagnation  plane  (plane 
perpendicular  to  the  centerline  and  passing  through  U  =  0  location)  is  located  ~0.5  mm  away  from  the  midsection 
toward  the  fuel  duct.  The  peak-temperature  surface  is  located  -  0.2  mm  away  from  the  midsection  toward  the  air 
duct,  which  is  also  the  case  in  the  experiments.  All  three  mechanisms  resulted  in  nearly  identical  temperature  and 
velocity  profiles.  Calculated  temperature  profiles  compare  well  with  measured  one.  Maximum  temperature  predicted 
by  NIST  mechanism  is  -  40  K  lower  than  that  obtained  with  SD  or  FFNF  mechanism. 

Distributions  of  fuel,  oxygen,  H20,  and  C02  along  the  centerline  are  shown  in  Fig.  3  along  with  the  measured 
one.  Once  again,  all  three  models  predicted  nearly  the  same  distributions  for  these  species.  Comparisons  with 
experiment  are  also  reasonable.  However,  this  is  not  the  case  for  the  other  species  such  as  fuel  and  radical  species. 
Distributions  of  H2,  CO  and  C2H2+C2H4  are  shown  in  Fig.  4  and  those  of  CH4,  C3H6  and  C2H6  are  shown  in  Fig.  5. 
In  general,  models  are  over  predicting  the  concentrations  for  all  these  species.  Note  similar  discrepancies  between 
measurements  and  calculations  were  also  obtained  with  a  one-dimensional  model  CHEMKIN  in  conjunction  with  a 
shortened  version  of  SD  mechanism.11  While  SD  and  NIST  mechanisms  predict  the  same  H2  concentrations  FFNF 
mechanism  is  resulting  in  -  25%  more.  Differences  in  the  predictions  made  by  the  three  mechanisms  may  be  noted 
for  all  the  species  shown  in  Figs.  4  and  5.  However,  these  differences  did  not  cause  any  deviations  in  the  overall 
flame  structures  shown  in  Figs.  1  and  2.  It  will  be  interesting  to  see  the  impact  of  these  differences  on  the  structures 
of  the  co-axial  premixed  and  nonpremixed  jet  flames. 

B.  Validations  for  Strain-Induced  Extinction 

Using  the  burner  described  in  the  previous  section  Seiser  et  al.12  have  obtained  strain  rates  for  extinguishing  the 
flames.  Selecting  a  particular  value  for  the  n-heptane-nitrogen  ratio  in  the  fuel  jet  and  a  matching  ratio  (based  on 
flame-sheet  location)  for  the  air  and  nitrogen  in  the  oxidizer  jet  Seiser  et  al.12  obtained  critical  conditions  for 
extinction.  They  performed  these  experiments  by  varying  the  fuel  and  oxidizer  jet  velocities  while  allowing  only  a 
small  change  in  the  flame  location  by  matching  the  momentums  of  these  jets.  Calculations  with  UNICORN  code 
with  SD,  FFNF,  and  NIST  mechanisms  are  performed  for  obtaining  critical  extinction  conditions  for  a  specific  n- 
heptane-nitrogen  ratio.  The  temperatures  of  the  fuel  and  oxidizer  streams  are  345  and  298  K,  respectively.  Fuel  is 
composed  of  28.2%  n-heptane  and  71.8%  nitrogen  by  volume.  Oxidizer  is  composed  of  20.5%  oxygen  and  79.5% 
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nitrogen.  Reactant  ducts  are  separated  by  10  mm.  Calculations  with  the  three  mechanisms  are  repeated  by  gradually 
increasing  the  fuel  and  oxidizer  jet  velocities  until  the  flame  is  extinguished.  Incremental  changes  to  the  velocities 
were  decreased  as  the  flame  approaches  extinction  conditions.  Due  to  an  imbalance  between  the  heat  produced  in 
the  flame  and  heat  transported  away  from  the  flame,  maximum  temperature  decreases  with  strain  rate  (or  velocity). 
A  typical  strained  flame  obtained  at  near-extinction  limit  is  shown  in  Fig.  6.  Since  only  the  central  part  of  the  flame 
is  strained  due  to  the  impinging  reactant  jets  maximum  temperature  decreased  only  in  this  region.  Flame  became 
thin,  but  not  infinitely  thin,  compared  to  the  weakly  strained  one  in  Fig.  1. 

Results  obtained  in  the  form  of  changes  to  the  maximum  temperature  with  increase  in  strain  rate  are  shown  in 
Fig.  7.  Strain  rate  measured  for  the  critical  flame  (just  prior  to  extinction)  is  also  shown  in  Fig.  7  with  a  hatched 
rectangle.  Significant  differences  are  found  in  the  flame  responses  predicted  by  the  three  mechanisms.  FFNF 
mechanism  is  giving  the  most  stable  flame  with  a  critical  extinction  strain  rate  of  447  s"1.  This  compares  well  with 
the  measured  value  of  460  s"1.  NIST  mechanism,  which  predicts  lower  maximum  temperatures  (Fig.  2),  resulted  in 
flame  extinction  for  a  strain  rate  of  340  s"1.  SD  mechanism,  which  predicts  higher  temperatures  in  weakly  strained 
flames  (Fig.  2),  resulted  in  extinction  for  a  strain  rate  of  405  s"1.  Interestingly,  one-dimensional  calculations 
performed  for  this  flame  using  FFNF  mechanism  by  Seiser  et  al.12  obtained  an  extinction  strain  rate  of  520  s"1  which 
is  -  13%  higher  than  the  measured  value.  The  two-dimensional  simulations  performed  in  this  study  using  the  same 
mechanism  resulted  extinction  strain  rate  that  is  only  3%  lower  than  the  measurements.  This  suggests  that  the  one¬ 
dimensional  assumption  for  the  flowfield  at  higher  strain  rates  is  not  appropriate.  Such  differences  in  extinction 
conditions  between  the  one-d  and  two-d  simulations  were  also  note  by  Katta  et  al.22  in  partially  premixed  flames. 

C.  Validations  for  Autoignition 

Using  opposing-jet  flame  configuration  Seiser  et  al.12  have  conducted  autoignition  experiments.  They  issued  n- 
heptane-nitrogen  mixture  from  the  bottom  duct  and  heated  air  from  the  top  duct.  Autoignition  condition  was  reached 
by  gradually  increasing  the  air  temperature.  The  volume  fraction  of  n-heptane  in  the  fuel  jet  was  kept  constant  at 
15%  while  the  fuel  temperature  is  maintained  at  378  K.  Experiments  were  performed  for  different  strain  rates.  For 
validation  purpose  calculations  for  this  configuration  are  performed  for  a  strain  rate  of  400  s"1.  Two-dimensional 
simulations  using  SD,  FFNF,  and  NIST  mechanisms  are  performed  by  gradually  increasing  the  air  temperature. 
Since  autoignition  depends  not  only  on  temperature  but  also  on  induction  time,  calculations  for  this  problem  must  be 
performed  sufficiently  long  in  time — beyond  the  time  required  for  establishing  a  steady-state  flowfield.  Temperature 
distribution  obtained  for  a  1282-K-airflow  case  is  shown  in  Fig.  8.  This  is  computed  using  SD  mechanism  and  flame 
has  not  been  established,  as  autoignition  did  not  take  place.  However,  when  the  airflow  temperature  is  increased  by 
another  degree  to  1283  K  autoignition  took  place. 

Heated  air  mixes  with  the  relatively  cold  fuel  in  the  region  surrounding  the  stagnation  plane.  Mixing  of  fuel  and 
oxygen  also  simultaneously  takes  place.  A  combination  of  local  equivalence  ratio,  strain  rate  and  temperature 
determines  the  whether  autoignition  takes  place  or  not.  Therefore,  one  should  not  refer  air  temperature  itself  to  as 
autoignition  temperature  and  the  ability  of  a  chemical  kinetics  mechanism  in  predicting  autoignition  must  be 
assessed  by  simulating  the  entire  flowfield.  Two-dimensional  calculations  are  performed  using  three  mechanisms.  It 
is  observed  that  temperature  and  OH  concentration  in  the  mixing  region  increase  exponentially  with  air  temperature. 
Therefore,  for  tracing  autoignition  process,  computed  results  in  the  form  of  maximum  temperature  and  OH 
concentration  at  different  air  temperatures  are  shown  in  Fig.  9.  The  conditions  at  which  autoignition  took  place  in 
the  calculations  are  marked  with  solid  circles.  The  air  temperature  at  which  autoignition  took  place  in  the 
experiment  is  shown  with  hatched  rectangle.  Among  the  three  mechanisms,  NIST  one  is  predicting  autoignition 
process  closer  to  the  experiment.  One-dimensional  calculations  performed  with  FFNF  mechanism12  resulted 
autoignition  when  air  temperature  was  1237  K.  Two-dimensional  calculation  with  the  same  mechanism  predicted 
(Fig.  9)  autoignition  at  1264  K.  In  comparison  experiment  has  suggested  1204-K  air  temperature  for  autoignition. 
However,  there  is  about  50  K  error  margin  associated  with  the  measurements  made  by  Seiser  et  al.12 

D.  Simulation  of  a  Co-Axial  Jet  Premixed  Flame 

Flame  speed  is  another  characteristic  parameter  of  fuel-air  mixture,  which  needs  to  be  represented  accurately  by 
the  chemical  kinetics  employed.  For  understanding  the  flame-speed  characteristics  of  the  chemical-kinetics 
mechanisms  calculations  are  performed  for  a  Bunsen-type  coaxial  premixed  flame  using  the  three  kinetics  models. 
To  allow  for  possible  flashbacks  in  premixed  systems  a  5-mm-long  fuel  tube  is  included  in  the  calculations.  The 
inner  and  outer  radii  of  the  tube  are  5.6  and  6.4  mm,  respectively.  Preheated  stoichiometric  fuel  and  air  mixture  at 
400  K  exits  the  fuel  tube  at  an  average  velocity  of  1.6  m/s.  A  parabolic,  fully  developed  velocity  profile  is  assumed 
at  the  inlet  of  the  fuel  tube.  A  computational  grid  of  201x107  is  used  for  discretizing  the  physical  domain  of  20  cm  x 
5  cm  in  axial  and  radial  directions,  respectively.  While  calculations  with  FFNF  and  NIST  mechanisms  were  carried 
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with  a  time-step  of  0.05  ms,  calculations  with  SD  mechanisms  had  to  be  carried  with  a  time-step  of  0.02  ms  due  to 
the  difficulties  with  convergence.  Results  obtained  with  SD,  LLNL,  and  NIST  mechanisms  are  shown  in  Figs.  10, 
11,  and  12,  respectively.  Temperature  distributions  color-coded  with  rainbow  scheme  (violet  representing  300  K  and 
red  representing  2300  K)  are  shown  in  10a,  11a,  and  12a.  Similarly,  H2-mole-fraction  distributions  between  0  and 
0.002  are  shown  in  b  figures,  02-mole-fraction  distributions  between  0  and  0.233  are  shown  in  c  figures  and  OH- 
mole-fraction  distributions  between  0  and  0.005  are  shown  in  d  figures. 

Since  the  velocity  profiles  used  in  all  the  calculations  shown  in  Figs.  10-12  are  the  same,  the  surface  area  of  the 
inner  cone  (or  the  height  of  the  inner  cone  for  equal  base  diameters)  directly  represent  the  flame  speed.  As  seen  from 
Figs.  10a  and  12a  the  SD  and  NIST  mechanisms  yielded  nearly  identical  inner  cone  shapes  and  heights  and,  hence, 
have  the  same  flame  speeds.  Both  are  exhibiting  cellular  flame  structures.  In  fact,  calculations  with  these  two 
mechanisms  did  not  reach  a  steady-state  solution.  On  the  other  hand,  calculations  made  with  FFNF  mechanism 
resulted  in  a  steady  flow  with  a  smooth  flame  surface.  Also,  burning  velocity  estimated  from  inner  cone  height  of 
Fig.  lie  is  nearly  20%  less  than  that  obtained  with  the  other  two  mechanisms.  These  differences  and  similarities  in 
burning  velocities  obtained  with  different  mechanisms  are  inconsistent  with  the  extinction  and  autoignition 
properties  obtained  previously. 

E.  Simulation  of  a  Co-Axial  Jet  Nonpremixed  Flame 

Flat  flames  obtained  in  opposing-jet  configurations  provide  a  good  platform  for  testing  the  chemical-kinetics 
mechanisms.  However,  unlike  most  practical  flames,  opposing-jet  flames  do  not  have  stability  issues,  as  they  do  not 
posses  leading  edges.  The  role  of  chemical  kinetics  in  the  stability  of  jet  flames  is  significant  and,  therefore, 
proposed  chemical-kinetics  mechanisms  must  also  be  tested  for  their  ability  in  predicting  nonpremixed  jet  flames  as 
well.  The  advantage  of  codes  like  UNICORN  is  that  once  a  chemical-kinetics  mechanism  is  incorporated  they  can 
be  used  for  the  simulation  of  both  opposing-  and  coaxial-jet  flames. 

Calculations  for  n-heptane  coaxial  nonpremixed  jet  flame  are  performed  using  the  three  chemical-kinetics  models 
considered  in  the  present  work.  The  simulated  burner  has  a  central  fuel  tube  of  0.6-cm  radius  and  is  surrounded  by  a 
5 -cm  radius  coflowing  air.  Preheated  n-heptane  at  400  K  is  issued  at  a  velocity  of  2.2  cm/s.  Coannular  flow  consists 
of  room- temperature  air  issued  at  a  velocity  of  9.2  cm/s.  Such  low- velocity  conditions  were  chosen  so  that  stable 
flames  are  established  with  all  the  three  chemical-kinetics  models.  A  computational  grid  of  201x71  is  used  for 
discretizing  the  physical  domain  of  20  cm  x  5  cm  in  axial  and  radial  directions,  respectively.  Grid  clustering  is  used 
for  placing  most  of  the  grid  lines  in  the  flame  zone.  Initial  conditions  (flame)  for  the  detailed-chemistry  calculations 
are  obtained  from  the  simulation  using  a  global-chemistry  UNICORN  code.  Calculations  with  all  three  mechanisms 
were  carried  using  a  time-step  of  0.05  ms. 

Results  for  the  coaxial  nonpremixed  jet  flame  obtained  with  the  SD,  FFNF,  and  NIST  mechanisms  are  shown  in 
Figs.  13,  14,  and  15,  respectively.  Temperature  distributions  color-coded  with  rainbow  scheme  (violet  representing 
300  K  and  red  representing  2100  K)  are  shown  in  13a,  14a,  and  15a.  Similarly,  H2-mole-fraction  distributions 
between  0  and  0.004  are  shown  in  b  figures,  02-mole-fraction  distributions  between  0  and  0.233  are  shown  in  c 
figures  and  OH-mole-fraction  distributions  between  0  and  0.003  are  shown  in  d  figures. 

In  general,  all  three  models  predict  nearly  the  same  flame  shape  with  tips  burning  hotter  than  the  bases.  The 
flames  are  anchored  to  the  burner  rim  on  the  outer  edge.  There  are  several  differences  in  these  predictions.  FFNF 
mechanism  predicts  higher  H2  concentration  inside  the  flame  than  that  predicted  by  NIST  mechanism,  which  is 
higher  than  that  predicted  by  SD  mechanism.  First  part  of  this  difference  is  consistent  with  the  predictions  made  for 
the  opposing-jet  flame  (Fig.  4);  however,  the  second  part  is  not.  In  opposing  jet  flame  both  the  SD  and  NIST 
mechanisms  yielded  nearly  the  same  H2  concentrations.  OH  predicted  by  NIST  mechanism  is  lower  than  those 
predicted  by  the  other  two  mechanisms.  Oxygen  tends  to  leak  from  the  flame  base  into  the  fuel  jet  for  SD  and  NIST 
mechanisms  while  flame  base  is  tightly  anchored  to  the  burner  rim  in  FFNF  simulation.  This  is  consistent  with  the 
burning  velocities  obtained  with  Bunsen-type-premixed-flame  calculations. 


IV.  Conclusion 

A  computational  study  was  performed  to  elucidate  the  differences  in  the  combustion  characteristics  predicted  by 
different  detailed  chemical  kinetics  modes  for  n-heptane  fuel.  Three  chemical  kinetics  models  are  considered  in  the 
present  study.  They  are  1)  San  Diego  (SD)  mechanism  (52  species  and  544  reactions),  2)  Fawrence  Fivermore 
National  Faboratory  (FFNF)  mechanism  (160  species  and  1540  reactions),  and  3)  National  Institute  of  Standards 
and  Technology  (NIST)  mechanism  (197  species  and  2926  reactions).  These  mechanisms  were  incorporated  into  a 
time-dependent,  two-dimensional,  detailed-chemistry,  computation-fluid-dynamics  model  known  as  UNICORN. 
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Numerical  models  are  validated  through  simulating  an  opposing-jet  nonpremixed  flame  that  was  previously  studied 
experimentally.  Models  are  also  tested  for  their  accuraciees  in  predicting  strain-induced  extinction  and  autoignition. 
Compared  to  traditional  one-dimensional  models  for  opposing-jet  flames,  two-dimensional  simulations  are  found  to 
give  results  closer  to  the  experimental  values.  Predictions  are  made  for  two-dimensional  nonpremixed  and  premixed 
jet  flames  burning  vaporized  heptane  fuel.  All  three  mechanisms  are  reasonably  close  to  each  other  in  predicting  co¬ 
axial  jet  nonpremixed  and  premixed  flames.  SD  mechanism  is  found  to  be  slightly  stiffer  than  the  other  two 
mechanisms,  especially  in  solving  for  premixed  combustion.  While  LLNL  kinetics  resulted  in  a  steady  Bunsen-type 
premixed  flame,  SD  and  NIST  mechanisms  yielded  cellular- type  flame  structures  for  the  same  flow  conditions. 
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(c) 


Fig.  1.  Opposing-jet  non-premixed  heptane  flame 
simulated  using  (a)  SD  mechanism,  (b)  LLNL 
mechanism,  (c)  NIST  mechanism.  Global  strain  rate  is 
150  s"1.  Temperature  distributions  are  shown  between 
300  and  1700  K. 


z  (mm) 

Fig.  2.  Distributions  of  temperature  and  axial  velocity 
plotted  along  the  centerline.  Fines  represent  profiles 
computed  using  different  chemical  kinetics 
mechanisms  and  symbols  represent  measurements  of 
Seiser  et  al.11  Global  strain  rate  is  150  s"1. 


SD  Mechanism 
FNF  Mechanism 


2  4  6  8 
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Fig.  3.  Distributions  of  fuel,  oxygen,  H20,  and  C02 
plotted  along  the  centerline.  Fines  represent  profiles 
computed  using  different  chemical  kinetics 
mechanisms  and  symbols  represent  measurements  of 
Seiser  et  al.11  Global  strain  rate  is  150  s"1. 


z  (mm) 

Fig.  4.  Distributions  of  intermediate  fuel  species  H2, 
C2H2+C2H4,  and  CO  plotted  along  the  centerline. 
Fines  represent  profiles  computed  using  different 
chemical  kinetics  mechanisms  and  symbols  represent 
measurements  of  Seiser  et  al.11  Global  strain  rate  is 
150  s'1. 
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Fig.  5.  Distributions  of  intermediate  species  CH4, 
C3H6,  and  C2H6  plotted  along  the  centerline.  Lines 
represent  profiles  computed  using  different  chemical 
kinetics  mechanisms  and  symbols  represent 
measurements  of  Seiser  et  al.11  Global  strain  rate  is 
150  s'1. 


Fig.  6.  Near-extinction  opposing-jet  non-premixed 
heptane  flame  simulated  using  SD  mechanism.  Global 
strain  rate  is  408  s"1.  Temperature  distribution  is 
shown  between  300  and  1800  K. 


Strain  Rate  (s_1) 

Fig.  7.  Maximum  flame  temperatures  obtained  at 
different  strain  rates.  Solid  circles  represent  extinction 
conditions. 


I  I  I  I  I  I  Yuq\ 

Fig.  8.  Temperature  distribution  between  the  opposing 
jets  of  premixed  heptane-air  fuel  and  1282-K  air. 
Global  strain  rate  is  400  s"1.  Temperature  distribution 
is  shown  between  300  and  1300  K. 


Fig.  9.  Maximum  temperatures  and  OH  concentrations 
obtained  for  different  air  temperatures.  Solid  circles 
represent  ignition  conditions. 
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Fig.  10.  Premixed  flame  calculated  using  SD  mechanism.  Distributions  of  (a)  T,  (b)  H2,  (c)  02,  and  (d)  OH 


Fig.  11.  Premixed  flame  calculated  using  FFNF  mechanism.  Distributions  of  (a)  T,  (b)  H2,  (c)  02,  and  (d)  OH 


Fig.  12.  Premixed  flame  calculated  using  NIST  mechanism.  Distributions  of  (a)  T,  (b)  H2,  (c)  02,  and  (d)  OH 
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Fig.  13.  Non-premixed  flame  calculated  using  SD  mechanism.  Distributions  of  (a)  T,  (b)  H2,  (c)  02,  and  (d)  OH 


Fig.  14.  Non-premixed  flame  calculated  using  FFNF  mechanism.  Distributions  of  (a)  T,  (b)  H2,  (c)  02,  and  (d)  OH 


Fig.  15.  Non-premixed  flame  calculated  using  NIST  mechanism.  Distributions  of  (a)  T,  (b)  H2,  (c)  02,  and  (d)  OH 
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Abstract 

As  the  detailed  chemical-kinetics  mechanisms  are  usually  developed  and  validated  through  the  simulation  of 
zero-  and  one-dimensional  flames,  their  performance  in  predicting  a  multidimensional  flame  must  be  tested  prior  to 
using  them  in  a  combustor  design.  Predictive  capabilities  of  various  detailed  chemical-kinetics  mechanisms  for 
ethylene-air  combustion  are  investigated  in  this  paper  through  the  simulation  of  a  nonpremixed  jet  flame.  A  time- 
dependent,  axisymmetric  mathematical  model  is  used  for  the  flame  simulation.  Five  detailed  chemical-kinetics 
models;  namely,  1)  Wang-Frenklach  mechanism  (99  species  and  1066  reactions),  2)  Wang-Colket  mechanism  (171 
species  and  2002  reactions),  3)  San  Diego  (SD)  mechanism  (52  species  and  544  reactions),  4)  NIST  mechanism  (197 
species  and  2926  reactions,  and  5)  LLNL  mechanism  (160  species  and  1540  reactions)  are  considered.  A  two-equation 
soot  model  is  used  in  conjunction  with  the  detailed-chemistry  models  for  the  simulation  of  sooty  ethylene  flames. 
Calculations  are  made  with  and  without  soot  for  identifying  the  impact  of  soot  model  on  the  chemistry  models  and 
vice  versa.  It  is  found  that  all  the  five  chemistry  models  predict  a  nonpremixed  jet  flame  equally  well  when  soot  was 
not  considered.  However,  when  soot  was  included  predictions  deviated  from  each  other  and  San  Diego  mechanism 
yielded  results  that  are  closest  to  the  experiment. 

Introduction 

Detailed  chemical  kinetics  for  describing  combustion 
of  hydrocarbon  fuels  involves  several  hundred  species 
and  several  thousand  elementary  reactions.  Traditionally, 
mechanisms  are  developed  and  validated  through  the 
simulations  of  zero-  and  one-dimensional  flames  using 
codes  such  as  RUN1DL  [1],  OPPDIF  [2],  and  CHEMKIN 
[3]  and  comparing  the  results  with  the  available 
experimental  data  from  shock  tube,  opposing-jet  burner, 
premixed- flat- flame  burner,  etc.  Extensive  experimental 
data  for  the  concentrations  of  intermediate  species  are 
required  for  obtaining  a  reasonably  calibrated  kinetics 
mechanism.  However,  it  is  not  always  feasible  to  obtain 
concentrations  of  the  numerous  hydrocarbon 
intermediates  and,  as  a  result  validation  of  complex 
chemical-kinetics  mechanisms  is  often  partially 
performed.  On  the  other  hand,  chemical-kinetics 
mechanisms  are  developed,  in  part,  for  the  simulation  of 
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flames  in  aircraft  combustors,  which  are  multidimensional 
in  nature.  It  is  risky  to  make  predictions  for  a  practical 
flame  using  a  partially  validated  chemical  kinetics 
without  knowing  how  it  performs  under  convection- 
diffusion  environment.  A  two  dimensional,  nonpremixed 
ethylene  flame  is  simulated  in  this  paper  using  five 
detailed  chemical  kinetics  models  and  the  results  are 
compared  with  the  experimental  data.  Details  of  these 
simulations  and  comparisons  are  described  in  this  paper. 

A  two-dimensional  numerical  model  known  as 
UNICORN  (Unsteady  Ignition  and  Combustion  using 
ReactioNs)  [4]  that  has  the  capability  to  incorporating 
large  detailed  chemical-kinetics  mechanisms  was 
developed  at  AFRL/RZ  for  the  simulation  of  dynamic 
nonpremixed  and  premixed  jet  flames.  This  model  is 
being  used  for  studying  flame  systems  and  evaluating 
large  chemical  mechanisms  and  soot  models  on  programs 
sponsored  by  the  Air  Force  Office  of  Scientific  Research 
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(AFOSR)  and  the  Strategic  Environmental  Research  and 
Development  Program  (SERDP). 

Numerical  Model 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  [4,  5]  is  used  for  simulating  co-axial  jet 
nonpremixed  flames.  It  solves  for  u-  and  v-momentum 
equations,  continuity,  and  enthalpy-  and  species- 
conservation  equations  on  a  staggered-grid  system.  The 
body-force  term  due  to  the  gravitational  field  is  included 
in  the  axial-momentum  equation  for  simulating  vertically 
mounted  flames.  A  clustered  mesh  system  is  employed  to 
trace  the  large  gradients  in  flow  variables  near  the  flame 
surface.  Five  detailed  chemical-kinetics  models  available 
in  the  literature  for  ethylene  combustion  are  incorporated 
into  UNICORN  for  the  investigation  of  sooty 
nonpremixed  flames.  The  first  mechanism  considered  is 
Wang-Frenklach  mechanism  [6].  It  consists  of  99  species 
and  1066  elementary  reactions.  This  mechanism  has  been 
extensively  validated  using  shock-tube  and  flat-flame- 
bumer  data.  The  second  one  is  Wang-Colket  mechanism 
[7].  It  has  been  developed  from  Wang-Frenklach 
mechanism  by  considering  wider  range  of  experimental 
data  [8].  It  consists  of  171  species  and  2002  elementary 
reactions.  Third  one  is  San  Diego  (SD)  mechanism  [9].  It 
consists  of  52  species  and  544  elementary  reactions.  The 
fourth  one  is  National  Institute  of  Standards  and 
Technology  (NIST)  mechanism  [10].  It  consists  of  197 
species  and  2926  reactions.  The  fifth  one  is  Lawrence 
Livermore  National  Laboratory  (LLNL)  mechanism  [11]. 
It  consists  of  160  species  and  1540  reactions. 

Thermo-physical  properties  such  as  enthalpy, 
viscosity,  thermal  conductivity,  and  binary  molecular 
diffusion  of  all  the  species  are  calculated  from  the 
polynomial  curve  fits  developed  for  the  temperature  range 
300  -  5000  K.  Mixture  viscosity  and  thermal  conductivity 
are  then  estimated  using  the  Wilke  and  Kee  expressions, 
respectively.  Molecular  diffusion  is  assumed  to  be  of  the 
binary-diffusion  type,  and  the  diffusion  velocity  of  a 
species  is  calculated  using  Fick’s  law  and  the  effective- 
diffusion  coefficient  of  that  species  in  the  mixture.  A 
simple  radiation  model  based  on  the  optically  thin-media 
assumption  is  incorporated  into  the  energy  equation  [12]. 
Radiation  from  only  CH4,  CO,  C02,  and  H20  is 
considered.  Radiation  from  soot  is  treated  as  that  from  a 
blackbody  [13]. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme  [5]  and  those  of  the  species  and  energy  equations 
are  obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step,  the  pressure  field  is 
accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  using  the  LU  (Lower  and 
Upper  diagonal)  matrix-decomposition  technique.  The 
boundary  conditions  are  treated  in  the  same  way  as  that 
reported  in  earlier  papers  [14]. 


This  study  utilized  a  two-equation  model  for  soot 
with  transport  equations  for  particle  number  density,  Ns, 
and  soot  mass  fraction,  Ys.  These  equations  can  be  written 
for  unsteady  flow  as 

^+V-(PVNs)-V-(pD„VN,y!oNi  (1) 
^+v0,VYj-V-(pDsVYs)=as  (2) 

where  V  is  the  velocity  vector,  p  is  density,  D  is  the 
molecular  diffusion  coefficient,  and  co  is  the  production 
term  from  chemical  reactions.  The  two  source  terms  in 
Eqs.  1  and  2  are  obtained  using  Lindstedf  s  model  [15], 
which  is  based  on  the  simplifying  assumption  that 
nucleation  and  growth  are  first-order  functions  of 
acetylene  concentrations. 

Results  and  Discussion 

Sooting  characteristics  of  a  vertically  mounted 
laminar  nonpremixed  ethylene-air  jet  flame  were  studied 
experimentally  by  Santoro  et  al  [16,  17].  The  atmospheric 
pressure,  co-annular  burner  used  in  those  experiments 
consists  of  11.1 -mm- inner-diameter  fuel  tube  with  a  wall 
thickness  of  0.8  mm  which  is  enclosed  in  a  102-mm- 
inner-diameter  brass  cylinder.  Several  inserts  such  as 
ceramic  honeycomb,  brass  screens  and  glass  beads  were 
used  in  the  annular  gap  between  the  two  tubes  to  give 
uniform  exit  velocity  for  the  air  flowing  through  this  gap. 
The  fuel  tube,  which  extends  2.5  mm  above  the  burner 
surface,  is  also  partially  filled  with  glass  beads  for  flow 
conditioning.  A  46-cm-long  glass  chimney  is  mounted  on 
the  outer  brass  cylinder  for  protecting  the  flame  from 
room- air  disturbances.  Details  of  the  experimental 
procedure  and  the  measurement  techniques  are  given  in 
References  16. 

Detailed  temperature  and  species  measurements 
were  obtained  for  a  nonpremixed  flame  in  which  pure 
ethylene  was  issued  at  a  velocity  of  3.91  cm/s  from  the 
fuel  tube.  Coannular  flow  consists  of  room- temperature 
air  issued  at  a  velocity  of  8.8  cm/s.  Calculations  for  this 
flame  are  performed  using  the  five  chemical-kinetics 
models;  namely,  Wang-Frenklach,  Wang-Colket,  San 
Diego,  NIST  and  LLNL  mechanisms  listed  previously.  A 
computational  grid  of  301x101  is  used  for  discretizing  the 
physical  domain  of  46  cm  x  5.1  cm.  Grid  clustering  is 
used  for  placing  most  of  the  grid  lines  in  the  flame  zone. 
As  a  result  the  grid  spacing  obtained  in  the  flame  zone  is 
0.2  mm  in  both  axial  and  radial  directions.  Initial 
conditions  (flame)  for  the  detailed-chemistry  calculations 
were  obtained  from  the  simulation  performed  using  a 
global-chemistry  UNICORN  code.  Calculations  with  all 
five  mechanisms  are  carried  using  a  time-step  of  0.05  ms. 

None  of  the  five  chemical-kinetics  models  considered 
in  the  present  study  were  developed  taking  sooting 
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characteristics  into  account.  The  two-equation  soot  model 
described  earlier  is  added  to  each  of  these  five  chemical- 
kinetics  models  for  predicting  soot  in  nonpremixed 
flames.  Since  soot  affects  other  species  concentrations 
directly  through  its  formation  and  oxidation  and  indirectly 
through  heat  radiation,  it  is  important  to  understand  the 
performance  of  a  chemical-kinetics  mechanism  with  and 
without  having  soot  model  added  to  it.  Hence, 
calculations  for  the  ethylene  nonpremixed  flame  are  first 
performed  without  adding  the  soot  model  and  the  results 
are  compared  with  the  measurements  in  Figs.  1  and  2. 

Predicted  and  measured  radial  distributions  of 
temperature  and  C02  mole  fraction  are  compared  at  15- 
mm,  40-mm,  and  70-mm  above  the  fuel-tube  tip  in  Figs. 
1(a),  1(b),  and  1(c),  respectively.  Amazingly,  all  five 
chemical-kinetics  mechanisms  resulted  in  similar 
distributions  at  all  heights— with  San  Diego  mechanism 
giving  slightly  higher  temperatures.  On  the  other  hand, 
some  differences  in  the  predicted  concentration 
distributions  for  species  such  as  CO  and  C2H2  may  be 
noted  in  Fig.  2.  For  example,  San  Diego  mechanism  is 
giving  higher  CO  concentrations  while  LLNL  mechanism 
is  predicting  higher  C2H2  concentrations. 

Figures  1  and  2  also  illustrate  the  discrepancies  that 
exist  in  both  temperature  and  species  concentrations  when 
compared  with  the  experimental  data.  Such  discrepancy, 
in  general,  got  worsened  with  height  in  the  flame.  At  70 
mm,  measured  temperatures  are  lower  than  the 
predictions  by  as  much  as  500  K.  However,  considering 
the  fact  that  the  predicted  temperatures  are  close  to  the 
measurements  in  the  flame  zone  (r  ~  6.  5  mm)  near  the 
burner  exit  (z  <  15  mm),  it  may  be  concluded  on  ad  hoc 
basis  that  radiation  from  soot  is  affecting  the  temperature 
distribution  in  the  flame.  Calculations  are  then  repeated 
for  the  same  flame  using  the  five  chemical-kinetics 
mechanisms  listed  previously  and  by  adding  the  two- 
equation  soot  model.  Results  in  the  form  of  temperature 
and  species  distributions  at  different  heights  in  the  flame 
are  shown  in  Figs.  3  and  4. 

A  dramatic  decrease  in  temperatures  is  observed 
when  calculations  considered  soot  in  the  flame.  At  70 
mm,  predicted  peak  temperatures  matched  well  with  the 
measurements.  Even  though  the  temperatures  predicted 
using  different  chemical-kinetics  models  with  soot  are  in 
general  closer  to  the  measured  values  the  variations 
among  the  predictions  are  much  larger  than  those 
observed  when  soot  was  not  considered  (Fig.  1). 
Interestingly,  no  improvement  in  the  predictions  of 
species  (C02  and  CO)  concentrations  was  achieved  by 
considering  soot.  Drop  in  predicted  temperatures  below 
the  measured  values  closer  to  the  burner  exit  (at  z  =  15 
and  40  mm)  suggest  an  over  correction  for  the  radiation 
from  soot.  Consistently,  all  five  models  have  over 
predicted  the  amount  of  soot  near  the  burner  exit.  Also, 
the  two-equation  soot  model,  independent  of  the  chemical 
kinetics  used,  failed  to  predict  the  shape  of  the  soot 
distribution.  While  measurements  suggest  a  shoulder-like 


soot  distribution  models  have  predicted  bell-shaped 
distributions,  especially,  in  the  downstream  locations. 
Among  the  five  chemical-kinetics  mechanisms 
considered,  level  of  soot  concentration  predicted  by  San 
Diego  mechanism  compared  better  with  the 
measurements.  Such  an  assessment  on  San  Diego 
mechanism  holds  good  even  for  the  temperature  and 
species  predictions. 

Impact  of  soot  on  temperature  is  shown  in  Fig.  5 
through  plotting  temperature  distributions  with  and 
without  considering  soot  in  Figs.  5(a)  and  5(b), 
respectively.  Data  obtained  with  San  Diego  mechanism 
was  used.  Predicted  soot-volume-fraction  distribution  is 
shown  in  Fig.  5(c).  When  soot  was  not  considered  peak 
(or  flame)  temperature  remained  the  same  at  different 
heights.  Radiation  from  soot  cooled  the  flame  with  height 
and  transformed  it  into  an  open-tipped  (flame  tip  burning 
less  intensely)  one. 

Plots  similar  to  those  shown  in  Fig.  5  were  generated 
using  the  data  obtained  with  Wang-Frenklach  mechanism 
and  are  shown  in  Fig.  6.  The  major  difference  in  the 
predictions  made  with  San  Diego  and  Wang-Frenklach 
mechanisms  is  in  the  distribution  and  magnitude  of  soot 
volume  fraction.  Latter  mechanism  not  only  predicted 
higher  amounts  of  soot  in  the  flame  but  also  provided 
significant  delay  in  the  generation  of  soot  near  the  burner 
exit. 

Conclusions 

Predictive  capabilities  of  various  detailed  chemical- 
kinetics  mechanisms  were  investigated  through  the 
simulation  of  a  nonpremixed  ethylene-air  jet  flame.  This 
flame  was  investigated  experimentally  in  the  past  and 
detailed  measurements  for  temperature  and  species 
concentrations  are  available.  A  time-dependent, 
axisymmetric  mathematical  model  known  as  UNICORN 
(Unsteady  Ignition  and  Combustion  using  ReactioNs)  was 
used  for  the  flame  simulation.  Five  detailed  chemical- 
kinetics  models;  namely,  1)  Wang-Frenklach  mechanism 
(99  species  and  1066  reactions),  2)  Wang-Colket 
mechanism  (171  species  and  2002  reactions),  3)  San 
Diego  (SD)  mechanism  (52  species  and  544  reactions),  4) 
NIST  mechanism  (197  species  and  2926  reactions,  and  5) 
LLNL  mechanism  (160  species  and  1540  reactions)  were 
considered.  A  two-equation  soot  model  was  used  for 
simulating  the  sooty  ethylene  flame. 

Initial  calculations  made  without  adding  the  soot 
model  revealed  that  all  five  mechanisms  result  in  flame 
structures  that  are  close  to  each  other.  However,  the 
predicted  temperatures  were  found  to  be  significantly 
higher,  especially  in  the  downstream  locations,  than  the 
measured  ones.  Inclusion  of  soot  model  improved  the 
temperature  predictions  but  no  significant  improvement  in 
the  prediction  of  species  concentrations  was  achieved. 
Among  the  five  mechanisms,  San  Diego  mechanism  with 
two-equation  soot  model  resulted  in  soot  and  temperature 
that  were  closest  to  the  measurements.  On  the  other  hand, 
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none  of  the  mechanisms  was  able  to  predict  the 
experimentally  observed  shoulder-like  soot  distribution. 

Acknowledgements 

Financial  support  for  this  work  was  provided  by 
Strategic  Environmental  Research  and  Development 
Program  (SERDP,  Bruce  Sartwell),  the  Air  Force  Office 
of  Scientific  Research  (AFOSR,  Julian  Tishkoff)  and  the 
Air  Force  Contract  #F33615-00-C-2068  (Vince  Belovich 
and  Tim  Edwards). 

References 

1.  Rogg,  B.,  “RUN1DL — The  Cambridge  Universal 
Laminar  Flamelet  Computer  Code,”  in  Reduced 
Kinetic  Mechanisms  for  Applications  in  Combustion 
Systems ,  N.  Peters  and  B.  Rogg  (Eds),  Lecture  Notes 
in  Physics  ml  5,  Springer- Verlag,  Heidelberg, 
Germany,  1993,  pp.  350-351. 

2.  Lutz,  A.  E,  Kee,  R.  J.,  Grcar,  J.  F.,  and  Rupley,  F.  M., 
“OPPDIF:  A  Fortran  program  for  computing  opposed 
flow  diffusion  flames,”  SAND96-8243,  Sandia 
National  Laboratories,  Livermore,  CA  (1996). 

3.  Kee,  R.  J.,  Miller,  J.  A.,  and  Jefferson,  T.  H., 

“CHEMKIN:  A  general-purpose,  problem- 

independent,  transportable,  Fortran,  chemical  kinetic 
code  package,”  Technical  Report  SAND80-8003, 
Sandia  National  Laboratories,  Livermore,  CA,  1980. 

4.  Roquemore,  W.  M.,  and  Katta,  V.  R.,  Journal  of 
Visualization  2  (2000)  257-272. 

5.  Katta,  V.  R.,  Goss,  L.  P.,  and  Roquemore,  W.  M., 
AIAA  Journal  32  (1)  (1994)  84. 

6.  Wang,  H.,  and  Frenklach,  M.,  Combustion  and  Flame 
110(1)  (1997)  173. 

7.  Wang,  H.,  and  Colket,  M.,  Private  Communications 
(2007). 

8.  Jomaas,  G.,  Zheng,  X.  L.,  Zhu,  D.  L.,  and  Law,  C.  K., 
Proceedings  of  the  Combustion  Institute  30  (2005) 
193-200. 

9 .  http ://www.mae.ucsd. edu/~combustion/ cermech/ 
Heptane-Reactions/ 

10. Tsang,  W.,  Data  Science  Journal  3  (2004)  1-9. 

1 1 .  http://www-cmls.llnl.gov/7urUscience_and_ 
technology-chemistry-combustion-nc7h  1 6_reduced_ 
mechanism. 

12. Annon.,  Computational  Submodels,  International 

Workshop  on  Measurement  and  Computation  of 
Turbulent  Nonpremixed  Flames, 

http ://www.ca. sandia.  gov/TNF/  rdiation.html,  (2001). 

13.  Guo,  H.,  Liu,  F.,  Smallwood,  G.  J.,  Combustion 
Theory  and  Modeling  8  (2004)  475-489. 

14.  Katta,  V.  R.,  Goss,  L.  P.,  and  Roquemore,  W.  M., 
International  Journal  of  Numerical  Methods  for  Heat 
and  Fluid  Flow  4  (5)  (1994)  413. 

15. Lindstedt,  R.P.,  in  Soot  Formation  in  Combustion: 
Mechanisms  and  Models  (H.  Bockhom,  Ed.), 
Springer- Verlag,  Heidelberg,  1994,  pp.417-439. 


16.  Santoro,  R.  J.,  and  Semerjian,  H.  G.,  and  Dobbins,  R. 
A.,  Combustion  and  Flame  51  (1983)  203-218. 

17.  Santoro,  R.  J.,  and  Semerjian,  H.  G.,  Proceedings  of 
the  Combustion  Institute  20  (1984)  997-1006. 


4 


624 


Wang-Frenklach  . NIST 

Wang-Colket  - LLNL 

o  •  Exp. 


r  (mm) 

Fig.  1.  Comparison  of  radial  distributions  of  temperature 
and  C02  mole  fraction  obtained  using  several  chemical- 
kinetics  mechanisms  and  measurements  at  (a)  15 -mm,  (b) 
40-mm,  and  (c)  70-mm  flame  heights.  Simulations  are 
made  without  incorporating  soot  sub-model. 
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Fig.  2.  Comparison  of  radial  distributions  of  CO  and  C2H2 
mole  fractions  obtained  using  several  chemical-kinetics 
mechanisms  and  measurements  at  (a)  15 -mm,  (b)  40-mm, 
and  (c)  70-mm  flame  heights.  Simulations  are  made 
without  incorporating  soot  sub-model. 
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Fig.  3.  Comparison  of  radial  distributions  of  temperature 
and  C02  mole  fraction  obtained  using  several  chemical- 
kinetics  mechanisms  and  measurements  at  (a)  15 -mm,  (b) 
40-mm,  and  (c)  70-mm  flame  heights.  Simulations  are 
made  after  incorporating  a  two-equation  soot  sub-model. 
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Fig.  4.  Comparison  of  radial  distributions  of  CO  mole 
fraction  and  soot  volume  fraction  obtained  using  several 
chemical-kinetics  mechanisms  and  measurements  at  (a) 
15 -mm,  (b)  40-mm,  and  (c)  70-mm  flame  heights. 
Simulations  are  made  after  incorporating  a  two-equation 
soot  sub-model. 
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Fig.  5.  Flame  structure  simulated  using  San  Diego  mechanism,  (a)  Temperature  obtained  without  soot  sub-model,  and 
(b)  temperature,  and  (c)  soot  volume  fraction  obtained  with  soot  sub-model. 
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Fig.  6.  Flame  structure  simulated  using  Wang-Frenklach  mechanism,  (a)  Temperature  obtained  without  soot  sub¬ 
model,  and  (b)  temperature  and  (c)  soot  volume  fraction  obtained  with  soot  sub-model. 
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Abstract 


The  effects  of  H2  enrichment  on  the  propagation  of  laminar  C H 4-air  triple  flames  in  axisymmetric  coflow¬ 
ing  jets  are  numerically  investigated.  A  comprehensive,  time-dependent  computational  model,  which  employs  a 
detailed  description  of  chemistry  and  transport,  is  used  to  simulate  the  transient  ignition  and  flame  propagation 
phenomena.  Flames  are  ignited  in  a  jet-mixing  layer  far  downstream  of  the  burner.  Following  ignition,  a  well- 
defined  triple  flame  is  formed  that  propagates  upstream  along  the  stoichiometric  mixture  fraction  line  with  a 
nearly  constant  displacement  velocity.  As  the  flame  approaches  the  burner,  it  transitions  to  a  double  flame,  and 
subsequently  to  a  burner-stabilized  nonpremixed  flame.  Predictions  are  validated  using  measurements  of  the  dis¬ 
placement  flame  velocity.  As  the  H  2  concentration  in  the  fuel  blend  is  increased,  the  displacement  flame  velocity 
and  local  triple  flame  speed  increase  progressively  due  to  the  enhanced  chemical  reactivity,  diffusivity,  and  pref¬ 
erential  diffusion  caused  by  H2  addition.  In  addition,  the  flammability  limits  associated  with  the  triple  flames  are 
progressively  extended  with  the  increase  i n  H 2  concentration.  The  flame  structure  and  flame  dynamics  are  also 
markedly  modified  by  H2  enrichment,  which  substantially  increases  the  flame  curvature  and  mixture  fraction  gra¬ 
dient,  as  well  as  the  hydrodynamic  and  curvature-induced  stretch  near  the  triple  point.  For  all  the  FL-enriched 
methane- air  flames  investigated  in  this  study,  there  is  a  negative  correlation  between  flame  speed  and  stretch,  with 
the  flame  speed  decreasing  almost  linearly  with  stretch,  consistent  with  previous  studies.  The  H2  addition  also 
modifies  the  flame  sensitivity  to  stretch,  as  it  decreases  the  M  arkstein  number  (M  a),  implying  an  increased  ten¬ 
dency  toward  diffusive- thermal  instability  (i.e.  Ma^  0).  These  results  are  consistent  with  the  previously  reported 
experimental  results  for  outwardly  propagating  spherical  flames  burning  a  mixture  of  natural  gas  and  hydrogen. 

©  2008  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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There  is  a  worldwide  interest  in  developing  hydro¬ 
gen-based  combustion  systems,  due  to  growing  en¬ 
vironmental  concerns  and  the  deteriorating  supply- 
demand  scenario  with  regard  to  fossil  fuels.  Fossil  fu¬ 
els  are  nonrenewable  and  a  major  source  of  pollutants, 
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including  CO2,  NO*,  UHC,  and  soot.  In  contrast,  hy¬ 
drogen  represents  a  potentially  unlimited  source  of 
energy  that  is  environmentally  clean,  with  NO*  be¬ 
ing  the  major  undesirable  pollutant.  There  are,  how¬ 
ever,  significant  difficulties  associated  with  hydrogen 
storage  due  to  its  high  flammability  limits,  low  igni¬ 
tion  energy,  and  low  volumetric  energy  content.  There 
are  also  many  unresolved  issues  with  regard  to  H2 
combustion,  such  as  knock,  detonation,  preignition, 
and  flashback.  In  this  context,  hydrogen- hydrocarbon 
fuel  blends  offer  a  very  promising  alternative,  as  they 
can  synergistically  resolve  the  storage  and  combus¬ 
tion  problems  associated  with  hydrogen  and  the  emis¬ 
sion  problems  associated  with  fossil  fuel  combustion. 
Consequently,  there  has  been  considerable  interest  in 
investigating  the  combustion  and  emission  character¬ 
istics  of  hydrogen- hydrocarbon  fuel  blends. 

Several  studies  have  been  reported  on  the  perfor¬ 
mance  and  emission  characteristics  of  internal  com¬ 
bustion  engines  using  hydrogen-fossil  fuel  blends. 
These  include  studies  dealing  with  a  diesel  engine  us¬ 
ing  a  hydrogen- vegetable  oil  blend  [1]  and  spark  ig¬ 
nition  engines  using  a  hydrogen-gasoline  blend  [2,3], 
a  hydrogen- natural  gas  blend  [4-8],  and  a  hydrogen- 
methanol  blend  [9].  Bauer  and  Forest  [10]  investi¬ 
gated  the  effect  of  hydrogen  addition  on  the  perfor¬ 
mance  of  methane-fueled  vehicles.  It  was  shown  that 
the  wide  flammability  limits  of  hydrogen  makes  it 
possible  to  run  SI  engines  at  lower  equivalence  ra¬ 
tios  using  a  hydrogen- methane  blend,  which  lowers 
cylinder  temperature  and  thereby  NO*  emission.  Al- 
Baghdadi  [11]  also  observed  a  significant  reduction 
in  NO*  production  in  spark  ignition  engines  when  a 
hydrogen-ethanol  mixture  was  used  instead  of  gaso¬ 
line. 

Flame  studies  using  hydrogen- hydrocarbon  fuel 
blends  have  also  been  reported.  Choudhuri  and  Golla- 
hali  [12]  performed  an  experimental-numerical  inves¬ 
tigation  of  hydrogen- natural  gas  jet  diffusion  flames 
and  observed  a  reduction  in  the  soot  concentration 
and  emission  index  of  CO  (EICO),  but  an  increase 
in  EINO  with  hydrogen  addition.  Rortveit  et  al.  [13] 
reported  an  experimental- numerical  study  of  NO* 
emissions  in  counterflow  methane- hydrogen  non- 
premixed  flames.  Naha  et  al.  [14,15]  studied  the 
emission  characteristics  of  hydrogen- methane  and 
hydrogen-w-heptane  fuel  blends  using  a  counterflow 
flame,  and  observed  significant  reduction  in  NO* 
emission  in  hydrogen-^-heptane  flames.  Fotache  et 
al.  [16]  investigated  the  ignition  characteristics  of 
hydrogen-enriched  methane  flames  at  various  pres¬ 
sures  and  identified  three  ignition  limits,  namely  (i) 
hydrogen-assisted  ignition,  (ii)  transition,  and  (iii) 
hydrogen-dominated  ignition.  Huang  etal.  [17]  mea¬ 
sured  the  flame  speeds  for  natural  gas- hydrogen  mix¬ 
tures  and  observed  that  the  increase  in  H 2  content 


increases  the  flame  speed  exponentially,  while  the 
Markstein  length  transitions  from  positive  to  nega¬ 
tive,  implying  a  tendency  toward  diffusive-thermal 
instability.  Law  et  al.  [18]  examined  the  effect  of 
adding  propane  to  hydrogen  at  different  pressures 
and  observed  that  propane  reduces  the  tendency  to¬ 
ward  diffusive-thermal  instability,  whereas  a  pres¬ 
sure  increase  promotes  diffusive-thermal  instabil¬ 
ity,  causing  flame  front  wrinkling  and  higher  flame 
speeds.  Schefer  [19]  investigated  the  stabilization 
of  hydrogen-enriched  methane-air  swirl -stabilized 
premixed  flames.  It  was  shown  that  hydrogen  addi¬ 
tion  reduces  the  lean  stability  limit,  allowing  stable 
burner  operation  at  lower  flame  temperature  that  is 
in  turn  beneficial  for  achieving  lower  NO*  emission. 
Similarly,  Hawkes  and  Chen  [20]  studied  hydrogen- 
enriched  lean  premixed  methane-air  flames  and  re¬ 
ported  that  hydrogen  addition  increases  flame  resis¬ 
tance  to  quenching,  but  also  increases  the  tendency 
toward  diffusive-thermal  instability.  In  addition,  the 
NO  emission  was  observed  to  increase,  while  the  CO 
emission  decreased  with  hydrogen  addition. 

Our  literature  review  indicates  that  while  many 
important  combustion  and  emission  characteristics  of 
hydrogen- hydrocarbon  fuel  blends  have  been  investi¬ 
gated,  the  flame  propagation  characteristics  of  such 
fuel  blends  have  not  been  examined.  A  fundamen¬ 
tal  understanding  of  the  flame  propagation  charac¬ 
teristics  of  various  fuel  blends  is  important  for  the 
design  of  future  combustion  devices,  such  as  spark 
ignition  engines  and  gas  turbine  combustors,  burn¬ 
ing  fuel  blends.  These  characteristics  are  also  impor¬ 
tant  for  the  design  of  flame  arrestors,  which  require 
laminar  flame  speed  data  for  different  fuel  blends 
over  a  wide  range  of  conditions.  For  example,  a  Ven¬ 
turi  flame  arrestor  employs  a  flow  restriction  to  in¬ 
crease  the  local  mixture  velocity  above  the  local 
triple  flame  speed  in  order  to  capture  a  propagating 
flame. 

In  this  paper,  we  report  a  fundamental  investiga¬ 
tion  on  the  propagation  characteristics  of  H  2-enriched 
C H 4-air  flames  in  a  laminar  nonpremixed  jet.  The 
major  objective  is  to  examine  the  effects  of  H  2  enrich¬ 
ment  on  the  propagation  characteristics  of  CH4-air 
flames  in  nonuniform  mixtures  in  which  the  flame 
is  subjected  to  flow  nonuniformity  and  mixture  frac¬ 
tion  gradients,  as  well  as  curvature-induced,  hydro- 
dynamic,  and  unsteady  stretch  effects.  A  propagating 
flame  is  established  by  igniting  the  fuel-air  mixture 
in  the  far  field  of  a  jet  issuing  a  H2-CH4  mixture 
in  a  coflowing  air  jet.  The  ignition  event  is  simu¬ 
lated  by  providing  a  small  high-temperature  zone  con¬ 
taining  small  amounts  of  H  and  OH  radicals.  This 
high-temperature  zone  generates  an  ignition  kernel 
that  propagates  upstream  and  rapidly  develops  into 
a  triple  flame,  which  then  propagates  upstream  to- 
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ward  the  burner  rim.  The  effects  of  hydrogen  enrich¬ 
ment  on  the  propagation  characteristics  of  this  triple 
flame  are  investigated  using  a  comprehensive  com¬ 
putational  model  that  includes  detailed  descriptions 
of  transport  and  chemistry.  The  choice  of  this  con¬ 
figuration  is  based  on  several  considerations.  First, 
this  configuration  is  relevant  to  many  combustion  sys¬ 
tems,  including  gas  turbines  and  internal  combus¬ 
tion  engines  [21].  Second,  it  is  difficult  to  establish 
lifted  H 2-air  or  C H 4- ai r  flames  in  a  jet  configura¬ 
tion  due  to  the  high  mass  diffusivity  of  these  fu¬ 
els  (Sc  <  1)  [22].  Third,  the  present  configuration  is 
well  suited  to  examine  the  propagation  characteristics 
of  triple  flames  established  using  hydrogen- methane 
fuel  blends  and  to  characterize  the  effects  of  hydro¬ 
gen  on  stretch-flame  speed  interactions.  Finally,  in¬ 
vestigations  of  triple  flame  propagation  in  laminar  jets 
provide  fundamental  information  for  the  understand¬ 
ing  and  modeling  of  turbulent  flames.  For  instance, 
the  stabilization  [23,24]  and  propagation  [25,26]  of 
turbulent  flames  often  involve  triple  flames,  which  are 
subjected  to  a  wide  range  of  mixture  fraction  gra¬ 
dient,  stretch,  and  partial  premixing.  Consequently, 
several  previous  studies  have  investigated  the  effects 
of  jet  velocity  [22,26],  coflow  velocity  [27],  partial 
premixing  [25,28,29],  heat  release  [30],  and  dilution 
[28,29]  on  laminar  flame  stabilization  and  propaga¬ 
tion.  However,  the  flame  propagation  characteristics 
associated  with  fuel  blends  have  not  yet  been  investi¬ 
gated. 

It  is  important  to  note  that  a  similar  configuration 
involving  triple  flames  has  been  employed  in  previous 
studies.  Ruetsch  et  al.  [30]  reported  the  first  numer¬ 
ical  investigation  of  triple  flames  and  thus  laid  the 
foundation  for  such  studies.  They  showed  that  heat 
release  redirects  the  flow  ahead  of  the  triple  flame, 
reducing  the  flow  velocity  along  the  stoichiometric 
mixture  fraction  line,  which  reaches  a  local  minimum 
just  ahead  of  the  triple  flame.  Fora  lifted  triple  flame, 
this  local  minimum  flow  velocity  was  defined  as  the 
local  (triple)  flame  speed  (5th)  [30,31]  at  the  triple 
point,  while  the  upstream  flow  velocity  was  defined 
as  the  far  field  or  global  flame  speed  (t/F)  [30,31].  In 
addition,  it  was  shown  that  the  global  flame  speed  in¬ 
creases  with  the  decrease  in  mixture  fraction  gradient, 
and  in  the  limitof  small  mixture  fraction  gradient,  the 
t/p /5th  ratio  is  proportional  to  the  square  root  of  the 
density  ratio  of  un burnt  to  burnt  mixtures  (^/Tpu/pb)) 
across  the  flame.  Qin  et  al.  [25]  and  Ko  and  Chung 
[26]  investigated  the  propagation  of  C H 4-air  triple 
flames  in  laminar  jets  and  observed  that  the  instan¬ 
taneous  displacement  flame  velocity  ( Vf),1  which  is 


1  It  is  important  to  note  the  inconsistencies  in  the  defini¬ 

tions  of  5th,  £/f,  and  Vf  used  in  the  literature.  For  instance, 


the  flame  velocity  in  laboratory  coordinates,  remains 
nearly  constant  during  propagation,  while  the  local 
triple  flame  speed  (5th)  decreases  with  flame  stretch 
and  mixture  fraction  gradient.  In  addition,  the  global 
flame  speed  (t/F)  was  found  to  be  about  twice  the 
laminar  stoichiometric  unstretched  flame  speed  (5^), 
while  it  was  observed  to  be  considerably  higher  (3- 
6  times)  in  turbulent  jets  [32].  It  is  also  interesting 
to  note  that  in  both  laminar  [25,26]  and  turbulent 
flows  [32]  it  was  observed  that  an  increase  in  jet  ve¬ 
locity  decreases  the  displacement  flame  velocity  but 
increases  the  local  flame  speed,  and  that  the  local 
flame  speed  decreases  with  axial  position  due  to  the 
increase  in  mixture  fraction  gradient  and  flame  cur¬ 
vature.  This  further  highlights  the  fact  that  investi¬ 
gations  of  laminar  triple  flames  can  provide  insight 
into  the  stabilization  and  propagation  of  turbulent 
flames. 

Im  and  Chen  [33]  investigated  the  propagation  of 
H  2-air  triple  flames  in  a  nonpremixed  jet.  Similarly  to 
previous  studies  [30,34],  the  global  flame  speed  was 
found  to  be  proportional  to  the  square  root  of  the  den¬ 
sity  ratio  across  the  flame.  Another  important  obser¬ 
vation  from  this  study  was  that  for  H  2-air  mixtures, 
the  flame  is  shifted  toward  the  air  side  and  becomes 
asymmetric  with  respect  to  the  stoichiometric  mix¬ 
ture  fraction  (fs  =  0.0285)  line,2  since  fs  is  much 
smaller  than  0.5.  Consequently,  the  triple  point,  lo¬ 
cated  at  the  intersection  of  the  stoichiometric  mixture 
fraction  line  and  the  flame  surface,  does  not  coincide 
with  the  flame  leading  edge,  which  is  located  at  the  lo¬ 
cal  minimum  flame  curvature.  This  shift  between  the 
triple  point  and  the  leading  edge  is  important  in  the 
context  of  determining  the  triple  flame  speed,  since 
the  experimental  studies  have  generally  reported  the 
flame  speeds  at  the  leading  edge  [35],  while  the  nu¬ 
merical  investigations  have  computed  these  speeds  at 
the  triple  point  [25,29,33].  While  this  shift  is  also  ob- 


5th  is  also  referred  as  the  edge  speed  in  Ref.  [31],  as  the 
local  displacement  speed  in  Ref.  [33],  and  as  the  flame  prop¬ 
agation  speed  in  Ref.  [25].  Similarly,  t/p  is  also  referred  as 
the  stabilization  speed  in  Ref.  [33]  and  as  the  relative  prop¬ 
agation  speed  in  Ref.  [32].  In  addition,  Vf  is  referred  as  the 
flamefront  propagation  velocity  in  Ref.  [25]  and  as  the  net 
flame  velocity  in  Ref.  [32].  Here,  we  define  5th  as  the  lo¬ 
cal  triple  flame  speed,  t/p  as  the  global  flame  speed,  and 
Vf  as  the  displacement  flame  velocity.  N  ote  that  we  use  the 
term  "speed"  when  referring  to  flame  properties  (i.e.,  rela¬ 
tive  velocities  with  respect  to  the  incoming  jet  flow  velocity 
such  as  5th  and  Ur ),  whereas  the  term  "velocity"  is  used  for 
absolute  velocities  (i.e.,  measured  from  a  fixed  coordinate 
system  such  as  Vf). 

2  Note  that  for  fs  =  0.5  the  flame  will  be  symmetric  with 
respect  to  the  stoichiometric  mixture  fraction  line,  and  the 
locations  of  the  triple  point  and  the  flame  leading  edge  will 
coincide. 
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served  for  hydrocarbon  flames,  it  becomes  more  pro¬ 
nounced  for  hydrogen  flames,  and  therefore  relevant 
to  fuel  blends  containing  hydrogen. 

The  preceding  discussion  indicates  that  several 
previous  studies  have  focused  on  the  propagation  of 
triple  flames  in  the  context  of  pure  fuels.  However,  the 
flame  propagation  characteristics  of  fuel  blends  have 
not  been  examined  as  yet. 


2.  Computational  model 


The  numerical  model  is  based  on  the  solution  of 
the  time-dependent  governing  equations  for  a  two- 
dimensional  unsteady  reacting  flow  [36,37].  Using 
cylindrical  coordinates  (r,z),  these  equations  can  be 
written  as 


d(p<P)  d(pv<P)  d(pu<P) 
dt  +  ~~br  +  dz 


PV0  ,  r*  dcp  ,  c0 

r  r  dr 


(1) 


Here  t  denotes  the  time,  p  the  density,  and  u  and 
v  the  axial  (z)  and  radial  (r)  velocity  components, 
respectively.  The  general  form  of  the  equation  rep¬ 
resents  conservation  of  mass,  momentum,  species, 
or  energy  conservation,  depending  on  the  variable 
used  for  <£.  The  diffusive  transport  coefficient  r 0 
and  source  terms  S 0  are  described  in  Ref.  [36].  In¬ 
troducing  the  overall  species  conservation  equation 
and  the  state  equation  completes  the  equation  set. 
A  sink  term  based  on  an  optically  thin  gas  assump¬ 
tion  was  included  in  the  energy  equation  to  account 
for  thermal  radiation  from  the  flame  [38]  in  the  form 
grad  =  -4 a kp(Ta  -  r04)  [39],  where  T  denotes  the 
local  flame  temperature,  and  Kp  accounts  for  the  ab¬ 
sorption  and  emission  from  the  participating  gaseous 
species  (CO2,  H2O,  CO,  and  C H 4)  expressed  as 
Kp  =  PJ2kxiKpj>  where  Kpp  denotes  the  mean 
absorption  coefficient  of  the  fcth  species,  o  is  the 
Stefan- Boltzmann  constant,  and  Tq  is  the  ambient 
temperature.  The  value  of  Kp  i  is  obtained  using  a 
polynomial  approximation  to  the  experimental  data 
provided  in  Ref.  [39]. 

The  thermodynamic  and  transport  properties  ap¬ 
pearing  in  the  governing  equations  are  temperature- 
and  species-dependent.  The  thermal  conductivity  and 
viscosity  of  the  individual  species  were  based  on 
Chapman- Enskog  collision  theory,  following  which 
those  of  the  mixture  are  determined  using  the  Wilke 
semiempirical  formulas  [40].  Chapman- Enskog  the¬ 
ory  and  the  Lennard-Jones  potentials  were  used  to 
estimate  the  binary  diffusion  coefficient  between  each 
species  and  nitrogen.  The  methane-air  chemistry  is 


modeled  using  a  detailed  mechanism  that  considers 
31  species  and  346  elementary  reactions  [41].  The 
major  species  included  in  the  mechanism  are  CH4, 
02,C02,C0,CH20,  H 2,  H20,C2H2,C2H4,C2H6, 
CH3OH,  and  N 2,  while  the  radical  species  include 
CH3,CH2,CH,CHO,  H,0,0H,  H02,  H202,C2H, 

c2h3,  c2h5,  chco,  c,  c H 2 (s),  ch2oh,  ch3o, 

CH2CO,  and  HCCOH.  The  mechanism  has  been  val¬ 
idated  previously  for  the  computation  of  premixed 
flame  speeds  and  the  detailed  structure  of  premixed 
and  nonpremixed  flames  [42-44]. 

The  finite- difference  forms  of  the  momentum 
equations  are  obtained  using  the  QU ICK  EST  scheme 
[45],  while  those  of  the  species  and  energy  are  ob¬ 
tained  using  a  hybrid  scheme  of  upwind  and  cen¬ 
tral  differencing.  The  pressure  field  is  calculated 
at  every  time  step  by  solving  all  of  the  pressure 
Poisson  equations  simultaneously  and  using  the  LU 
(lower  and  upper  diagonal)  matrix-decomposition 
technique. 

Fig.  1  illustrates  the  computational  domain.  It  con¬ 
sists  of  100  x  50  mm  in  the  axial  (z)  and  radial  (r) 
directions,  respectively,  and  is  represented  by  a  stag¬ 
gered,  nonuniform  grid  system.  The  reported  results 
are  grid-independent,  as  discussed  in  the  next  section. 
The  minimum  grid  spacing  is  0.05  mm  in  both  the 
r-  and  z-di rections.  It  is  important  to  note  that  we 
have  examined  the  grid  resolution  issues  in  a  previ¬ 
ous  study  [29]  and  found  that  a  minimum  grid  spacing 
of  0.05  is  sufficient  to  resolve  the  H  and  CH  radi¬ 
cal  layers.  An  isothermal  insert  (2  x  0.8  mm)  sim¬ 
ulates  the  inner  burner  wall.  The  temperature  at  the 
burner  wall  was  set  at  300  K.  The  inner  and  outer 
jets  are  set  with  constant  and  uniform  velocities  of 
10  and  30  cm/s,  respectively.  The  inner  jet  issues 
a  H2-CH4  mixture,  while  the  outer  jet  issues  air. 
A  propagating  flame  is  established  by  igniting  the 
fuel-air  mixing  layer  in  the  far  field  (35  mm  above 
the  burner  rim).  The  ignition  event  is  simulated  by 
providing  a  small  high-temperature  zone  with  a  tem¬ 
perature  of  2000  K  and  a  rectangular  cross-sectional 
area  of  2  mm2,  and  containing  small  amounts  of  H 
and  OH  radicals.  This  high-temperature  zone  gener¬ 
ates  an  ignition  kernel  that  propagates  upstream  and 
rapidly  develops  into  a  triple  flame,  which  then  prop¬ 
agates  upstream  toward  the  burner  rim  and  eventually 
stabilizes  at  the  rim.  A  detailed  numerical  algorithm 
is  developed  to  determine  the  propagation  character¬ 
istics  of  this  flame,  which  include  the  instantaneous 
displacement  flame  velocity  and  propagation  speeds 
(i.e.,  local  and  global  flame  speeds),  flame  structure 
and  dynamics  near  the  triple  point,  and  flame  stretch- 
speed  interactions  for  various  levels  of  H 2  enrich¬ 
ment. 


631 


AM.  Briones  et al.  / Combustion  and  Flame  153  (2008)  367-383 


371 


Fig.  1.  Schematic  of  the  computational  grid  used  in  the  simulations.  The  small  rectangle  shows  the  minimum  grid  spacing  region 
where  the  propagation  flame  front  is  located.  A  schematic  of  the  computational  domain  is  also  shown. 


3.  Results  and  discussion 

3.1.  Validation  of  numerical  model 

The  algorithm  used  for  the  simulation  of  propa¬ 
gating  flames  has  been  extensively  validated  in  pre¬ 
vious  studies,  using  experimental  data  from  burner- 
stabilized  flames  [36,46],  lifted  partially  premixed 
flames  [37],  and  propagating  partially  premixed 
flames  [25].  The  validation  has  included  the  compar¬ 
ison  of  the  predicted  and  measured  flame  topology, 
liftoff  heights  (Lf),  temperature,  velocity  and  concen¬ 
tration  fields,  and  instantaneous  displacement  flame 
velocity  ( Vf ).  In  the  following  section,  we  will  pro¬ 
vide  an  additional  validation  by  comparing  the  pre¬ 
dicted  and  measured  [47]  displacementflame  velocity 
(Vf)  of  a  propagating  C  H  4-air  triple  flame. 

3.2.  Ignition  and  flame  propagation 

Fig.  2  presents  the  simulated  results  of  transient 
ignition,  flame  propagation,  and  flame  attachment  for 
a  propagating  CF^-air  triple  flame  in  terms  of  heat 
release  rate  contours.  The  first  image  at  t  =  0  ms 
corresponds  to  an  instant  when  the  high-temperature 
ignition  source  is  removed,  while  the  subsequent  im¬ 
ages  show  the  formation  and  propagation  of  a  triple 
flame.  Following  ignition,  two  reacting  volumes  (or 
kernels)  are  formed,  as  indicated  by  the  image  at 
t  =  3  ms.  One  propagates  downstream  and  is  quickly 
extinguished.  The  other  propagates  upstream  toward 


the  burner  and  develops  into  a  triple  flame,  which  is 
the  focus  of  this  investigation.  The  triple  flame  struc¬ 
ture  develops  at  t  ~  18  ms.  The  flame  propagates  in  a 
quasi-steady  manner,  i.e.,  at  near-constant  displace¬ 
ment  flame  velocity  (Vf),  from  z  =  25  mm  to  z  = 
4  mm,  exhibiting  a  well-defined  triple  flame  structure, 
as  indicated  in  the  snapshot  at  48  ms.  The  three  reac¬ 
tion  zones,  namely  the  rich  premixed  zone  (RPZ),  the 
lean  premixed  zone  (L  PZ),  and  the  nonpremixed  zone 
(NPZ),  can  be  readily  identified  in  the  18-  and  48-ms 
images.  As  the  flame  approaches  the  burner  rim  (i.e., 
z  &  4  mm),  the  length  of  the  RPZ  decreases,  and  the 
flame  transitions  to  a  double  flame;  i.e.,  the  LPZ  ex¬ 
tinguishes.  The  flame  reaches  the  burner  rim  at  88  ms, 
and  during  its  stabilization  at  the  rim,  the  RPZ  extin¬ 
guishes  and  the  flame  transitions  from  a  double  flame 
to  a  steady  nonpremixed  flame. 

In  Fig.  3,  we  present  the  temporal  variation  of 
axial  flame  position  with  respect  to  the  burner  rim 
(df  =  z-  2  mm)  for  the  propagati  ng  0%  H  2-,  25%  H  2-, 
50%  H  2-/  and  75%H  2-enriched  CH  4- air  triple  flames. 
A  s  the  amount  of  H  2  inthefuel  blend  is  increased,  the 
displacement  flame  velocity  increases,  as  expected, 
and  the  time  taken  for  the  flame  to  reach  the  burner 
rim  decreases  considerably.  In  addition,  the  simu¬ 
lations  indicate  that  for  all  four  flames  depicted  in 
Fig.  3,  the  axial  flame  position  (df)  varies  almost  lin¬ 
early  with  time.  This  behavior  is  consistent  with  the 
measurements  reported  by  Ko  and  Chung  [26],  who 
showed  that  the  flame  position  of  propagating  lami- 
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Fig.  2.  Simulations  showing  the  temporal  evolution  of  ignition  and  flame  propagation  in  terms  of  heat  release  rate  contours  for 
the  pure  CH 4-air  flame.  The  three  reaction  zones,  i.e.,  the  rich  premixed  (RPZ),  nonpremixed  (NPZ),  and  lean  premixed  (LPZ) 
zones,  are  indicated  in  the  snapshot  at  t  =  48  ms. 


Fig.  3.  Axial  flame  position  (df)  as  a  function  of  time  for  the 
0%,  25%,  50%,  and  75%  H 2-enriched  C H 4-ai r  propagating 
flames. 

nar  C H 4- ai r  triple  flames  in  nonpremixed  jets  varies 
linearly  with  time  regardless  of  the  jet  inlet  velocity. 

Fig.  4  presents  the  instantaneous  displacement 
flame  velocity  (Vf)  as  a  function  of  flame  position  ( df ) 
for  the  four  H 2-enriched  C H 4- ai r  flames  discussed 
in  the  context  of  Fig.  3.  The  displacement  flame  ve¬ 
locity  is  obtained  by  calculating  the  rate  of  change 
of  axial  position  of  the  triple  point  with  time  (i.e., 
Vf  =  (Az)\r\/At).  Note  here  that  based  on  our  simula¬ 
tions  the  radial  component  of  the  displacement  flame 


Fig.  4.  Predicted  displacement  flame  velocity  ( Vf )  as  a 
function  of  axial  distance  from  the  burner  rim  (df)  for  the 
0%,  25%,  50%,  and  75%  ^-enriched  CFU-air  propagating 
flames.  The  measured  Vf  for  a  C FI 4- air  propagating  flames 
from  Ref.  [47]  is  also  shown  for  validation  of  the  numerical 
model. 

velocity  is  negligible  (i.e.,  Vf  =  VftZ).  The  flame  sur¬ 
face,  which  is  needed  for  determining  the  triple  point, 
is  chosen  to  be  the  isocontour  of  the  0.0727  H  2O  mass 
fraction,  following  Won  etal.  [35].  The  measured  dis¬ 
placement  flame  velocity  as  a  function  of  flame  po¬ 
sition  for  a  propagating  C H 4-air  triple  flame,  taken 
from  Ref.  [47],  is  also  shown  in  the  figure.  There  is 
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good  agreement  between  the  predicted  and  measured 
values.  Both  predictions  and  measurements  indicate 
that  Vf  is  nearly  independent  of  time.  Our  predic¬ 
tions  are  also  consistent  with  the  measurements  of  Ko 
and  Chung  [26]  for  propagating  C  H  4-ai r  triple  flames 
with  different  jet  inlet  velocities.  The  displacement 
flame  velocity  decreases  as  the  flame  gets  close  to  the 
burner  rim  (df  ~  2-3  mm)  and  tends  to  zero  as  the 
flame  stabilizes  at  the  rim.  In  addition,  results  in  Fig.  4 
indicate  that  as  the  amount  of  H  2  in  the  fuel  blend  is 
increased,  Vf  progressively  increases,  and  the  flame 
reaches  the  burner  rim  in  a  shorter  time  (cf.  Fig.  3). 
The  increase  in  Vf  is  due  to  an  increase  in  the  lo¬ 
cal  triple  flame  speed,  Stri  (discussed  later),  which  in 
turn  is  due  to  the  enhanced  chemical  reactivity,  dif- 
fusivity,  and  preferential  diffusion  effects  caused  by 
H2  enrichment.  The  aspects  dealing  with  the  effects 
of  H  2  enrichment  on  the  flame  propagation  character¬ 
istics,  including  stretch- flame  speed  interactions,  are 
discussed  in  Section  3.4. 

3.3.  Flame  base  structure 

In  order  to  spatially  resolve  the  various  reaction 
zones  of  the  propagating  flame  more  clearly,  we  have 
previously  developed  a  modified  flame  index  [28,29], 
defined  as 


Here  the  mixturefraction  (/)  isdefined  following  Bil- 
ger  [31],  and  Gfo  is  the  flame  index  proposed  by 
Takeno  and  co-workers  [48].  Note  that  Gpo  can  only 
distinguish  between  premixed  and  nonpremixed  reac¬ 
tion  zones,  while  with  the  modified  definition  (i.e., 
Eq.  (2)),  =  1  represents  a  rich  premixed  zone, 

-1  a  lean  premixed  zone,  and  |0.5|  a  nonpremixed 
zone  for  hydrocarbon  flames.  Since  identification  of 
the  various  reaction  zones  is  more  relevant  in  regions 
of  high  reactivity,  i.e.,  where  the  heat  release  rates 
are  significant,  we  have  computed  only  in  regions 
where  the  heat  release  rate  is  at  least  1%  of  the  maxi¬ 
mum  heat  release  rate. 

Fig.  5  presents^  contours  for  propagating  CH4- 
air  flames  established  with  different  H2  enrichment. 
The  contours  are  shown  when  the  flames  are  at  two 
different  positions,  one  at  z  =  17  mm  corresponding 
to  quasi-steady  propagation,  and  the  other  near  the 
burner  rim  (z  «  2)  when  the  flames  are  in  the  at¬ 
tachment  process  at  the  burner  rim.  For  all  four  cases 
considered,  the  contours  clearly  indicate  that  dur¬ 
ing  quasi-steady  flame  propagation,  the  flames  exhibit 
a  triple  flame  structure  at  the  flame  base.  The  LPZ  is 
weakened  with  H2  addition,  as  indicated  by  the  re¬ 
duction  of  the  lean  premixed  wing.  For  all  the  four 
cases,  as  the  flames  get  close  to  the  burner  rim,  the 


LPZ  extinguishes  and  the  triple  flame  transitions  to 
a  double  flame  containing  the  rich  premixed  (RPZ) 
and  nonpremixed  (NPZ)  zones.  As  these  four  flames 
are  stabilized  at  the  burner  rim,  the  RPZ  gets  extin¬ 
guished  due  to  insufficient  mixing  near  the  rim,  and 
the  flames  exhibit  a  single  (N  PZ)  flame  structure. 

In  order  to  further  examine  the  structures  of  the 
four  flames  depicted  in  Fig.  5  during  quasi-steady 
flame  propagation,  we  present  in  Fig.  6  the  radial  pro¬ 
files  of  heat  release  rate  and  reactant  species  (C H 4, 
H 2»  and  O2)  mass  fractions  at  an  axial  location  z  = 
20  mm  near  the  flame  base.  The  heat  release  rate  pro¬ 
files  have  been  used  in  previous  investigations  [28, 
49,50]  to  identify  the  global  flame  structure.  For  all 
four  flames,  the  heat  release  rate  profiles  exhibit  three 
distinct  peaks,  indicating  a  triple  flame  structure.  The 
triple  flame  structure  is  also  indicated  by  the  CH4, 
H 2,  and  O2  mass  fraction  profiles.  The  effect  of  H 2 
enrichment  is  to  increase  the  heat  release  rate  in  all 
three  reaction  zones  and  to  reduce  the  spatial  distance 
between  the  nonpremixed  and  lean  premixed  reaction 
zones,  and  thereby  enhance  interaction  between  them. 

Since  H  2-air  premixed  flames  exhibit  wider  flam¬ 
mability  limits  than  typical  hydrocarbon-air  pre¬ 
mixed  flames,  it  is  rel evant  to  exam i  ne  the  effect  of  H  2 
enrichment  on  the  flammability  limits  of  propagating 
CH4-air  tri pie  flames.  Fig.  7  presents  the  four  flames, 
discussed  in  the  context  of  Fig.  5,  in  terms  of  the  in¬ 
stantaneous  heat  release  rate  contours,  streamlines,3 
and  equivalence  ratio  contours.  The  equivalence  ra¬ 
tio  is  computed  using  0  =  (/( 1  -  /s)/(/s(l  -  /))), 
which  implies  that  the  stoichiometric  line  (0  =  1.0) 
coincides  with  the  stoichiometric  mixture  fraction 
(fs)  line.  Previous  investigations  [47]  have  used  a 
different  equivalence  ratio,  namely  0U  =  Tf/(vF0x), 
where  v  is  the  stoichiometric  fuel-air  mass  ratio, 
based  on  the  reactants'  mass  fractions  in  the  unburnt 
mixture.  However,  the  propagating  triple  flame  struc¬ 
ture  is  better  characterized  using  0,  si  nee  the  0U  =  1.0 
line  does  not  coincide  with  fs  in  the  burnt  region, 
although  it  does  in  the  unburnt  region.  For  the  0% 
H 2-enriched  flame,  the  region  of  high  reactivity  (red 
color)  extends  from  0  =  0.46  to  0  =  1.58,  which  cor¬ 
respond,  respectively,  to  the  lean  and  rich  flammabil¬ 
ity  limits  of  CH 4- air  premixed  flames  [51-53].  There 
is,  however,  still  significant  reactivity  beyond  these  0 
values,  implying  that  a  triple  flame  extends  the  flam¬ 
mability  limits  due  to  synergistic  interactions  among 
the  three  reaction  zones.  The  H2  enrichment  further 
extends  these  flammability  limits,  since  it  enhances 
flame  reactivity  as  well  as  interactions  between  the  re- 


3  For  propagating  flames,  which  represent  a  dynamic  sys¬ 
tem,  streamlines  are  simply  used  here  to  indicate  an  instan¬ 
taneous  snapshot  of  the  flow  field. 
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Fig.  5.  Flame  structures  of  various  H 2-enriched  C H 4-ai r  flames  are  shown  through  the  modified  flame  index  (£m  )  contours 
during  quasi-steady  flame  propagation  (a)  and  flame  attachment  (b). 


action  zones.  For  instance,  for  the  75%  H 2-enriched 
flame,  the  region  of  high  reactivity  (red  color)  ex¬ 
tends  from  0  =  0.14  to  0  =  2.54.  H2  addition  also 
increases  both  the  mixture  fraction  gradient  and  the 
flame  curvature,  as  indicated  by  the  collapsed  0  lines 
near  the  flame  base.  M  oreover,  since  H2  enrichment 
decreases  the  stoichiometric  mixture  fraction  (/s),  the 


flame  becomes  more  asymmetric  with  respect  to  the 
0  =  1.0  line.  For  example,  fs  is  0.055  for  the  0% 
H 2-flame,  and  decreases  to  0.044  for  the  75%  H2- 
enriched  flame.  Consequently,  the  flow  divergence 
ahead  of  the  flame  base  becomes  more  asymmetric 
with  increasing  H2  content.  Therefore,  the  effect  of 
H2  enrichment  is  to  significantly  extend  the  flamma- 
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Fig.  6.  Flame  structure  in  terms  of  heat  release  rate  and  (a) 
CH4,  (b)  O2,  and  (c)  H2  radial  profiles  as  a  function  of  radial 
distance  from  the  centerline  (r)  for  the  0%,  25%,  50%,  and 
75%  H 2-enriched  C H 4-air  propagating  flames. 


bility  limits,  decrease  the  radius  of  curvature  at  the 
triple  flame  base,  increase  the  mixture  fraction  gradi¬ 
ent,  and  make  the  flow  divergence  more  asymmetric 
with  respect  to  the  stoichiometric  line.  These  effects 
influence  the  flame  dynamics,  as  discussed  in  the  fol¬ 
lowing  sections. 


Table  1 

Lean  and  rich  flammability  limits  of  H 2-enriched  C H 4-ai r 
planar  and  triple  flames 


Planar  flames 

Triple  flames 

0LEAN 

0RICH  [53] 

< 
LU 
_ 1 

0RICH 

0%H2-100%CH4 

0.46  [51] 

1.58 

0.30 

2.0 

25%H2-75%CH4 

- 

1.66 

0.20 

2.4 

50%H2-50%CH4 

- 

1.84 

0.14 

2.9 

75%H2-25%CH4 

- 

2.00 

0.10 

3.7 

ioo%h2-o%ch4 

0.14  [52] 

2.54 

- 

- 

In  order  to  further  quantify  the  effect  of  H 2  en¬ 
richment  on  the  flammability  limits  of  propagating 
CH4-air  triple  flames,  Fig.  8  presents  the  heat  re¬ 
lease  rate  profiles  for  the  four  flames  as  a  function 
of  equivalence  ratio  in  the  radial  direction  at  an  ax¬ 
ial  location  (z  =  20  mm)  near  the  flame  base.  As  the 
amount  of  H2  in  the  fuel  blend  is  increased,  both 
the  lean  and  rich  flammability  limits  widen  consid¬ 
erably.  For  instance,  the  rich  flammability  limit  in¬ 
creases  from  2.0  (for  the  0%  H 2-enriched  flame)  to 
3.7  (for  the  75%  H2-enriched  flame),  while  the  lean 
flammability  limit  increases  from  0.3  to  0.1.  Table  1 
summarizes  the  lean  and  rich  flammability  limits  of 
planar  and  triple  flames.4  As  mentioned  before,  the 
triple  flame  structure  exhibits  a  wider  flammability 
limit  than  the  corresponding  planar  premixed  flames. 

I  n  addition,  the  equivalence  ratio  corresponding  to  the 
local  maximum  heat  release  rate  in  the  N  PZ  shifts  to 
the  leaner  mixture  with  H2  enrichment.  For  instance, 
these  equivalence  ratios  are  0  =  0.9  and  0.8  for  the 
0%  and  75%  ^-enriched  flames,  respectively.  Con¬ 
sequently,  the  locations  of  the  local  maximum  heat 
release  rate  and  the  triple  point,  which  is  at  the  sto¬ 
ichiometric  line,  do  not  coincide,  and  the  difference 
becomes  more  pronounced  with  the  increase  in  H 2 
enrichment.  This  has  implications  for  accurately  de¬ 
termining  the  flame  speed  and  stretch-flame  speed 
interactions  for  propagating  triple  flames. 

3.4.  Stoichiometric  flame  structure  and  preferential 
diffusion  effect 

Our  simulations  indicate  that  in  addition  to  the 
enhanced  flammability  limits,  H2  enrichment  also 
causes  a  significant  increase  in  the  local  flame  speed 
of  triple  flames.  Since  the  flame  speed  is  strongly  in¬ 
fluenced  by  preferential  mass  diffusion  effects,  we 
examine  in  this  section  the  effect  of  H2  enrichment 
on  preferential  diffusion.  The  preferential  diffusion 


4  The  rich  and  lean  flammability  limits  for  each  propagat¬ 
ing  flame  are  obtained  at  2.5%  of  the  maximum  heat  release 
rate. 
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Fig.  7.  Computed  heat  release  rate  contours  (rainbow  scheme)  (q),  equivalence  ratio  contours  (red  lines)  and  flow  field 
streamlines  (black  lines)  (v)  for  0%,  25%,  50%,  and  75%  ^-enriched  C H 4-air  propagating  flames. 


Fig.  8.  State  relationships  in  terms  of  heat  release  rate  ra¬ 
dial  profiles  as  a  function  of  equivalence  ratio  (<j>)  at  an 
axial  location  of  z  =  20  mm  for  0%,  25%,  50%,  and  75% 
H 2-enriched  C H 4-ai r  propagating  flames  in  the  context  of 
Fig.  7. 


effect  can  be  demonstrated  by  comparing  the  struc¬ 
ture  of  H 2-enriched  propagating  triple  flames  along 
the  stoichiometric  mixture  fraction  with  that  of  the 
corresponding  stoichiometric  planar  flames. 

Lateral  diffusion  of  heat  and  species  plays  an  im¬ 
portant  role  in  determining  the  structure  of  propagat¬ 
ing  triple  flames.  With  fuel  blends  (say)  containing 
fuels  A  and  B  with  unequal  diffusivities,  preferen¬ 
tial  diffusion  of  fuel  species  can  lead  to  localized 


regions  of  higher  concentration  of  fuel  A  compared 
to  fuel  B,  and  this  may  significantly  affect  the  flame 
propagation  characteristics.  This  preferential  diffu¬ 
sion  effect  becomes  more  significant  in  propagating 
triple  flames  that  in  planar  flames  due  to  the  pres¬ 
ence  of  lateral  diffusion.  In  order  to  characterize  this 
effect,  we  compare  the  structure  of  H  2-enriched  prop- 
agating  tripleflames  along  the  stoichiometric  mixture 
fraction  with  that  of  the  corresponding  stoichiometric 
planar  flames.  Fig.  9  presents  these  flame  structures 
in  terms  of  the  temperature,  axial  velocity,  and  major 
species  (C H 4,  O2,  H2O,  H2,  CO2,  and  CO)  profiles 
for  the  four  H 2-enriched  triple  flames  (discussed  in 
the  context  of  Figs.  7  and  8)  and  the  corresponding 
stoichiometric  planar  flames.  The  two  structures  are 
superimposed  at  the  location  of  the  maximum  heat  re¬ 
lease  rate.  The  stoichiometric  planar  premixed  flames 
were  computed  using  the  freely  propagating  flame 
simulator  of  CH EM  KIN  4.0  [54]  with  GRI-M  ech  1.2 
[41].  The  peak  flame  temperature  for  triple  flames  is 
lower  than  that  for  the  corresponding  planar  premixed 
flames,  and  this  may  be  attributed  to  the  effects  of  lat¬ 
eral  heat  transport  and  stretch  in  triple  flames.  The 
peak  flame  temperature,  however,  increases  with  H2 
addition  for  both  triple  and  planar  premixed  flames. 

The  presence  of  preferential  diffusion  in  the  case 
of  triple  flames  can  be  observed  by  comparing  the 
CH4  and  H2  mass  fraction  profiles  for  the  triple 
flames  and  the  corresponding  planar  flames  in  Fig.  9. 
For  the  0%  H 2-enriched  case,  theCFU  mass  fraction 
profiles  for  the  triple  flame  is  almost  identical  to  that 
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Fig.  9.  Comparison  of  the  temperature,  axial  velocity,  and  reactants  (CH 4,  H2,  and  O2)  and  products  (CO2,  CO,  and  H2O) 
mass  fraction  profiles  between  the  instantaneous  flame  structure  along  the  stoichiometric  mixture  fraction  line  of  simulated 
axisymmetric  propagating  triple  flames  (solid)  discussed  in  the  context  of  Fig.  7  and  the  corresponding  stoichiometric  planar 
flames  (dashed).  The  two  structures  are  superimposed  at  the  location  of  the  maximum  heat  release  rate  peak. 


for  the  planar  premixed  flame.  However,  with  increas¬ 
ing  H2  enrichment,  the  CH4  mass  fraction  becomes 
increasingly  smaller  while  the  H2  mass  fraction  be¬ 
comes  larger  in  triple  flames  than  in  planar  flames, 
indicating  the  preferential  diffusion  of  H 2  over  CH4. 
The  reduction  in  the  CH4  mass  fraction  due  to  pref¬ 
erential  diffusion  is  further  indicated  by  the  reduced 
CO  and  CO2  mass  fractions  and  the  increased  H2O 
mass  fractions  for  the  triple  flames  compared  to  those 
for  the  planar  flames.  Therefore,  the  preferential  dif¬ 
fusion  of  H  2  in  H  2-enriched  propagating  triple  flames 
leads  to  localized  higher  concentration  of  hydrogen, 
which  enhances  the  local  flame  speed  (5th). 

Another  important  observation  from  Fig.  9  is  that 
the  axial  flow  velocity  in  the  case  of  triple  flames 
reaches  a  minimum  ahead  of  the  flame  due  to  the 
flow  divergence  effect.  This  minimum  velocity  is  as¬ 
sociated  with  the  local  triple  flame  speed  (5th).  For 
stationary  lifted  triple  flames,  Ruetsch  et  al.  [30]  and 
Im  and  Chen  [33]  have  shown  this  minimum  velocity 


to  be  close  to  the  stoichiometric  planar  flame  speed 
( 5|_ ) .  H ow ever,  for  u pstream  propagati ng  tri pie fl ames 
this  minimum  velocity  becomes  negative  (cf.  Fig.  9) 
due  to  flow  reversal  ahead  of  the  flame.  This  is  consis¬ 
tent  w  i  th  the  resu I  ts  repo rted  by  Q  i  n  et  al .  [  2 5 ] .  A  s  the 
amount  of  H  2  i n  the  fuel  blend  is  increased,  the  mini¬ 
mum  flow  velocity  increases  in  magnitude,  indicating 
that  the  local  triple  flame  speed  also  increases. 

3.5.  F  lame  dynamics  at  the  triple  point 

In  order  to  examine  the  flame  dynamics  and 
stretch- flame  speed  interactions,  the  local  flame 
speed  (5th)  and  the  hydrodynamic  Uh),  curvature- 
induced  (kq ) ,  and  total  (k)  stretch  rates  at  the  triple 
point  are  extracted  from  our  simulations,  using  the 
following  equations  [25,33,55]: 
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Fig.  10.  Normalized  local  (triple)  flame  speed  (Str\/S®)  plot¬ 
ted  as  a  function  of  distance  from  the  burner  rim  (df)  for  the 
0%,  25%,  50%,  and  75%  ^-enriched  C H 4-ai r  propagating 
flames. 

Kh  =  V  •  Vfluid  -  nn  :  VVfiuid,  (3b) 

Kc  =  ‘S'd (V  -  n),  (3c) 

k  =  k\]-\-kc.  (3d) 

In  Eq.  (3a)  the  scalar  rp  is  represented  by  the  H2O 
mass  fraction  (7h20  =  0.0727  [26]).  Note  that  a 
density-weighted  flame  speed  (SJ )  is  being  used,  fol¬ 
lowing  I  m  and  Chen  [33].  H  ere  represents  the  local 
flame  speed  along  the  flame  surface,  while  s$  at  the 
triple  point  yields  the  local  triple  flame  speed  (s^). 
In  addition,  the  global  flame  speed  (t/p)  is  evaluated 
using  [33,56] 

Uf-Uo  =  Sti-Ue  =  Vf.  (4) 

Here  Uq  is  the  local  maximum  flow  velocity  along 
the  stoichiometric  mixture  fraction  line  (/s)  ahead  of 
the  flame,  which  is  not  affected  by  flow  divergence, 
whereas  Ue  is  the  local  minimum  flow  velocity  along 
fs  ahead  of  the  flame.  Note  that  if  the  flame  were  to 
be  stabilized  as  a  lifted  flame,  its  displacement  flame 
velocity  would  be  zero  (Vf  =  0),  and  then  t/p  =  \Uo\ 
and  *Stri  =  |£/el- 

Fig.  10  presents  the  normalized  local  triple  flame 
speed  (S'tn/^L )  as  a  functi°n  of  distance  from  the 
burner  rim  (df)  for  the  four  H 2-enriched  C H 4-air 
triple  flames.  Here  5^  is  the  stoichiometric  un¬ 
stretched  planar  flame  speed,  which  is  computed 
for  each  of  the  four  H 2-enriched  flames  using  the 
CHEMKIN  package  [54]  with  the  GRI  1.2  chemistry 
model  [41].  The  sf  values  for  the  four  flames  are  pro¬ 
vided  in  Table  2.  Several  important  observations  can 
be  made  from  this  figure.  First,  with  increasing  H2 
enrichment,  Stri  increases  due  to  the  enhanced  chem¬ 
ical  reactivity,  diffusivity,  and  preferential  diffusion 


Table  2 

Unstretched  flame  speeds  (5^)  and  thicknesses  (sf)  of  H2- 
enriched  C H 4-ai r  stoichiometric  planar  premixed  flames, 
computed  using  the  CH EM  KIN  package  [54]  and  the  GRI- 
M  ech.  1.2  [41]  chemistry  model 


(mm/s) 

5^  (mm)a 

0%H2-100%CH4 

400.0 

0.47 

25%H2-75%CH4 

497.0 

0.44 

50%H2-50%CH4 

693.0 

0.37 

75%H2-25%CH4 

1163.0 

0.33 

a  F  lame  thickness  was  obtai  ned  usi  ng  the  gradient  method: 
5°  =  (Tmax  -  ?min)/(clr/clx)max'  Here  T  is  the  temperature 
and  x  is  the  axial  distance  in  a  one-dimensional  configura¬ 
tion. 


Fig.  11.  Normalized  global  flame  speed  (Ur/Str\)  as  a  func¬ 
tion  of  distance  from  the  burner  rim  (df)  for  the  0%,  25%, 
50%,  and  75%  H 2-enriched  C H 4-air  propagating  flames. 

caused  by  H 2  addition.  Second,  the  ratio  S^/S®  ‘s 
less  than  unity,  implying  that  the  effect  of  stretch  is 
to  reduce  the  flame  speed  for  these  flames.  Third, 
the  difference  between  Stri  ancl  is  reduced  with 
increasing  H2  enrichment,  implying  that  the  flame  be¬ 
comes  less  sensitive  to  stretch  rate  with  H2  addition. 
Finally,  Stri  varies  during  flame  propagation.  These 
aspects  are  further  discussed  later  in  this  section. 

Ruetsch  et  al.  [30]  and  Im  and  Chen  [33]  have 
shown  that  f/F/Str j  is  proportional  to  the  square  root 
of  the  density  ratio  (i.e.,  ^/(pu/pb))  in  the  limit  of 
small  mixture  fraction  gradient.  In  order  to  confirm 
this  relationship  for  our  simulations,  we  present  in 
Fig.  11  the  normalized  far-field  flame  speed  (t/p/Stri) 
as  a  function  of  flame  position  (df)  for  the  flames  dis¬ 
cussed  in  the  context  of  Fig.  10.  It  is  interesting  to 
note  that  for  all  H 2-enriched  flames,  E/p/Stri  ~  2.5 
during  quasi-steady  flame  propagation.  Our  simula¬ 
tions  also  indicate  that  the  square  root  of  the  density 
ratio  remains  nearly  constant  (^/(Pu/Pb)  ~  2.6)  for 
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all  four  flames  during  propagation.  While  Ruetsch  et 
al.  [30]  and  Im  and  Chen  [33]  reported  this  relation¬ 
ship  for  triple  flames  under  idealized  conditions,  our 
simulations  demonstrate  a  similar  relationship  under 
more  complex  conditions.  For  instance,  Ruetsch  etal. 
[30]  used  global  chemistry  with  constant  thermody¬ 
namics  and  transport  properties  to  establish  perfectly 
symmetric  nonbuoyant  propagating  triple  flames  in  a 
uniform  flow  field,  while  our  simulations  include  de¬ 
tailed  chemistry  as  well  as  variable  transport  and  ther¬ 
modynamic  properties  and  show  that  the  flow  redirec¬ 
tion  effect  (i.e.,  t/p /%  ~  ^(Pu/Pb))  is  observed  for 
propagating  triple  flames  under  more  complex  con¬ 
ditions,  such  as  nonuniform  flow  field,  presence  of 
buoyancy,  flame  radiation,  and  asymmetric  flow  di¬ 
vergence  upstream  of  the  flame. 

Fig.  12  presents  the  hydrodynamic  (/ch),  curvature- 
induced  (kq ) ,  and  total  (k)  stretch  at  the  triple  point 
plotted  as  a  function  of  distance  from  the  burner  rim 
(df)  for  the  four  flames  discussed  in  the  context  of 
Fig.  10.  As  the  H2  enrichment  is  increased,  both 
and  kq  and,  consequently,  the  total  stretch  increase 
considerably.  The  increase  in  k^  can  be  attributed  to 
the  increased  heat  release  rate  at  the  flame  base  (cf. 
Figs.  6,  7,  and  8)  due  to  H2  enrichment,  which  in 
turn  increases  the  normal  component  of  flow  velocity 
across  the  flame  front,  while  the  tangential  compo¬ 
nent  remains  nearly  constant.  This  flow  redirection 
effect,  which  bends  the  streamlines  toward  the  sto¬ 
ichiometric  mixture  fraction  line,  is  responsible  for 
flow  divergence  ahead  of  the  flame  (cf.  Fig.  9).  The 
increase  in  curvature-induced  stretch  with  H2  enrich¬ 
ment  is  due  to  the  increase  in  flame  curvature  ( v  •  n), 
as  discussed  in  the  context  of  Fig.  7. 

It  is  worth  mentioning  that  the  stretch  rates  for  the 
C H 4-air  flame  studied  here  are  comparable  to  those 
reported  by  Qin  etal.  [25]  and  Ko  and  Chung  [26]  for 
propagating  CFU-air  triple  flames.  For  instance,  the 
curvature-induced  stretch  in  the  present  study  is  com¬ 
parable  to  those  reported  in  the  cited  studies.  While 
the  hydrodynamic  stretch  (/ch)  is  comparable  to  that 
reported  by  Qin  et  al.  [25],  it  is  considerably  higher 
than  that  reported  by  Ko  and  Chung  [26].  The  differ¬ 
ence  could  be  related  to  the  different  flow  conditions, 
especially  the  jet  velocity  and  the  absence  of  coflow 
in  the  cited  study  [26]. 

In  order  to  examine  the  stretch-flame  speed  in¬ 
teractions,  we  present  in  Fig.  13  the  normalized  lo¬ 
cal  triple  flame  speed  (Stri/S?)  as  a  function  of  the 
Karlovitz  number  (K  a)  for  the  flames  discussed  in  the 
context  of  Fig.  10.  Based  on  the  flame  stretch  theory, 
S^/Stn  =  1  +  M  aKa  [57],  where  the  Karlovitz  num¬ 
ber  is  given  by  Ka  =  8^  •  k/S^\,  and  the  M  arkstein 
number  (Ma)  is  equal  to  the  negative  of  the  slope 
of  each  curve  in  this  figure.  The  local  triple  flame 
speed  decreases  almost  linearly  with  increasing  Ka 


Fig.  12.  (a)  Hydrodynamic  (/ch),  (b)  curvature- induced  (kc), 
and  (c)  total  [k)  stretch  rates  at  the  triple  point  plotted  as  a 
function  of  distance  from  the  burner  rim  (df)  for  the  propa¬ 
gating  0%,  25%,  50%,  and  75%  H 2-enriched  C H 4-air  triple 
flames. 
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Fig.  13.  Normalized  local  (triple)  flame  speed  (Stri/^)  as  a 
function  of  Karlovitz  number  (Ka)  for  the  flames  discussed 
in  the  context  of  Fig.  10. 


for  all  cases,  implying  that  these  flames  are  diffusive- 
thermal  ly  stable  [57,58].  This  result  is  also  consis¬ 
tent  with  the  results  reported  in  Ref.  [25]  concern¬ 
ing  flame  speed- stretch  interactions  in  a  propagat¬ 
ing  partially  premixed  methane- air  flame.  Fora  pos¬ 
itively  stretched  flame  base,  its  convex  nature  toward 
the  fresh  mixture  defocuses  the  heat,  while  focusing 
the  deficient  reactant.  Thus,  for  Le  >  1.0,  the  defo- 
cusing  effect  dominates,  leading  to  a  negative  corre¬ 
lation  between  local  triple  flame  speed  and  stretch. 
In  addition,  Fig.  13  indicates  that  the  propagating 
triple  flames  become  less  sensitive  to  stretch  (i.e., 
less  diffusive- thermally  stable)  as  H2  enrichment  in¬ 
creases,  as  indicated  by  the  decrease  in  the  slope  (i.e., 
-Ma).  This  is  consistent  with  the  results  shown  in 
Fig.  10.  Previous  experimental  and  numerical  studies 
have  shown  that  the  flame  speed  decreases  linearly 
with  stretch  for  stoichiometric  outwardly  propagat¬ 
ing  spherical  C H 4-air  and  H 2-air  flames  (Ka  >  0), 
and  that  the  latter  is  less  sensitive  to  stretch  [57,58]. 
Therefore,  our  results  are  consistent  with  those  re¬ 
ported  in  the  cited  studies.  Our  results  are  also  con¬ 
sistent  with  the  experimental  results  of  Huang  et  al. 
[17],  who  observed  that  for  outwardly  propagating 
spherical  flames  burning  a  stoichiometric  mixture  of 
natural  gas  and  hydrogen  with  air,  the  increase  in 
H2  content  decreases  the  M  arkstein  number,  implying 
increased  tendency  toward  diffusive- thermal  instabil¬ 
ity. 

To  characterize  the  effects  of  curvature  and  mix¬ 
ture  fraction  gradient  on  triple  flame  propagation, 
Fig.  14  presents  the  normalized  local  triple  flame 
speed  (Stn/S^)  as  a  function  of  8^  •  v  •  n  and  Da-1, 
which  are,  respectively,  the  dimensionless  flame  cur¬ 
vature  and  the  dimensionless  mixture  fraction  gradi¬ 
ent.  Following  Ruetsch  et  al.  [30],  Da  is  computed 


Fig.  14.  Normalized  local  (triple)  flame  speed  (Stri/Sp)  as 
a  function  of  (a)  dimensionless  flame  curvature  (8®  ■  Vn) 
and  (b)  inverse  Damkohler  number  (Da-1)  for  the  flames 
discussed  in  the  context  of  Fig.  10. 

at  the  location  of  the  local  minimum  flow  velocity 
along  fs.  Results  indicate  a  linear  correlation  between 
Stri/Sp  and  • Vn  and  between  Stri/sf!  and  Da_1  for 
all  the  four  cases.  As  8^  •  v  •  n  increases,  Stri/sf  de¬ 
creases,  since  the  premixed  wings  are  weakened  and 
the  propagating  triple  flame  structure  resembles  more 
that  of  a  nonpremixed  flame.  Similarly,  with  increas¬ 
ing  Da-1,  Stri/sf!  decreases.  The  response  of  the  lo¬ 
cal  triple  flame  speed  to  curvature  and  mixture  frac¬ 
tion  gradient  is  consistent  with  previous  investigations 
[25,26,30].  Generally,  the  effect  of  H2  enrichment  is 
to  reduce  the  flame's  sensitivity  to  curvature  and  mix¬ 
ture  fraction  gradient,  as  indicated  by  a  decrease  in 
the  respective  slopes. 

Finally,  in  order  to  isolate  the  effect  of  H2  enrich¬ 
ment  on  M  arkstein  numbers  (M  a)  from  that  of  flame 
structure,  Table  3  summarizes  the  M  arkstein  numbers 
for  triple  flames  discussed  in  the  context  of  Fig.  13 
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Table  3 

Summary  of  Markstein  numbers  (Ma)  for  ^-enriched 
C H 4-ai r  planar  and  triple  flames 


M  arkstein  numbers  (M  a) 

Planar  flames9 

Triple  flames 

0%H2-100%CH4 

0.42 

0.55 

25%H2-75%CH4 

0.26 

0.43 

50%H2-50%CH4 

0.19 

0.31 

75%H2-25%CH4 

0.11 

0.39 

a  Computed  under  stoichiometric  conditions. 


and  the  corresponding  counterflow  (twin)  premixed 
flames.  The  M  arkstein  numbers  for  the  latter  flames 
arecomputed  using theCHEM  KIN  package [54]  with 
the  GRI  1.2  chemistry  model  [41].  The  methodol¬ 
ogy  is  described  in  Ref.  [59].  An  important  observa¬ 
tion  from  this  table  is  that  triple  flames  have  higher 
M  a  than  the  corresponding  premixed  flames,  indicat¬ 
ing  greater  sensitivity  to  stretch  and  higher  diffusive- 
thermal  stability  for  triple  flames. 


4.  Conclusions 

We  have  presented  a  numerical  investigation  on 
the  propagation  characteristics  of  H  2-enriched  CH4- 
air  flames  in  a  nonpremixed  jet.  Propagating  triple 
flames  are  established  in  axisymmetric  coflowing  jets 
by  igniting  the  fuel-air  mixture  at  a  downstream  lo¬ 
cation.  A  time-accurate  implicit  algorithm  that  uses 
detailed  descriptions  of  transport  and  CI-14-air  chem¬ 
istry  is  used  for  simulations.  The  predictions  are  val¬ 
idated  using  measurements  of  the  instantaneous  dis¬ 
placement  flame  velocity.  The  effects  of  H 2  enrich¬ 
ment  on  the  flame  structure,  dynamics,  and  stretch- 
flame  speed  interactions  for  propagating  triple  flames 
are  characterized. 

1.  Following  ignition,  a  well-defined  triple  flame  is 
formed  that  propagates  upstream  along  the  sto¬ 
ichiometric  mixture  fraction  line  with  a  nearly 
constant  displacement  flame  velocity  ( Vf ).  A  s  the 
flame  approaches  the  burner,  it  transitions  to  a 
double  flame  and  subsequently  to  a  nonpremixed 
flame,  and  stabilizes  at  the  burner  rim.  With  in¬ 
creased  H2  concentration  in  the  fuel  blend,  both 
Vf  and  Stri  (local  triple  flame  speed)  increase  pro¬ 
gressively  due  to  the  enhanced  chemical  reactiv¬ 
ity,  diffusivity,  and  preferential  diffusion  caused 
by  H  2  enrichment. 

2.  The  propagating  triple  flame  structure  is  sub¬ 
stantially  modified  by  H 2  enrichment,  which  in¬ 
creases  the  flame  curvature  and  mixture  fraction 
gradient  near  the  triple  point.  The  addition  of 
H2  also  enhances  interactions  between  the  reac¬ 


tion  zones,  which  extend  the  flammability  limits 
associated  with  CF^-air  triple  flames.  In  addi¬ 
tion,  H2  enrichment  makes  the  flow  divergence 
ahead  of  the  flame  more  asymmetric  with  re¬ 
spect  to  the  stoichiometric  mixture  fraction  line. 
Consequently,  the  triple  point  does  not  coincide 
with  the  flame  leading  edge,  which  is  located  at 
the  local  minimum  flame  curvature.  This  distinc¬ 
tion  is  important  in  the  context  of  determining 
Stn ,  si  nee  ex  peri  mental  studies  have  general  I  y  re¬ 
ported  flame  speeds  at  the  leading  edge,  while 
numerical  investigations  have  reported  these  val¬ 
ues  at  the  triple  point. 

3.  The  flame  dynamics  at  the  triple  point  is  also 
significantly  modified  by  H2  enrichment.  In  ad¬ 
dition  to  the  enhancement  in  local  triple  flame 
speed  (5th),  h2  addition  considerably  increases 
both  the  hydrodynamic  and  curvature-induced 
stretch,  and  hence  the  total  stretch.  M  oreover, 
the  stretch-flame  speed  interactions  are  substan¬ 
tially  modified,  as  H2  enrichment  reduces  the 
flame  sensitivity  to  stretch;  i.e.,  it  decreases  the 
Markstein  number  (Ma)  and  thus  increases  the 
flame  tendency  toward  diffusive-thermal  insta¬ 
bility  (i.e.,  Ma  ->  0).  These  results  are  consis¬ 
tent  with  the  previously  reported  experimental  re¬ 
sults  for  outwardly  propagating  premixed  spher¬ 
ical  flames  burning  a  stoichiometric  mixture  of 
natural  gas  and  hydrogen  with  air. 

4.  For  all  the  H 2-enriched  methane-air  flames  in¬ 
vestigated  in  this  study,  the  local  triple  flame 
speed  decreases  linearly  with  stretch.  This  is  con¬ 
sistent  with  previous  studies  that  have  shown 
a  negative  correlation  between  flame  speed  and 
stretch  for  stoichiometric  C H 4- ai r  and  H 2-air 
premixed  flames  with  an  effective  Lewis  num¬ 
ber  greater  than  one.  While  Stn  decreases  lin¬ 
early  with  stretch,  the  ratio  t/p/Stri  (t/p  being  the 
global  flame  speed)  is  found  to  be  proportional 
to  the  square  root  of  the  unburned  to  burned 
density  ratio  (^/(Aj/Pb))-  This  is  an  important 
result  because  it  implies  that  the  flame  stretch 
theory  and  flow  redirection  effect,  which  have 
previously  been  discussed  in  the  context  of  ide¬ 
alized  flame  configurations,  also  apply  to  more 
complex  flames  such  as  H 2-enriched  C H 4- ai r 
triple  flames  propagating  in  a  nonuniform  flow 
field. 

5.  Results  also  indicate  that  the  flammability  lim¬ 
its  associated  with  triple  flames  are  signifi¬ 
cantly  wider  than  those  associated  with  the 
corresponding  planar  premixed  flames.  Triple 
flames  also  exhibit  higher  sensitivity  to  stretch 
and  greater  diffusive- thermal  stability  than  their 
corresponding  stoichiometric  planar  premixed 
flames. 
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ABSTRACT 

Cavities  are  incorporated  in  the  designs  of  the 
future  gas-turbine  combustors  for  providing  flame 
stability  and,  thereby,  for  improving  the  lean 
blowout  characteristics.  Recently,  a  Cavity- inside- 
cavity  (CIC)  design  was  proposed  for  the  Air  Force 
Research  Laboratory’s  ultra  compact  combustor 
(UCC).  Numerical  studies  are  performed  in  the 
present  study  to  understand  the  dynamics  of  the 
CIC-supported  flames.  The  complex  CIC  that  was 
used  in  the  actual  hardware  has  been  simplified  for 
making  it  amenable  to  two-dimensional  models. 
Calculations  are  performed  for  the  modified  CIC 
using  a  two-dimensional,  unsteady,  reacting  flow 
code  known  as  UNICORN.  Direct  numerical 
simulations  and  calculations  using  k-s  turbulence 
model  are  performed.  A  fast,  global-chemistry 
model  is  used  for  studying  the  flame  dynamics 
inside  and  in  the  wake  region  of  CIC.  Calculations 
are  performed  for  several  CIC  geometries  generated 
through  varying  the  width  of  the  cavity.  The  design 
CIC  is  found  oversized  for  the  secondary 
(circumferential)  airflow  used  in  UCCs.  A  detailed 
chemistry  model  is  also  used  for  understanding  the 
blowout  characteristics  of  the  CIC-supported  flames. 

INTRODUCTION 

Gas  turbine  engines  have  continued  to  improve 
with  innovations  in  making  them  smaller,  more 
efficient  and  environmentally  friendly.  Studies  [1] 
have  indicated  that  reheating  of  the  combustion 
products  between  the  high-  and  low-pressure  turbine 
stages  in  a  gas  turbine  engine  could  improve  the 
specific  thrust  by  as  much  as  50%.  However,  as  a 


conventional  combustor  is  too  large  to  be 
incorporated  for  providing  the  extra  heat  between 
the  two  turbine  stages,  new  technologies  such  as 
Ultra  Compact  Combustor  (UCC)  that  can  maintain 
high-efficiency  burning  in  an  extremely  short  length 
are  being  developed  [2,3].  In  the  original  design  of 
UCC  a  cavity  runs  around  the  outer  circumference 
of  the  turbine  inlet  guide  vanes.  For  improving  the 
lean  blowout  and  stability  characteristics  of  the  UCC 
a  second  cavity,  referred  to  as  cavity-inside-cavity 
(CIC),  is  channeled  inside  the  primary  one  [4,5]. 
Entire  fuel  used  in  UCC  is  injected  through  this 
cavity.  Additional  air  jets  are  also  provided  in  CIC 
for  increasing  fuel-air  mixing  and  for  creating  a 
stable  vortical  flow  inside  the  cavity.  Because  of 
these  fuel  and  air  injections  into  the  cavity  and  the 
high-speed  secondary  air  flowing  in  the 
circumferential  direction  over  the  cavity  makes  the 
design  of  CIC  complicated. 

Unsteady  flow  in  and  around  cavity-type 
geometries  occurs  in  a  variety  of  applications  such 
as  slotted  wind  tunnels,  slotted  flumes,  bellows-type 
configurations,  and  aircraft-engine  and  airframe 
components.  In  particular,  the  unsteady  flow  in 
aircraft  combustors  restricts  fuel-lean  operation  and 
degrades  flame-stability  characteristics.  Hsu  et  al. 
[6]  have  proposed  a  simple,  compact,  and  efficient 
method  of  using  cavities  to  stabilize  combustion. 
Since  this  concept  uses  a  vortex  that  is  trapped  in  a 
cavity  [7]  to  stabilize  the  flame,  it  is  referred  as  the 
Trapped- Vortex  (TV)  concept.  Experimental 
investigations  of  Hsu  et  al.  [6]  indicated  that  a 
trapped-vortex  combustor  operates  most  efficiently 
when  fuel  and  air  are  injected  directly  into  the 
cavity.  However,  direct  injection  of  mass  (air  and/or 
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fuel)  into  the  cavity  could  alter  the  geometrical 
criterion  derived  for  locking  vortices  inside  passive 
cavities  (i.e.,  without  injection).  Because  of  this 
direct  injection  cavity  flow  in  a  trapped- vortex 
combustor  experiences  higher  residence  times  and 
fuel-rich  environment  and  may  lead  to  increased 
production  of  pollutants  and  soot.  Therefore,  in 
order  to  reap  the  benefits  of  trapping  a  vortex  inside 
the  cavity  while  not  creating  excessively  long 
residence  times  for  unmixed  fuel,  cavity  size  must 
be  determined  while  considering  the  fuel  and  air 
injection  schemes. 

In  the  present  work,  numerical  simulations  for 
the  reacting  flows  associated  with  a  CIC  for 
different  equivalence  ratios  are  made  using  a  well- 
tested  CFD  code  UNICORN  [8].  A  detailed 
chemical  kinetics  model  for  gas-phase  reactions  and 
a  two-step  model  for  soot  formation  are 
incorporated.  A  global,  infinitely  fast  chemical 
kinetics  is  also  used  for  performing  optimization 
studies  on  CIC  geometry.  Numerical  results 
obtained  for  unsteady  flames  with  different  CIC 
geometries  are  compared. 

MODEL  CONFIGURATION 

The  ultra-compact  combustor  (UCC) 
conceptually  integrates  the  traditional  combustor 
with  the  preceding  compressor  exit  guide  vanes  and 
the  following  turbine  inlet  guide  vanes.  Details  of 
the  UCC  design  established  at  Air  Force  Research 
Laboratory  (AFRL)  are  given  in  References  2  and  3. 
For  improving  the  flame-stability  and  lean-blowout 
characteristics,  this  design  included  novel 
geometrical  features  such  as  cavity-in-cavity  (CIC). 
The  basic  idea  of  CIC  has  stemmed  from  AFRL’s 
trapped- vortex-combustor  concept  [6,7],  which 
successfully  used  a  cavity  for  trapping  the 
recirculation  vortex  that  generally  moves  around  in 
the  wake  region  of  a  flame  holder.  The  CIC  used  in 
AFRL’s  UCC  is  described  in  Reference  5.  A 
schematic  diagram  of  the  CIC  is  shown  in  Fig.  la. 
CICs  are  drilled  in  the  longitudinal  direction  at  the 
top  surface  of  a  circumferential  main  cavity. 
Secondary  air  is  injected  in  the  circumferential 
direction  at  the  top  surface  of  the  main  cavity.  The 
primary  air  of  the  combustor  flowing  across  the 
circumferential  cavity  and  the  secondary  air  flowing 
across  the  CIC  in  the  circumferential  direction  make 
the  overall  flowfield  highly  three-dimensional. 
However,  the  strong  secondary  air  inside  the 
circumferential  cavity  is  expected  to  shield  the  CIC 
from  the  primary  air  and,  consequently,  flow  inside 
a  CIC  could  be  assumed  as  two  dimensional  with  the 
third  direction  coinciding  with  the  longitudinal 
direction  of  the  combustor.  With  this  assumption, 
flowfield  associated  with  a  CIC  is  modeled  as  a  two¬ 


dimensional  one  as  shown  in  Fig.  lb.  Velocities  for 
the  secondary  air  (40  m/s),  driver  jet  A  (28  m/s), 
driver  jet  B  (19  m/s),  and  fuel  jet  F  (1.0  m/s)  are 
obtained  by  matching  the  flow  rates  used  in  the 
experiment  [5].  Note  that  the  circular  holes  through 
which  these  jets  were  issued  in  the  experiment  are 
treated  as  slots  in  the  current  two-dimensional 
modeling.  The  widths  of  jets  A  and  B  are  set  as  1 
mm  and  that  of  fuel  jet  F  is  set  as  3  mm.  It  is  also 
assumed  that  operation  of  one  CIC  doesn’t  influence 
the  operation  the  other  in  its  neighborhood.  Fuel  is 
injected  into  CIC  with  a  recess  at  the  top  plate  for 
mimicking  spray-nozzle  mounting.  CIC  shown  in 
Fig.  lb  is  modeled  with  a  non-uniform  grid  system 
having  251X151  points  and  with  a  minimum 
spacing  of  0.1  mm. 

NUMERICAL  MODEL 

UNICORN  (UNsteady  Ignition  and  COmbustion 
using  ReactioNs)  code  [8,9]  is  a  time-dependent, 
two-dimensional  mathematical  model  used  for  the 
simulation  of  unsteady  reacting  flows.  It  is  capable 
of  performing  direct  numerical  simulations  (DNS) 
and  has  been  developed  over  a  ten-year  period.  Its 
evolution  has  been  in  conjunction  with  experiments 
conducted  for  testing  its  ability  to  predict  ignition, 
extinction,  stability  limits,  and  the  dynamic 
characteristics  of  nonpremixed  and  premixed  flames 
of  various  fuels  [10-13].  It  solves  for  u-  and  v- 
momentum  equations,  continuity,  and  enthalpy-  and 
species-conservation  equations  on  a  staggered-grid 
system.  A  clustered  mesh  system  is  employed  to 
trace  the  large  gradients  in  flow  variables  near  the 
flame  surface.  Detailed  chemical-kinetics  models  for 
various  fuels  are  incorporated.  Thermo-physical 
properties  such  as  enthalpy,  viscosity,  thermal 
conductivity,  and  binary  molecular  diffusion  of  all 
the  species  are  calculated  from  the  polynomial  curve 
fits  developed  for  the  temperature  range  300  -  5000 
K.  Mixture  viscosity  and  thermal  conductivity  are 
then  estimated  using  the  Wilke  and  Kee  expressions, 
respectively.  Molecular  diffusion  is  assumed  to  be  of 
the  binary-diffusion  type,  and  the  diffusion  velocity 
of  a  species  is  calculated  using  Fick’s  law  and  the 
effective-diffusion  coefficient  of  that  species  in  the 
mixture.  A  simple  radiation  model  based  on  the 
optically  thin-media  assumption  is  incorporated  into 
the  energy  equation.  Radiation  from  CH4,  CO,  C02, 
H20,  and  soot  is  considered  [14].  Soot  is  modeled 
using  the  two-equation  methodology  proposed  by 
Lindstedt  [15]. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme[9],  and  those  of  the  species  and  energy 
equations  are  obtained  using  a  hybrid  scheme  of 
upwind  and  central  differencing.  At  every  time  step, 
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the  pressure  field  is  accurately  calculated  by  solving 
all  the  pressure  Poisson  equations  simultaneously 
and  using  the  LU  (Lower  and  Upper  diagonal) 
matrix-decomposition  technique.  Different  types  of 
boundary  conditions  such  as  adiabatic  wall, 
isothermal  wall,  symmetric  surface,  outflow,  and 
inflow  can  be  applied  to  the  boundaries  of  the 
computational  domain  [16]. 

Two  chemical  kinetics  models  for  JP-8-fuel-air 
combustion  are  used.  One  is  an  infinitely  fast, 
global-type  reaction  mechanism  involving  five 
species,  namely  fuel,  02,  C02,  H20,  and  N2.  The 
second  chemical-kinetics  model  is  Violi’s  detailed 
mechanism  [17],  which  consists  of  161  reactions  and 
1538  reactions  (some  of  them  are  lumped).  Gaseous 
JP-8  fuel  in  both  these  mechanisms  is  treated  as  a 
surrogate  mixture  of  six  parent  species  (n-dodecane 
30%,  n-tetradecane  20%,  I-octane  10%, 
methylnaphthalene  20%,  tetralin  5%  and  m-xylene 
15%)  that  is  developed  at  AFRL  [18].  The  global 
reaction  for  this  surrogate  mixture  is 

JP8  +  15.425  02  =>  10.25  H20  +  10.3  C02. 

While  global-chemistry  model  is  used  for 
optimizing  the  size  of  the  cavity,  Violi’s  detailed- 
chemical-kinetics  model  for  JP-8  fuel  is  used  for 
investigating  the  blowout  characteristics  of  the 
design  cavity.  Since  the  prediction  of  blowout 
phenomenon  depends  on  the  extinction 
characteristics  of  the  chemistry  model  used,  Violi 
mechanism  is  examined  for  its  ability  to  simulate  the 
extinction  process  of  an  opposing-jet  nonpremixed 
flame.  The  physical  domain  modeled  between  the 
opposing  fuel  (mixture  of  gaseous  JP-8  and  N2)  and 
air  jets  (14  mm  in  the  axial  direction  and  20  mm  in 
the  radial  direction)  is  represented  using  a  201x31 
grid  system,  which  resulted  in  a  uniform  grid 
spacing  of  70  pm  across  the  flame.  The  fuel/N2  ratio 
used  is  0.08.  Experiments  for  this  flame  were 
conducted  by  Holley  et  al  [19].  Temperatures  of  the 
fuel  and  oxidizer  streams  are  set  to  the  measured 
values  of  394  and  294  K,  respectively.  Initially  a 
stable  flame  is  established  for  a  low-strain-rate  case 
of  28.6  s"1  and  then  calculations  are  repeated  by 
gradually  increasing  the  strain  rate  (velocities)  until 
the  flame  along  the  centerline  is  extinguished. 

The  predicted  flame  response  to  increase  in  strain 
rate  up  to  extinction  limit  is  shown  in  Fig.  2.  Here, 
the  peak  temperature  along  the  centerline  (r  =  0)  is 
plotted  at  different  strain  rates.  Due  to  chemical 
nonequilibrium,  temperature  of  the  flame  decreased 
with  strain  rate.  The  measured  extinction  limit  of 
150  s"1  is  shown  with  a  vertical  box.  Width  of  the 
box  corresponds  to  the  experimental  uncertainty  of 
3.5%  reported  by  Holley  et  al  [19].  Violi  mechanism 


simulated  the  flame  extinction  process  reasonably 
well  with  the  predicted  extinction  strain  rate  of  136 
s"1  being  within  90%  of  the  measured  value. 

RESULTS  AND  DISCUSSION 

Calculations  for  the  cavity-in-cavity  geometry 
shown  in  Fig.l  are  performed  using  the  previously 
described  detailed  kinetics  model  and  also  with  a 
global,  infinitely  fast  chemistry  model.  As  the  latter 
model  is  simple  and  fast,  it  is  used  for  conducting 
parametric  studies  in  search  for  an  optimum  cavity 
configuration  while  the  computationally  intensive 
former  model  is  used  for  understanding  the  flame 
blowout  characteristics.  Direct  numerical 
simulations  (without  using  any  turbulence  model) 
for  the  unsteady  flowfields  associated  with  the 
design-size  CIC  are  shown  in  Figs.  3a  and  3b.  While 
the  instantaneous  velocity  is  shown  in  Fig.  3a  the 
temperature  field  at  the  same  instant  is  shown  in  Fig. 
3b.  The  flow  recirculation  established  in  the  cavity 
due  to  the  high-speed  secondary  airflow  is  confined 
close  to  the  front  cavity  wall.  The  driver  jets  (A  and 
B)  are  ejected  out  of  the  cavity  near  the  aft  wall.  The 
recirculation  vortex  is  unsteady  and  makes  the  driver 
jets  to  flutter.  Interestingly,  the  recirculation  zone 
did  not  extend  into  the  top  half  (wall  side)  of  the 
cavity,  which  is  filled  with  the  fuel  injected  from  the 
top  wall.  Fuel  is  eventually  ejected  out  of  the  cavity 
along  with  the  driver  jets.  Two  non-premixed  flames 
are  established  (Fig.  3b)  along  the  interfaces 
between  the  fuel  and  driver  air  jets  in  the  cavity 
region  and  then  a  wake  flame  is  established  between 
the  excess  fuel  ejected  out  of  the  cavity  and  the 
secondary  air  jet.  The  unsteady  recirculation  vortex 
is  making  the  flames  to  wrinkle.  Steady-state  results 
obtained  after  using  k-c  turbulence  model  (Figs.  3c 
and  3d)  also  suggest  that  the  upper  half  of  the  cavity 
is  free  from  strong  recirculating  flows.  Figure  3d 
suggests  that  the  two  flames  emanating  from  the 
cavity  are  smoothly  rolling  back  on  to  the 
downstream  cavity  wall.  Both  the  direct  numerical 
simulations  and  k-c  calculations  suggest  that  the 
volume  of  the  cavity  is  more  than  what  is  required 
for  trapping  the  recirculation  zones.  Flow  of 
combustion  products  along  the  downstream  cavity 
wall  suggests  that  it  could  influence  the  flow  passing 
over  the  next  CIC.  However,  for  simplicity  purpose 
such  effects  are  neglected  in  the  present  study  and 
pure  air  is  assumed  to  be  flowing  over  the  CIC. 

Fuel-Air  Mixing : 

Fuel  is  injected  into  CIC  with  a  recession  from 
the  bottom  wall  for  mimicking  the  spray-nozzle 
mounting.  For  improved  combustion  efficiency  and 
lower  pollutant  formation  it  is  desirable  to  mix  fuel 
with  air  as  quickly  as  possible.  However,  as  seen 
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from  Fig.  3,  the  weaker  recirculation  in  the  cavity  is 
not  able  to  effectively  transport  air  into  the  fuel-jet 
recession  and  delays  fuel-air  mixing.  To  determine 
whether  a  lower  or  higher  fuel  flow  rate  would 
entrain  any  air  into  the  fuel-jet-recession  region, 
calculations  for  0.5  m/s  and  2.0  m/s  fuel  jet 
velocities  are  carried  out.  Results  in  the  form  of 
instantaneous  temperature  distributions  for  these  two 
cases  are  shown  in  Figs.  4a  and  4b,  respectively.  In 
general,  flames  are  becoming  longer  in  the  axial 
direction  with  increase  in  the  fuel  flow  into  the 
cavity.  From  these  calculations  it  is  clear  that 
changing  the  fuel  jet  velocity  did  not  increase  flow 
recirculation  into  the  upper  half  of  the  cavity  and  air 
is  not  brought  into  this  region.  Consequently,  flames 
are  not  established  in  the  upper  half  of  the  cavity. 
However,  a  comparison  among  flames  in  Figs.  4a, 
3a  and  4b  (with  increasing  fuel-jet  velocity)  suggests 
that  the  wake  flame  becomes  steadier  when  the  fuel 
flow  rate  is  increased.  This  should  be  expected  as 
the  design  CIC  seems  larger  than  the  required  one 
for  trapping  the  recirculation  vortex  and  additional 
fuel  into  the  cavity  makes  it  aerodynamically 
smaller  and,  thereby,  reducing  vortex  shedding  into 
the  wake  flame. 

For  determining  the  impact  of  the  fuel-jet 
recession  on  the  flame  dynamics,  calculations  are 
repeated  after  removing  the  fuel-jet  recession. 
Results  in  the  form  of  temperature  distributions  for 
1.0  m/s  and  2.0  m/s  fuel  jet  velocities  are  shown  in 
Figs.  5a  and  5b,  respectively.  A  comparison  of 
flames  obtained  with  fuel-jet  recession  (Figs.  3a  and 
4b)  and  without  (Figs.  5a  and  5b)  for  the  same  flow 
conditions  indicates  that  the  fuel-jet  recession  has 
minimal  effect  on  the  flame  stability. 

Optimization  of  Main  Cavity: 

Knowing  that  the  main  cavity  in  Fig.  1  is 
oversized  for  the  secondary  air  used  in  ultra  compact 
combustors,  an  attempt  has  been  made  for 
determining  the  correct  size  for  CIC  for  a  stable 
combustion.  Calculations  are  repeated  after 
increasing  or  decreasing  the  width  of  the  cavity 
while  not  altering  the  size  and  location  of  the  fuel 
injection,  height  of  the  cavity  and  other  flow 
conditions.  Several  calculations  are  made  for  the 
cavity  widths  ranging  between  5.4  mm  and  12.2 
mm.  Typical  results  in  the  form  of  instantaneous 
temperature  distributions  for  5.4,  6.2,  8.2,  and  12.2 
mm  cavities  are  shown  in  Figs.  6a,  6b,  6c,  and  6d, 
respectively.  Also,  results  shown  in  Fig.  3a  for  10.2- 
mm  cavity  should  be  viewed  in  between  Figs.  6c  and 
6d  as  a  part  of  this  study.  Note  that  no  effort  was 
made  in  synchronizing  these  results  to  a  particular 
phase  of  the  flowfield. 


Temperature  fields  in  Figs  6  and  3a  indicate  that 
irrespective  of  the  width  of  the  cavity  the  bottom 
half  of  the  cavity,  especially  in  and  around  the  fuel- 
jet  injector,  entrained  very  little  air  or  combustion 
products.  To  a  lesser  significance,  it  may  also  be 
noted  that  the  recirculation  zone  in  the  lower  half  of 
the  12.2-mm  cavity  has  penetrated  slightly  deeper 
into  the  cavity.  This  indicates  that  a  much  wider 
cavity  is  required  in  order  the  recirculation  zone  to 
fill  it  completely.  These  calculations  further  suggest 
that  the  designed  cavity  not  only  is  oversized  but 
also  has  a  height-to-width  ratio  that  is  more  than 
needed.  A  comparison  among  the  instantaneous 
temperature  fields  in  Fig.  6  and  3a  reveals  that  the 
cavity  and  wake  flows  are  becoming  more  dynamic 
as  the  width  of  the  cavity  is  increased.  However,  a 
further  analysis  based  on  Fourier  time-frequency 
decomposition  revealed  that  flow  unsteadiness 
decreased  first  with  the  cavity  width  and  then 
increased  with  further  increase  in  the  cavity  width — 
suggesting  that  there  exist  an  optimum  width  for  the 
cavity  in  Fig.l  for  stable  combustion. 

Dynamic  characteristics  of  the  flow  are 
quantified  by  first  recording  the  fluctuations  in 
temperatures  at  different  locations  inside  the  cavity 
and  within  the  wake  flow  over  a  period  of  50  ms  and 
then  analyzing  the  data  using  Fourier-time- 
frequency-decomposition  technique.  Temperature 
data  collected  at  a  location  z  =  27  mm  and  h  =  19 
mm  for  various  cavity  widths  are  shown  in  Fig.  7a 
and  their  power  spectral  densities  (PSD)  are  shown 
in  Fig.  7b.  This  location,  marked  as  P  in  Fig.  1,  is 
close  to  the  aft  face  of  the  cavity  and  is  within  the 
shear  layer  of  the  secondary  air  and  cavity  flow.  The 
PSDs  are  normalized  to  the  peak  value.  Figure  7a 
shows  that  temperature  fluctuations  are  most  severe 
when  cavity  width  is  12.2  mm  and  minimum  when  it 
is  6.2  mm.  The  design  cavity  width  of  10.2  mm 
yielded  temperature  fluctuations  that  are  only 
slightly  weaker  than  those  obtained  for  12.2-mm 
cavity  and  are  significantly  larger  compared  to  those 
obtained  for  6.2-mm  cavity.  The  smallest  cavity  (5.4 
mm)  also  resulted  in  temperature  fluctuations  that 
are  larger  than  those  obtained  for  6.2-mm  cavity. 
The  fundamental  frequency  of  temperature 
fluctuations  for  larger  cavities  (10.2  and  12.2  mm)  is 
-2100  Hz  and  it  increased  to  -2800  Hz  for  5.4-mm 
cavity.  PSD  for  6.2-mm  case  is  negligibly  small. 
Strengths  of  both  fundamental  and  first-harmonic 
frequencies  have  decreased  with  cavity  size. 

Temperature  data  collected  at  a  location  (marked 
as  Q  in  Fig.  1)  slightly  inside  the  cavity  (z  =  27  mm, 
h  =  20  mm)  are  shown  in  Fig.  8.  Amplitude  of  the 
temperature  fluctuations  is  lowest  at  this  location 
also  when  the  cavity  width  is  6.2  mm.  However,  this 
minimum  amplitude  is  significantly  larger  than  that 
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obtained  at  location  P.  The  PSD  plot  in  Fig.  8b 
obtained  at  location  Q  also  shows  that  the 
fluctuations  with  6.2-mm  cavity  are  weaker  than 
those  obtained  with  the  other  three  cavities. 
Interestingly,  the  maximum  amplitude  for  the 
fluctuations  in  the  design  cavity  (10.2-mm  width) 
appeared  for  the  first  harmonic  frequency  (-4300 
Hz).  This  could  be  due  to  a  strong  vortex  splitting 
occurring  inside  the  cavity. 

Finally,  the  dynamics  of  the  flow  in  the  wake 
regions  of  the  cavities  are  shown  in  Fig.  9. 
Temperature  fluctuations  collected  at  point  R  in  Fig. 
1  (z  —  50  mm,  h  =  18  mm)  are  shown  in  Fig.  9a. 
Even  at  this  location  the  amplitude  of  fluctuation  is 
minimum  (at  least  during  some  cycles)  for  6.2-mm 
cavity.  Interestingly,  a  strong  sub-harmonic 
frequency  (-1100  Hz)  has  appeared  for  this  cavity. 

Calculations  with  Detailed  Chemical 
kinetics: 

Results  obtained  with  fast,  global  chemistry 
suggested  that  flow  inside  the  design  cavity  (10.2- 
mm  width)  is  unsteady  due  to  the  dynamics  of  a 
loosely  trapped  recirculation  zone.  Such 
unsteadiness  could  cause  flame  blow  out,  however 
flames  shown  in  Figs.  3-6  are  stabilized  inside  the 
cavity.  This  false  stability  could  be  arising  from  the 
infinitely  fast  chemistry  used  for  those  simulations. 
For  understanding  the  ability  of  the  flames  in  getting 
stabilized  under  the  dynamic  environment  inside  the 
10.2-mm  cavity,  calculations  have  been  performed 
with  the  detailed-chemical-kinetics  model  described 
earlier.  Due  to  the  large  number  (162)  of  species 
used  in  this  mechanism,  each  calculation  took  more 
than  300  hours  of  computer  time.  A  parametric 
study  for  design  optimization  based  on  such  detailed 
mechanism  requires  significant  amount  computer 
resources  and  is  beyond  the  scope  of  the  current 
paper.  However,  calculations  can  be  done  using  this 
mechanism  for  understanding  flame  stability 
characteristics  for  a  given  cavity  geometry. 

Detailed  chemistry  calculations  are  performed  for 
the  10.2-mm  cavity  and  results  at  two  instants  are 
shown  in  Fig  10.  Blowout  did  not  occur  for  this  fuel 
flow  rate  of  1.0  m/s.  Instantaneous  velocity, 
temperature,  fuel  (NC12)-concentration  and  CO- 
concentration  fields  at  time  to  are  shown  in  Figs. 
10a,  10b,  10c,  and  lOd,  respectively  and  those 
obtained  0.2  ms  later  are  shown  in  Figs.  lOe,  10, 
lOg,  and  lOh,  respectively.  Dynamics  of  the  cavity 
and  wake  flows  obtained  with  the  detailed-chemistry 
model  are  similar  to  those  obtained  with  the  fast- 
chemistry  model  (Fig.  3).  A  comparison  of  velocity 
fields  in  Figs.  10a  and  lOe  shows  that  the  dynamics 
of  the  unsteady  recirculation  vortex,  which  causes 
the  cavity  and  wake  flow  to  become  unsteady.  The 


strong  recirculation  vortex  pinches  a  part  of  the 
flame  and  rolls  with  it.  Under  weakly  and 
moderately  dynamic  conditions,  such  flame  pinching 
(Fig.  10b)  occurs  only  during  a  fraction  of  vortex- 
roll-up  cycle  and  flame  gets  re-establishes  as  shown 
in  Fig.  lOf. 

As  seen  in  fast-chemistry  simulations, 
calculations  with  detailed  chemistry  also  restricted 
the  recirculation  zone  to  the  lowe  half  of  the  cavity. 
As  a  result,  the  upper  half  of  the  cavity  is  filled  with 
fuel  (Figs.  10c  and  lOg).  The  dynamic  recirculation 
vortex  is  rolling  along  the  interface  of  the  fuel  and 
air  around  the  mid-section  of  the  cavity  and  pushing 
fuel  into  air  stream  intermittently.  These  blobs  of 
fuel  pockets  are  getting  burned  as  they  travel 
downstream  (Fig.  lOg)  in  the  wake  of  the  cavity 
flow.  Pockets  of  combustion  product  CO  in  the 
cavity  region  (Figs.  lOd  and  lOh)  also  provide 
evidence  for  intermittent  burning  taking  place  in  the 
current  cavity  geometry. 

CONCLUSIONS 

Calculations  for  a  cavity-inside-cavity  (CIC) 
were  performed  using  a  two-dimensional,  unsteady, 
reacting  flow  code  known  as  UNICORN.  Direct 
numerical  simulations  and  calculations  using  k-s 
turbulence  model  were  performed.  A  fast,  global 
chemistry  was  used  for  studying  the  dynamics  of  the 
flow  associated  with  CIC  and  for  optimizing  its  size. 
A  detailed-chemistry  model  was  used  for 
understanding  the  blowout  characteristics  of  the 
CIC-supported  flames. 

1)  The  design  CIC  seems  oversized  for  the 
secondary  (circumferential)  airflow  used  in  ultra 
compact  combustors. 

2)  The  recirculation  vortex  and  its  dynamics  are 
confined  to  the  lower  half  of  the  cavity.  Fuel 
injected  from  the  upper  wall  of  the  cavity  filled 
the  space  in  the  upper  half.  Due  to  lack  of  air 
entrainment  into  this  region,  no  flames  were 
formed  inside  and  around  the  fuel  injection 
location. 

3)  In  order  to  fill  the  cavity  with  air  for  better  fuel- 
air  mixing,  its  height  must  be  reduced  and  for 
properly  trapping  the  recirculation  vortex  within 
the  cavity,  its  width  must  be  reduced. 

4)  A  parametric  study  conducted  by  changing  the 
width  of  the  cavity  suggested  that  an  optimum 
size  would  be  -  6.2  mm  for  minimizing  the  flow 
unsteadiness. 

5)  The  dynamics  of  the  recirculation  vortex 
fragments  the  flame  inside  the  cavity,  however, 
flame  blowout  was  not  observed  for  the  fuel 
flow  rate  considered. 
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Fig.  1.  (a)  Schematic  diagram  of  CIC  used  in  UCC. 
(b)  Two-dimensional  model  of  simplified  CIC. 


Fig.  2.  Predicted  temperature  of  an  opposing-jet  non- 
premixed  flame  under  different  stretch  conditions  up  to 
extinction.  Calculations  are  made  using  Violi  detailed- 
kinetics  mechanism.  Gaseous  JP-8  fuel  was  used  in  the 
experiment  and  calculations.  Measured  extinction  strain 
rate  is  shown  with  vertical  bar. 


(a) 
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Fig.  3.  Computed  flowfields  for  the  10.2-mm-size  design  cavity.  Instantaneous  (a)  velocity  and  (b)  temperature 
fields  obtained  with  direct  numerical  simulations  and  (c)  velocity  and  (d)  temperature  fields  obtained  from  the 
simulations  utilizing  k-s  turbulence  model. 
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(a) 


(b) 


Fig.  4.  Instantaneous  temperature  fields  obtained  for  (a)  0.5  and  (b)  2.0  m/s  fuel  jets.  Cavity  width  is  10.2  mm. 
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Fig.  5. Instantaneous  temperature  field  without  fuel-jet  recession  when  fuel  velocity  was  (a)  1.0  or  (b)  2.0  m/s. 


(d) 

Fig.  6.  Instantaneous  temperature  fields  obtained  for  (a)  5.4,  (b)  6.2,  (c)  8.2,  and  (d)  12.2  mm  wide  cavities. 
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Fig.  7.  (a)  Temperature  signal  and  its  (b)  power  spectral  density  obtained  at  a  point  (27  mm  x  19  mm)  in  cavity. 


Fig.  8.  (a)  Temperature  signal  and  its  (b)  power  spectral  density  obtained  at  a  point  (27  mm  x  20  mm)  in  cavity. 


Fig.  9.  (a)  Temperature  signal  and  its  (b)  power  spectral  density  obtained  at  a  point  (50  mm  x  18  mm)  in  the 
wake  of  the  cavity. 
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Fig.  10.  Flowfields  for  the  10.2-mm-size  cavity  at  two  different  instants  obtained  through  direct  numerical 
simulations  with  detailed  chemical  kinetics.  Instantaneous  (a)  and  (e)  velocity,  (b)  and  (f)  temperature,  (c)  and 
(g)  NCI 2  concentration,  and  (d)  and  (h)  CO  concentration  fields  obtained  at  t0  and  t0+0.2  ms,  respectively. 
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Abstract 

The  centerbody  burner  was  designed  with  an  objective  of  understanding  the  coupled  processes  of  soot  formation,  growth, 
and  burn-off  through  decoupling  them  using  recirculation  zones.  Experimentally  it  was  found  that  sooting  characteristics 
of  the  centerbody  burner  could  alter  dramatically  with  the  changes  in  operating  conditions.  One  of  the  interesting 
operating  regimes;  in  which,  flame  lifts  off  and  forms  a  column  of  soot,  was  identified  when  oxygen  in  the  oxidizer 
stream  was  sufficiently  reduced.  This  paper  describes  the  numerical  studies  performed  for  understanding  the  lifted 
flames  of  the  centerbody  burner.  A  time-dependent,  axisymmetric,  detailed-chemistry  CFD  model  (UNICORN)  is  used. 
Combustion  and  PAH  formation  are  modeled  using  Wang-Frenklach  (99  species  and  1066  reactions)  mechanism  and 
soot  is  simulated  using  a  two-equation  model  of  Lindstedt.  Calculations  have  reasonably  predicted  the  structure  of  the 
lifted  flame.  The  predicted  flame  lift-off  height  matches  well  with  that  of  the  experiment.  Recirculation  zones  formed 
between  the  flame  base  and  the  centerbody  transport  fuel  and  its  lighter  fragments  formed  in  the  lifted  flame  region 
toward  the  face  of  the  centerbody.  Mixing  of  oxygen  and  fuel  and  its  fragments  between  the  flame  base  and  centerbody 
establishes  a  premixed  flame  in  the  flame-base  region.  Numerical  studies  are  conducted  by  increasing  and  decreasing  the 
coannular  flow  velocity  for  determining  the  stability  of  the  lifted  flames. 


Introduction 

The  formation,  growth,  transport,  and  burnout  of  soot 
are  perhaps  the  most  complex  and  least  understood 
processes  in  flames  and  combustion  systems.  Soot 
particles  containing  several-thousand  carbon  atoms  are 
formed  in  flames  from  simple  fuel  molecules  within  a  few 
microseconds  [1].  However,  these  soot  precursor  particles 
on  a  much  longer  time  scale  interact  with  the  gas-phase 
molecules  during  the  surface-growth  process,  colloid  with 
each  other  in  the  agglomeration  process  and  react  with 
oxygenated  species  in  the  oxidation  process.  All  of  these 
chemical  and  physical  two-phase  processes  occur 
simultaneously  in  flames.  In  gas  turbine  combustors, 
these  processes  are  further  complicated  by  the  burning  of 
practical  fuels,  consisting  of  thousands  of  species,  and  the 
actions  of  turbulent  flow.  There  is  a  significant  science 
base  for  understanding  the  soot  processes;  however,  it  is 
inadequate  to  provide  accurate  soot  models  that  can  aid  in 
the  design  of  future  low  sooting  gas  turbine  combustors. 
Thus,  there  is  a  pressing  need  to  expand  the  science  base 
in  ways  that  foster  the  development  and  evaluation  of 
accurate  CFD  models  for  designing  low  sooting 
combustion  systems. 


The  Strategic  Environmental  Research  and 
Development  Program  (SERDP)  office  recently  started  a 
comprehensive  fundamental  soot  research  initiative 
involving  a  suite  of  burners  [2].  The  designs  of  these 
burners  progress  in  complexity  in  a  way  that  the  effects  of 
chemical  kinetics,  diffusion,  flame  stretch,  recirculation, 
and  turbulence  on  the  soot  processes  can  be 
systematically  studied.  The  computational  part  of  this 
effort  is  to  use  a  state-of-the-art,  Navier-Stokes  based 
CFD  code  (UNICORN)  [3]  to  aid  in  designing 
experiment,  predicting  and  interpreting  results,  and 
evaluating  soot  and  chemistry  models. 

The  centerbody  burner  [2],  one  of  the  few  designs 
selected  in  the  suite  of  burners  for  studying  soot,  consists 
of  an  annular  oxidizer  jet  and  a  central  fuel  jet  separated 
by  a  bluff  body.  The  formation  of  recirculation  zones  in 
this  burner  [4]  provides  a  mechanism  for  decoupling 
various  soot  processes  and  investigating  them 
individually.  Initial  experiments  by  varying  the  nitrogen 
dilution  in  the  fuel  and/or  oxidizer  jets  [2]  suggested  that 
very  different  flames  with  fully,  donut- shaped,  or  ring- 
type  soot  layers  could  be  obtained.  Recent  experiments 
have  further  revealed  that  a  lifted  flame  with  a  column  of 
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soot  extending  into  the  relatively  cold  regions  between  the 
flame  base  and  the  face  of  the  bluff  body  can  also  be 
obtained. 

Lifted  flames  established  in  the  shear  layers  of  co¬ 
axial  jets  of  fuel  and  oxidizer  were  studied  by  several 
investigators  [5,  6],  mainly  for  understanding  the 
stabilization  mechanisms  [7,  8].  However,  as  the 
recirculation  zones  in  centerbody  burner  provide 
additional  complexity  to  the  stability  of  the  lifted  flame, 
further  studies  must  be  performed  for  understanding  the 
centerbody  lifted  flames.  This  paper  describes  the 
simulations  performed  by  UNICORN  using  a  simple  soot 
model  for  the  centerbody  lifted  flames.  Predictions  for  the 
changes  in  flame  and  soot  characteristics  when  the 
oxidizer  is  diluted  with  nitrogen  are  presented.  Structure 
of  the  base  of  the  lifted  flame  is  studied.  Effects  of 
oxidizer  velocity  on  flame  lift-off  height  are  investigated. 

Numerical  Model 

A  time-dependent,  axisymmetric  mathematical  model 
known  as  UNICORN  (Unsteady  Ignition  and  Combustion 
using  ReactioNs)  [3,  9]  is  used  for  the  simulation  of  the 
unsteady  combusting  flows  in  the  centerbody  combustor. 
It  solves  for  u-  and  v-momentum  equations,  continuity, 
and  enthalpy-  and  species-conservation  equations  on  a 
staggered-grid  system.  The  body-force  term  due  to  the 
gravitational  field  is  included  in  the  axial-momentum 
equation  for  simulating  vertically  mounted  flames.  A 
clustered  mesh  system  is  employed  to  trace  the  steep 
gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical-kinetics  model  developed  by  Wang  and 
Frenklach  [10]  is  incorporated  into  UNICORN  for  the 
investigation  of  PAH  and  soot  formation  in  ethylene 
flames.  It  consists  of  99  species  and  1066  elementary- 
reaction  steps.  Thermo-physical  properties  such  as 
enthalpy,  viscosity,  thermal  conductivity,  and  binary 
molecular  diffusion  of  all  the  species  are  calculated  from 
the  polynomial  curve  fits  developed  for  the  temperature 
range  300  -  5000  K.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  and  Kee 
expressions,  respectively.  Molecular  diffusion  is  assumed 
to  be  of  the  binary-diffusion  type,  and  the  diffusion 
velocity  of  a  species  is  calculated  using  Fick’s  law  and  the 
effective-diffusion  coefficient  of  that  species  in  the 
mixture. 

Soot  in  the  flame  is  simulated  after  assuming  it  as  a 
gaseous  species  and  through  the  solution  of  two 
conservation  equations— one  for  the  soot  volume  fraction 
and  the  other  for  soot  number  density.  Soot  nucleation, 
agglomeration  and  oxidation  processes  are  modeled 
following  Lindstedt  approach  [11].  A  simple  radiation 
model  for  gaseous  species,  based  on  the  optically  thin- 
media  assumption,  is  incorporated  into  the  energy 
equation  [12].  Only  radiation  from  CH4,  CO,  C02,  and 
H20  is  considered  in  the  present  study.  Radiation  from 
soot  is  modeled  assuming  it  as  blackbody  type  [13]. 


The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme  [9],  and  those  of  the  species  and  energy  equations 
are  obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step,  the  pressure  field  is 
accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  using  the  LU  (Lower  and 
Upper  diagonal)  matrix-decomposition  technique.  The 
boundary  conditions  are  treated  in  the  same  way  as  that 
reported  in  earlier  papers  [14].  This  model  has  been 
extensively  validated  [3]  by  simulating  various  steady  and 
unsteady  counterflow  [15,  16]  and  coflow  [17,  18]  jet 
diffusion  flames  and  by  comparing  the  results  with 
experimental  data. 

Results  and  Discussion 

The  geometry  of  the  centerbody  burner  was  described 
in  detail  in  Ref.  2.  It  consists  of  a  46-mm-diameter  disc 
enclosed  in  a  cylindrical  chimney  with  an  annular  gap  of 
17  mm.  A  7.6-mm-diameter  hole  is  made  at  the  center  of 
the  disc  through  which  fuel  (a  mixture  of  ethylene  and 
nitrogen)  is  injected  at  a  velocity  of  1.25  m/s.  A  mixture 
of  air  and  nitrogen  is  flowed  through  the  annular  gap,  also 
at  a  velocity  of  1.25  m/s. 

Concentrations  of  nitrogen  in  the  fuel  and  oxidizer 
streams  are  varied  for  obtaining  different  types  of  flames. 
For  example,  as  discussed  in  Ref.  2,  dilution  of  fuel  jet 
transforms  a  fully  sooty  flame  into  a  donut-type  sooty 
flame  and  subsequent  dilution  of  oxidizer  jet  results  in  a 
ring-type  sooty  flame.  Further  experiments  revealed  that  a 
lifted  flame  with  a  column  of  soot  establishes  when 
oxygen  concentration  in  the  oxidizer  becomes  sufficiently 
low.  Direct  photograph  of  the  flame  obtained  with  14.7% 
oxygen  in  the  oxidizer  stream  is  shown  in  Fig.  1.  No 
nitrogen  flow  was  used  in  the  fuel  stream.  Glow  from  the 
flame  has  illuminated  the  46-mm-diameter  centerbody. 
Flame  has  lifted  off  from  the  face  of  the  centerbody  and 
stabilized  at  about  13  mm  away  from  it.  Radiation  from 
CH  and  other  ionized  species  that  earmarks  the  reaction 
zone  may  be  identified  from  the  blue  regions  in  Fig.  1.  A 
column  of  soot  that  is  extended  all  the  way  to  the  face  of 
the  centerbody  can  be  identified  from  orange  color.  Note 
that  this  flame  is  very  sensitive  to  the  flow  conditions  and 
a  small  variation  in  flow  velocity  or  nitrogen  dilution 
could  transition  it  into  an  oscillating  flame. 

Calculations  for  the  lifted  flame  shown  in  Fig.  1  are 
made  using  a  451x251  grid  system.  Concentrations  of 
ethylene  in  the  fuel  jet  and  oxygen  in  the  oxidizer  jet  are 
100  and  14.7  percents,  respectively.  Velocities  of  the  jets 
are  1.25  m/s.  Simulations  are  performed  on  a  Personal 
Computer  with  2.0  GB  of  memory.  Execution  times 
strongly  depend  on  the  number  of  species  considered  in 
the  chemical-kinetics  model  and  the  grid  size.  Typically, 
with  99  species  and  1066  reactions  (Wang-Frenklach 
model)  on  a  451X251  grid  system,  simulations  took  ~50 
s/time-step  on  AMD-Opteran-250  computer.  Even 


2 


656 


though,  time-dependent  simulations  are  performed 
assuming  that  the  resulting  flowfield  could  be  unsteady  by 
nature,  only  steady  state  solutions  are  resulted  in  about 
10,000  time  steps. 

Results  obtained  for  the  lifted  flame  are  shown  in 
Fig.  1.  Axisymmetric  representation  of  the  flame  is  used 
while  displaying  the  data.  While  iso-concentration 
contours  of  ethylene  (solid  gray  lines),  oxygen  (broken 
lines)  and  OH  (solid  black  lines)  are  superimposed  on 
temperature  field  in  the  left  half,  streamlines  are 
superimposed  on  temperature  field  in  the  right  half. 
Location  of  the  stoichiometric  surface  is  marked  with  a 
solid  white  line.  The  two  recirculation-type  vortices 
associated  with  the  centerbody  flames  may  be  identified 
from  the  streamlines.  These  recirculation  vortices  are 
formed  due  to  the  separation  between  the  fuel  and 
oxidizer  jets.  However,  due  to  the  differences  in  the 
momentum,  recirculation  vortex  closer  to  the  oxidizer  jet 
is  much  larger  than  the  one  closer  to  the  fuel  jet.  These 
recirculation  vortices  play  a  vital  role  in  transporting  fuel 
across  the  centerbody  toward  the  oxidizer  jet  and  in 
establishing  a  nonpremixed  flame  near  the  oxidizer  jet. 

Calculations  have  predicted  a  lifted  flame  with  the 
flame  base  shifted  ~  13  mm  from  the  centerbody.  This 
lift-off  height  matches  well  with  that  observed  in  the 
experiment  (Fig.  1).  Flame  is  stabilized  on  the  outer  edge 
of  the  oxidizer-side  recirculation  zone  where  flow 
(streamlines)  is  diverging.  Stoichiometric  surface  (white 
line)  in  the  flame  region  also  matches  well  with  the  outer 
edge  of  the  blue  region  in  Fig.  1.  Higher  concentration  of 
OH  radical  (black  contour  lines)  near  the  flame  base 
suggests  the  formation  of  a  reaction  kernel  [19,  20].  Fuel 
transported  by  the  recirculation  vortices  is  mixing  with 
oxygen  in  the  inner  region  of  the  oxidizer  jet  and  forming 
a  partially  premixed  region  upstream  of  the  flame  base. 

Detailed  structure  of  the  flame  base  is  shown  in  Fig. 
3.  Here,  calculated  CH  distribution  is  shown  in  rainbow 
color  palette.  Iso  contours  of  temperature  and  acetylene 
are  superimposed  using  black  and  gray  lines,  respectively. 
Velocity  vectors  are  also  shown  in  this  figure.  The  hook- 
type  CH  -concentration  distribution  in  two  dimensions 
matches  well  with  the  torroidal-type  flame  ring  captured 
in  the  three-dimensional  photograph  of  the  experiment 
(Fig.  1).  As  depicted  by  acetylene  distribution,  ethylene 
fuel  is  decomposing  into  smaller  fuel  fragments  in  the 
flame  region,  which  are  then  transported  into  the  region 
between  the  flame  base  and  centerbody  by  the 
recirculation  vortices.  Consequently,  flame  is  established 
from  the  combustion  of  oxygen  and  fuel  fragments  such 
as  methane,  hydrogen  and  acetylene.  This  is  evident  from 
the  deviation  in  the  location  of  peak-CH-concentration 
region  from  the  stoichiometric  surface  computed  using 
ethylene  and  oxygen  (white  line)  near  the  flame  base. 
Thus,  the  recirculation  zones  are  playing  a  vital  role  in 
transporting  fuel  and  its  lighter  fragments  upstream  of  the 
flame  base  and  in  stabilizing  it. 


Structure  of  the  flame  base  is  shown  in  Fig.  4  through 
plotting  radial  distributions  of  temperature,  axial  velocity, 
and  reactants  and  intermediate- species  concentrations. 
Note  the  difference  in  the  ranges  for  radial  distances  used 
in  Fig.  4(a)  and  4(b).  The  small  peak  in  temperature  at  r  = 
20  mm  is  resulting  from  combustion.  High  temperature  (~ 
1300  K)  in  the  regions  r  <  20  mm  is  resulting  from  the 
products  that  transported  by  the  recirculation  zones. 
Significant  mixing  of  fuel  fragments  and  oxygen  is  taking 
place  in  the  region  upstream  of  the  flame  base,  which 
forms  a  premixed  flame  at  r  =  2 1  mm  as  evident  from  the 
sudden  increase  in  axial  velocity.  Consumption  of  lighter 
fuels  (H2  and  CH4),  ethylene  and  oxygen  at  this  location  [r 
=  21  mm  in  Fig.  4(b)]  also  suggest  the  presence  of  a 
premixed  flame. 

For  understanding  the  stability  of  the  lifted  flame  in 
Fig.  2,  calculations  are  repeated  by  increasing  or 
decreasing  the  coflow  air-nitrogen  velocity.  For  each  new 
velocity,  flame  base  has  shifted  to  a  new  location  and 
became  stabilized.  Flame  and  flowfields  at  higher  coflow 
velocity  (Oxidizer  =1.4  m/s)  are  shown  in  Fig.  5  and  those 
for  a  lower  coflow  velocity  (Oxidizer  =1.0  m/s)  are  shown 
in  Fig.  6.  As  expected,  coflow  velocity  has  changed  the 
sizes  of  the  oxidizer-side  and  fuel-side  recirculation 
zones.  Increasing  coflow  velocity  destabilized  the  flame 
in  Fig.  2.  However,  as  the  flame  retreats  from  it  stable 
location,  more  fuel  (original  and  its  fragments)  mixes 
with  oxygen  and  leads  for  a  stronger  premixed  flame,  and 
thereby,  establishes  a  new  stabilization  location  for  the 
flame  base.  This  can  be  identified  from  the  sharper  flame- 
base  region  in  Fig.  5  compared  to  that  in  Fig.  6. 

Movements  of  flame  base  and  the  center  of  the 
oxidizer-side  recirculation-zone  with  coflow  velocity  are 
plotted  in  Fig.  7.  Overall,  response  of  the  recirculation 
zone  center  to  the  changes  in  coannular  flow  velocity  is 
weaker  than  that  of  the  flame  base.  Interestingly,  flame 
base  and  recirculation  zone  center  are  located  at  the  same 
radial  distance  for  Oxidizer  <1.2  m/s.  For  higher  velocities 
flame  base  moves  closer  toward  the  center  than  the  center 
of  the  recirculation  zone.  Note  lifted  flame  in  the 
experiment  (Fig.  1)  became  unsteady  for  small  changes  in 
flow  conditions.  On  the  other  hand,  calculations  have 
resulted  in  a  new  stable  flame  when  the  flow  conditions 
are  modified.  Reason  for  this  difference  will  be 
investigated  in  the  future. 

Conclusions 

Sooting  characteristics  of  a  centerbody  burner  could 
change  dramatically  with  changes  in  operating  conditions. 
It  was  experimentally  found  that  flame  lifts  off  and  forms 
a  column  of  soot  when  oxygen  in  the  oxidizer  stream  was 
sufficiently  reduced.  This  paper  describes  the  numerical 
studies  performed  for  the  lifted  flames  of  the  centerbody 
burner.  A  time-dependent,  axisymmetric,  detailed- 
chemistry  CFD  model  (UNICORN)  was  used  to  simulate 
the  ethylene-air  combustion  in  a  5. 6-mm-  diameter 
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centerbody  burner.  Combustion  and  PAH  formation  were 
modeled  using  Wang-Frenklach  (99  species  and  1066 
reactions)  mechanism.  Soot  was  simulated  using  a  two- 
equation  model  of  Lindstedt.  Calculations  have  predicted 
the  structure  of  the  lifted  flame  reasonably  well.  The 
predicted  lift-off  height  matched  well  with  that  of  the 
experiment.  It  was  found  that  fuel  and  its  lighter 
fragments  formed  in  the  lifted  flame  region  transported 
upstream  toward  the  face  of  the  centerbody  by  the 
recirculation  zones.  Mixing  of  oxygen  and  fuel  and  its 
fragments  between  the  flame  base  and  the  face  of  the 
centerbody  established  a  premixed  flame  in  the  flame- 
base  region.  While  experiments  have  indicated  that 
stability  of  the  lifted  flames  is  highly  sensitive  to  the 
operating  conditions,  numerical  studies  conducted  by 
increasing  and  decreasing  the  coannular  flow  velocity 
suggested  that  a  stable  flame  could  be  established  at  a 
new  location  for  the  given  velocity  condition.  Further 
experimentation  and  computation  are  needed  for  resolving 
this  discrepancy. 
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Fig.  1.  Photograph  of  lifted  flame  obtained  in  centerbody 
burner  with  pure  ethylene  central  fuel  jet  and  coannular 
flow  of  nitrogen-diluted  air. 
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Fig.  2.  Computed  lifted  flame  of  centerbody  burner.  Iso  contours  of  OH  (black  solid  lines),  ethylene  (gray  solid  lines), 
and  oxygen  (broken  lines)  and  streamlines  are  superimposed  on  left  and  right  halves,  respectively  of  color  temperature 
map.  Location  of  stoichiometric  surface  is  marked  with  white  line  on  right  half. 


r  (mm) 


Fig.  3.  Close-up  view  of  lifted  flame  base.  Velocity  field  and  iso  contours  of  temperature  (black  solid  lines)  and 
acetylene  (gray  solid  lines)  are  superimposed  on  color  map  of  CH  concentration.  Location  of  stoichiometric  surface  is 
marked  with  white  line. 
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Fig.  4.  Structure  of  lifted  flame  base.  Radial  distributions 
of  (a)  temperature  and  axial  velocity  and  (b) 
concentrations  of  reactants  and  intermediate  species  at  a 
height  of  13.8  mm  above  centerbody  plate. 
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Fig.  6.  Lifted  flame  simulated  for  lower  coannular 
nitrogen-air  flow.  Velocity  field  and  streamlines  (gray 
solid  lines)  are  superimposed  on  color  temperature  map. 
Stoichiometric  surface  is  shown  with  white  line. 
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Fig.  5.  Lifted  flame  for  higher  coannular  flow.  Velocity 
field  and  streamlines  are  superimposed  on  color 
temperature  map.  Stoichiometry  is  shown  with  white  line. 
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Fig.  7.  Changes  in  height  (h)  and  radius  (r)  of  flame  base 
location  and  recirculation  zone  center  with  respect  to 
increase  in  coannular  nitrogen-air  velocity. 
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A  time-dependent,  two-dimensional,  detailed-chemistry  computational  fluid  dynamics  model,  known  as 
UNICORN  (unsteady  ignition  and  combustion  using  reactions),  is  used  for  solving  complex  flame  problems.  The 
unique  features  incorporated  in  UNICORN  for  handling  extremely  large  chemical  kinetics  with  ease  and  efficiency 
are  discussed.  A  submixture  concept  that  is  used  for  evaluating  transport  properties  is  described.  This  concept 
increases  the  computational  speed  by  a  factor  of  five  for  a  208-species  mechanism  and  is  expected  to  have  even  higher 
efficiency  with  larger  mechanisms.  An  implicit  treatment  for  certain  reaction-rate  terms  applied  during  the  solution 
of  species-conservation  equations  is  described.  Moving  the  reaction-rate  source  terms  to  the  left-hand  side  of  the 
partial  differential  equations  eases  the  stiffness  problem  that  is  typically  associated  with  combustion  chemical 
kinetics.  Computational  speeds  are  further  improved  in  UNICORN  by  completely  integrating  the  chemical-kinetics 
mechanisms  with  the  solution  algorithm.  A  software-generated  computational  fluid  dynamics  approach  is  used  to 
avoid  the  tedious  and  near-impossible  task  of  manually  integrating  a  large  chemical-kinetics  mechanism  into  a 
computational  fluid  dynamics  code.  Several  calculations  demonstrating  the  abilities  of  the  UNICORN  code  are 
presented.  Chemical-kinetics  mechanisms  up  to  366  species  and  3700  reaction  steps  are  incorporated,  and 
simulations  for  unsteady  multidimensional  flames  are  performed  on  personal  computers.  Making  use  of  the 
robustness  and  efficiency  of  the  UNICORN  code,  detailed  chemical  mechanisms  developed  for  JP-8  fuel  are  tested  for 
their  accuracy,  and  a  parametric  study  on  the  role  of  parent  species  of  a  surrogate  mixture  in  predicting  flame 
extinguishment  is  performed.  Ease  of  changing  chemical  kinetics  in  the  UNICORN  code  is  demonstrated  through  the 
investigation  of  effects  of  additives  in  JP-8  fuel. 
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Nomenclature 

chemical  symbol  for  the  ith  species 

diffusion  coefficient  in  a  binary  mixture  of  the  ith 

and  jth  species 

binary-diffusion  coefficient  of  the  ith  species  in  a 
mixture 

first  variable  used  in  the  modified  species- 
conservation  equation 

second  variable  used  in  the  modified  species- 
conservation  equation 

availability  of  the  ith  species  in  the  reactants  of  the 
jth  reaction 

availability  of  the  ith  species  in  the  products  of  the 

jth  reaction 

rate  of  the  jth  reaction 

molecular  weight  of  the  ith  species 

number  of  species  in  the  chemical  kinetics 

number  of  reactions  in  the  chemical  kinetics 

pressure 

radial  distance 

temperature 

time 
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flame  thickness  based  on  temperature  distribution 
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density 
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scalar  dissipation  rate  at  stoichiometry 
reduced  collision  integral 
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I.  Introduction 

DETAILED  chemical  kinetics  for  describing  combustion  of 
aviation  fuels  involves  several  hundred  species  and  several 
thousand  elementary  reactions.  The  need  for  more  accurate  and 
presumably  larger  chemical-kinetics  mechanisms  is  strongly  driven 
by  the  escalating  cost  of  petroleum-based  fuels  and^fti  need  to 
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develop  alternative  and  Fischer-Tropsh  fuels.  Indeed,  new  fuel 
mechanisms  are  being  developed  at  a  rapid  pace.  Traditionally,  such 
newly  developed  mechanisms  are  validated  through  the  simulations 
of  zero-  and  one-dimensional  flames  using  codes  such  as  RUN1DL 
[1],  OPPDIF  [2],  and  CHEMKIN  [3]  and  comparing  the  results  with 
available  experimental  data.  Extensive  experimental  data  for  the 
intermediate  species  concentrations  are  required  for  obtaining  a 
reasonably  calibrated  kinetics  mechanism.  However,  in  many  cases, 
it  is  not  feasible  to  obtain  concentrations  of  the  numerous 
hydrocarbon  intermediates  that  are  generated  during  the  combustion 
of  complex  hydrocarbon  fuels  such  as  JP-8.  As  a  result,  newly 
developed,  complex  chemical-kinetics  mechanisms  can  be  only 
validated  partially  using  traditional  approaches. 

One  of  the  risks  in  using  partially  validated  mechanisms  is  that  the 
simulations  for  a  reacting  flow  under  one  set  of  conditions  may 
appear  to  be  reasonable,  whereas  under  a  different  set  of  conditions 
they  may  be  poor.  This  was  demonstrated  by  Katta  et  al.  [4]  using 
recently  developed  mechanisms  for  JP-8  fuels.  Three  JP-8 
mechanisms  were  investigated:  one  from  Ranzi’s  group  at 
Politeccnico  di  Milano,  the  second  from  the  University  of  Utah, 
and  the  third  from  the  Propulsion  Directorate  of  the  Air  Force 
Research  Laboratory  (AFRL/RZ).  These  mechanisms  were 
developed  independently  and  validated  using  the  limited  experi¬ 
mental  data  on  ignition  delay  times  and  flame  speeds.  The  Violi 
mechanism  (Ranzi’s  group)  [5]  has  161  species  and  1538  reactions, 
including  some  global- type  reactions;  the  University  of  Utah 
mechanism  [6]  has  208  species  and  2186  reactions,  and  the  Mawid 
Mechanism  (AFRL/RZ)  [7]  has  216  species  and  3000  reactions. 
These  three  mechanisms  were  incorporated  in  UNICORN  [8] 
(unsteady  ignition  and  combustion  using  reactions),  and  calculations 
were  performed  for  a  variety  of  two-dimensional  flame  systems.  It 
was  found  that  the  flame  structures  predicted  by  these  mechanisms 
were  radically  different  and,  more  important,  that  the  blowout 
characteristics  of  a  nonpremixed  flame  varied  significantly  from 
mechanism  to  mechanism.  Disappointingly,  the  partially  validated 
chemistry  models  were  found  to  be  of  only  limited  use  in  the 
simulation  of  multidimensional  flames. 

Thus,  a  second-level  validation  must  be  performed  on  partially 
validated  chemistry  models  through  the  simulation  of  two-  or  three- 
dimensional  flames  and  by  comparing  the  global  features  such  as 
flame  shape,  size,  and  liftoff  height.  As  these  global  quantities  can 
easily  be  measured  in  the  laboratory,  a  second-level  validation  for  the 
detailed-chemistry  models  can  be  performed  if  computational  fluid 
dynamics  (CFD)  codes  that  can  incorporate  large-chemical-kinetics 
mechanisms  and  perform  simulations  for  multidimensional  flames 
are  available. 

Advances  in  computer  hardware  technology  and  the  need  to 
improve  the  understanding  of  combustion  phenomena  such  as 
flame  stability,  pollutant  formation,  and  lean  blowout  have  led  to 
the  development  of  CFD  codes  with  detailed  chemical  kinetics  [9- 
11].  However,  due  to  the  fact  that  computational  time  increases 
significantly  with  the  size  of  the  chemical-kinetics  mechanism 
used,  CFD  code  developments  are  limited  to  either  simple  fuels, 
such  as  hydrogen  [12],  methane  [13],  and  ethylene  [14],  that  are 
described  with  smaller  detailed  mechanisms  (less  than  100 
species)  or  to  complex  fuels  such  as  propane  [15],  heptane  [16], 
and  JP-8  [17]  that  are  described  with  reduced  mechanisms  (tens  of 
species). 

A  two-dimensional  numerical  model  known  as  UNICORN  [8], 
which  has  the  capability  to  incorporate  detailed  chemical-kinetics 
mechanisms,  has  been  developed  at  AFRL/RZ  for  the  simulation  of 
dynamic,  nonpremixed,  and  premixed  jet  flames.  This  model  is  being 
used  for  studying  flame  systems  and  evaluating  large  chemical 
mechanisms  and  soot  models  on  programs  sponsored  by  the  U.S.  Air 
Force  Office  of  Scientific  Research  and  the  Strategic  Environmental 
Research  and  Development  Program. 

The  present  paper  describes  extension  of  the  UNICORN  code  to 
incorporate  very  large  chemical-kinetics  mechanisms  and  to 
simulate  multidimensional  flames  efficiently  and  accurately.  Various 
simulations  that  were  performed  for  demonstrating  the  capabilities  of 
the  modified  UNICORN  code  are  discussed. 


II.  Mathematical  Model 

The  UNICORN  code  [8,18]  is  a  time-dependent,  axisymmetric 
mathematical  model  that  is  used  for  the  simulation  of  unsteady 
reacting  flows.  It  is  capable  of  performing  direct  numerical 
simulations  and  has  been  developed  over  a  10-year  period.  Its 
evolution  has  been  in  conjunction  with  experiments  conducted  to  test 
its  ability  to  predict  ignition,  extinction,  stability  limits,  and  the 
dynamic  characteristics  of  nonpremixed  and  premixed  flames  of 
various  fuels.  It  solves  for  u-  and  ^-momentum  equations,  and 
continuity,  and  enthalpy-  and  species-conservation  equations  on  a 
staggered-grid  system.  The  body -force  term  due  to  the  gravitational 
field  is  included  in  the  axial-momentum  equation  for  simulating 
vertically  mounted  flames.  A  clustered  mesh  system  is  employed  to 
trace  the  large  gradients  in  flow  variables  near  the  flame  surface. 
Detailed  chemical-kinetics  models  for  various  fuels  are  incorporated. 
Thermophysical  properties  such  as  enthalpy,  viscosity,  thermal 
conductivity,  and  binary  molecular  diffusion  of  all  of  the  species  are 
calculated  from  the  polynomial  curve  fits  developed  for  the 
temperature  range  300-5000  K.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  [19]  and  Kee  [20] 
expressions,  respectively.  Molecular  diffusion  is  assumed  to  be  of 
the  binary-diffusion  type,  and  the  diffusion  velocity  of  a  species  is 
calculated  using  Fick’ s  law  and  the  effective-diffusion  coefficient  of 
that  species  [21]  in  the  mixture.  A  simple  radiation  model  based  on 
the  optically  thin-media  assumption  is  incorporated  into  the  energy 
equation. 

The  finite-difference  forms  of  the  momentum  equations  are 
obtained  using  an  implicit  QUICKEST  (quadratic  upstream 
interpolation  for  convective  kinematics  with  estimated  streaming 
terms)  scheme  [18,22],  which  is  fourth-order  accurate  in  space  and 
third-order  accurate  in  time.  The  species  and  energy  equations  are 
descretized  using  a  hybrid  scheme  of  upwind  and  central 
differencing,  which  is  second-order  accurate  in  both  time  and  space. 
At  every  time  step,  the  pressure  field  is  accurately  calculated  by 
solving  all  of  the  pressure  Poisson  equations  simultaneously  and 
using  the  lower  and  upper  diagonal  matrix-decomposition  technique. 
The  overall  accuracy  of  the  calculations  made  by  the  UNICORN 
code  is  estimated  to  be  second-order  or  better  in  both  time  and  space. 
As  demonstrated  in  the  past  [23],  it  is  possible  to  simulate  two- 
dimensional  turbulent  flows  (where  no  significant  variation  in  flow 
variables  exists  in  the  third  dimension)  using  UNICORN.  However, 
for  brevity,  the  scope  of  the  present  paper  is  limited  to  steady  and 
unsteady  laminar  flames.  Different  types  of  boundary  conditions 
such  as  adiabatic  wall,  isothermal  wall,  symmetric  surface,  outflow, 
and  inflow  can  be  applied  to  the  boundaries  of  the  computational 
domain  [24]. 

III.  Computational  Procedure 

In  theory,  the  mathematical  model  described  previously  is 
sufficient  for  the  simulation  of  multidimensional  flames  using  large 
chemical  kinetics.  However,  because  of  limitations  on  computational 
resources  and  difficulties  associated  with  incorporating  chemical- 
kinetics  models,  to  obtain  a  multidimensional-flame  solution  using  a 
large  chemical-kinetics  mechanism  within  a  reasonable  amount  of 
time  is  a  daunting  task.  Four  computational  techniques  have  been 
incorporated  in  UNICORN  to  make  it  efficient  and  robust  in 
simulating  multidimensional  flames  on  personal  computers. 

A.  Nonuniform  Grid  System 

The  accuracy  of  a  simulation  performed  using  a  finite-difference 
scheme  depends  on  the  grid  resolution.  Typically,  one  obtains  a  grid- 
independent  solution  by  performing  calculations  on  increasingly 
finer  meshes  until  the  solution  attains  quasi- steady  state  (mesh 
independent).  The  finite-difference  forms  of  the  governing  equations 
in  the  UNICORN  code  are  obtained  on  a  nonuniform,  orthogonal 
mesh  system  and  are  solved  using  semi-implicit  procedures  [18]. 
These  procedures,  due  to  fewer  restrictions  on  the  time  step,  allow  the 
use  of  rapidly  expanding  grid  sizes  in  both  the  axial  and  the  radial 
directions.  Because  the  reaction-zone  of  a  flame  is  c§§8ned  to  a 
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narrow  region  within  the  high-temperature  zone,  grid  distribution 
must  be  sufficiently  fine  in  that  region.  Variable  grid  systems  are 
constructed  a  priori  while  enforcing  clustering  of  grid  points  in  the 
neighborhoods  of  the  reaction  zones,  while  allowing  the  grid  spacing 
to  expand  rapidly  as  the  grid  points  are  located  away  from  these 
regions.  This  facilitates  the  use  of  a  minimum  number  of  grid  points 
for  the  simulation  of  a  given  flame.  Calculations  are  made  first  on  a 
coarse-grid  system  and  then  on  a  fine-mesh  system,  using  the 
previously  obtained  solution  as  the  initial  conditions.  The  implicit 
procedures  used  in  the  UNICORN  code  permit  stable  calculations, 
even  when  large  variations  in  grid  spacing  are  present  between  the 
coarse-  and  fine-mesh  systems.  Overall,  fewer  grid  points  and 
systematic  progress  toward  a  fine-mesh  solution  allow  the 
UNICORN  code  to  perform  multidimensional  simulations  with 
large  chemical  kinetics  efficiently. 


B.  Calculation  of  T ransport  Properties 

As  described  previously,  the  transport  properties  for  the  mixture 
are  calculated  using  Wilke’s  [19]  and  Kee’s  [20]  empirical 
expressions.  Mixture  thermal  conductivity  kmix  and  viscosity  fimix 
can  be  calculated  as  follows  for  a  mixture  with  Ns  species: 
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Here,  and  /x;  are  thermal  conductivity  and  viscosity  of  the 
individual  species,  respectively,  and  Mt  and  Xt  are  species  molecular 
weight  and  concentration,  respectively.  Similarly,  the  effective- 
diffusion  coefficient  of  the  /th  species  in  a  mixture  [21]  is  calculated 
using  the  empirical  expression 


Dimix  are  evaluated  by  using  Eq.  (3)  and  considering  all  of  the  species 
in  the  mixture,  because  the  benefit  of  using  the  submixture  in  this 
case  is  minimal. 

In  the  simulation  of  a  two-dimensional  nonpremixed  jet  flame, 
increasing  the  speed  of  the  calculations  through  use  of  the 
submixture  concept  is  demonstrated  in  Fig.  1.  A  208-species,  1093- 
reaction,  chemical-kinetics  model  for  JP-8  fuel  is  used  for  this 
demonstration.  Calculations  for  the  flame  are  repeated  by  changing 
the  minimum  concentration  allowed  in  the  submixture.  The 
computational  time  for  each  simulation  is  normalized  with  that 
required  by  the  original  simulation  that  considered  all  of  the  species 
while  evaluating  the  transport  properties.  The  minimum  concen¬ 
tration  allowed  in  the  submixture  is  shown  in  log  scale  on  the 
horizontal  axis.  For  each  simulation  percentage  error,  8t  is  obtained 
first  by  calculating  the  difference  in  the  concentration  of  the  /th 
species  predicted  with  the  submixture  concept  and  that  of  the  original 
simulation  and  then  by  normalizing  this  difference  to  the  original 
value.  Errors  estimated  based  on  the  peak  H  radical  and  byphenyl 
poly-aromatic-hydrocarbon  concentrations  at  a  flame  height  of  4  cm 
are  shown  in  Fig.  1.  Note  that  errors  in  the  concentrations  of  major 
species,  temperature,  and  velocity  are  negligible. 

A  dramatic  reduction  in  calculation  time  (by  a  factor  of  five)  is 
achieved  by  considering  species  whose  concentrations  are  >  10.0-03 
for  transport-property  evaluation  purposes,  whereas  the  errors 
introduced  are  <  1%  in  minor-  and  trace-species  concentrations.  It  is 
important  to  note  that  the  reduction  shown  in  Fig.  1  is  for  the  entire 
flame  simulation  (not  just  for  the  transport-property  calculation) 
which  gives  some  indication  of  the  large  percentage  of 
computational  time  required  for  calculating  mixture  transport 
properties  alone.  Because  the  increase  in  speed  of  calculation  is 
proportional  to  the  square  of  the  number  of  species,  the  benefit  of 
using  submixtures  becomes  more  pronounced  as  the  number  of 
species  in  the  chemical-kinetics  model  increases. 

C.  Handling  Stiff  Equations 

Species-conservation  equations  can  be  written  as  following  using 
Fick’s  law  of  diffusion  for  binary  mixtures  and  the  effective- 
diffusion  coefficient  Dimix  for  the  /th  species  in  the  mixture. 

Mi  +  v  •  [pY-y  -  PD,mixvy,]  =  d>t  (4) 
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Dij  is  the  binary-diffusion  coefficient  between  species  /  and  j,  and 
is  the  reduced  collision  integral.  Calculation  of  the  mixture 
transport  properties  for  systems  with  a  large  number  of  species  is 
laborious  and  requires  far  more  computational  time  than  that  required 
for  solving  the  conservation  equations  or  the  reaction  rates. 
Examination  of  Eqs.  (1)  and  (2)  suggests  that,  in  a  system  having  Ns 
species,  0  and  0'  must  be  evaluated  (N%-Ns)  number  of  times  at  each 
grid  point.  For  example,  in  a  system  of  300  chemical  species,  0  and  0' 
must  be  evaluated  89,700  times  each,  which  is  nearly  18  times  more 
than  the  number  of  calculations  required  for  evaluating  reaction  rates 
for  5000  reactions.  As  Ns  increases,  evaluation  of  A,mix  and  fimix 
becomes  increasingly  time  consuming.  However,  in  multidimen¬ 
sional-flame  calculations,  most  of  the  species  will  be  present  in  trace 
amounts  in  regions  away  from  the  flame  zone  and  only  in  parts  per 
million  levels  in  the  flame  zone.  Because  trace  concentrations  of 
species  do  not  affect  the  thermal  conductivity  or  viscosity  of  the 
mixture,  it  is  possible  to  increase  the  speed  of  the  calculations  by 
considering  only  those  species  that  are  in  significant  concentrations. 
This  can  be  accomplished  by  creating  a  submixture  at  every  grid 
point  through  elimination  of  all  species  that  are  below  a  specified 
concentration  in  the  entire  mixture  and  then  evaluation  of  transport 
properties  using  only  the  submixture.  Note  that  diffusion  coefficients 


Here,  the  source  term  is  the  rate  of  production  of  the  /th  species 
that  must  be  calculated  from  the  adopted  chemical-kinetics 
mechanism,  which  is  written  in  the  following  form: 

Ns  k.  Ns 

£VUC'4£VWC'  j=hNR  (5) 

i=  1  /=1 


^(Xmin) 

Fig.  1  Computational  time  required  and  associated  errors  for  different 
minimum  concentrations  allowed  in  submixture  domain.  ^63 
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Here,  C{  represents  chemical  symbol  for  the  ith  species  and  NR 
represents  the  total  number  of  reactions  in  the  chemical-kinetics 
mechanism.  Note  that  all  reactions  in  the  mechanism  are  written  as 
forward  reactions. 

In  general,  because  of  the  high  reaction  rates  (and,  hence,  large  de¬ 
values)  associated  with  the  combustion  processes,  species- 
conservation  equations  become  very  stiff;  traditionally,  small  time 
steps  are  used  in  solving  Eq.  (4)  to  overcome  this  stiffness  problem. 
However,  such  an  approach  places  severe  restrictions  on 
multidimensional-flame  simulations  because  the  flow  time  scales 
associated  with  certain  domains  such  as  recirculation  and  coflow- 
entrainment  regions  are  several  orders  of  magnitude  larger  than  the 
chemical  time  scales.  Therefore,  special  techniques  are  required  for 
solving  Eq.  (4)  with  larger  time  steps  in  multidimensional-flame 
simulations.  After  expanding  the  source  terms  into  destruction  and 
production  terms,  Eq.  (4)  can  be  rewritten  as 

^+V-[pYl\-pDiMxVYl] 


and  then  as 
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where  /•  =  1  if  the  ith  species  is  a  reactant  in  the  /th  reaction, 
otherwise  Ij  =  0,  and  where  J\  =  1  if  the  ith  species  is  a  product  in 
the  jth  reaction,  otherwise  Jj  =  0. 

Because  the  mass  fraction  of  the  ith  species  explicitly  appears  in 
the  destruction  terms  (first  set  of  terms  on  the  right-hand  side)  of 
Eq.  (7),  they  can  be  shifted  to  the  left-hand  side  of  the  equation  for 
treating  them  implicitly.  Species-conservation  equations  are  then 
rewritten,  after  linearizing  the  destruction  terms  with  respect  to  Yh 
as 
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which  then  takes  the  following  implicit  form  in  terms  of  Yt : 

+  V  ■  \pY,\  -  pDiMxVYi]  +  f(X,)  ■  Y,  =  g(Y,)  (9) 

ot 


Here,  f(YJ  and  g(Yt)  are  functions  of  chemical-kinetics  parameters 
and  species  mass  fractions.  Values  of  these  functions  are  calculated 
from  the  data  available  after  the  previous  time  step’s  solution. 

Special  care  must  be  taken  when  the  ith  species  appears  in  both  the 
reactants  and  the  products  of  a  reaction.  Implicit  treatment  of  the 
destruction  terms  significantly  enhances  the  stability  of  the 
numerical  scheme  [25]  and  allows  time  steps  much  larger  than  those 
allowed  by  Eq.  (9).  However,  because  /(f))  and  g(Yi)  in  Eq.  (9)  are 
temporarily  treated  as  constants  based  on  the  previous  time  step’s 
data,  the  solution  procedure  previously  described  for  the  species- 
conservation  equations  represents  a  semi-implicit  algorithm.  Note,  a 
fully  implicit  algorithm  can  be  derived  by  constructing  Jacobian 
matrices  for  all  of  the  species  involved  in  the  production  and 


destruction  terms  in  Eq.  (6),  but  such  procedures  become  memory 
and  computational-time  intensive  and  may  become  restrictive  in 
performing  multidimensional-flame  simulations  [26].  Because  the 
primary  goal  for  the  development  of  the  UNICORN  code  is  to 
simulate  multidimensional  flames  using  large  chemical-kinetics 
mechanisms,  memory-intensive  fully  implicit  algorithms  were  not 
used. 


D.  Incorporating  Large  Chemical  Kinetics 

Detailed  chemical-kinetics  for  describing  combustion  of  aviation 
fuels  could  involve  hundreds  of  species  and  thousands  of  reactions. 
Such  large  mechanisms  can  be  used  for  performing  multidimen¬ 
sional  reacting-flow  simulations  by  either  calculating  the  reaction 
rates  cot  in  Eq.  (4)  at  each  grid  point,  through  calling  a  mechanism 
subroutine  (such  as  CHEMKIN)  [27]  or  integrating  the  mechanism 
with  a  CFD  code  [28,29].  Because  the  former  approach  does  not 
require  any  manipulation  of  the  chemical-kinetics  mechanism  that 
has  been  supplied  in  a  standard  format  (for  example,  CHEMKIN 
format  [3]),  it  eliminates  any  possible  errors  in  using  the  chemical- 
kinetics  mechanism  for  a  multidimensional-flame  simulation. 
However,  such  a  calling-mechanism  approach  puts  a  significant 
burden  on  computational  resources.  Also,  it  may  become  an 
impractical  approach  for  even  a  moderately  large  mechanism,  mainly 
due  to  the  fact  that  general-purpose  codes  such  as  CHEMKIN 
perform  a  number  of  overhead  calculations  each  time  they  are  called. 
Furthermore,  the  calling-mechanism  approach  requires  the  chemical 
source  terms  to  be  treated  explicitly,  as  in  Eq.  (4),  which  is  known  for 
its  limitations  in  handling  stiff  reactions. 

Incorporating  large  chemical-kinetics  mechanisms  in  a  CFD  code, 
either  through  Eq.  (4)  or  Eq.  (9),  is  a  formidable  task  and  highly 
susceptible  to  typographical  and  programming  errors.  Moreover,  the 
implicit  treatment  of  the  reaction-rate  terms  in  Eq.  (9)  and  the  need 
for  continuous  evaluation  of  functions  f{Yt)  and  ^(T;)  (as  and  when 
new  information  about  a  species  is  available)  to  ensure  a  stable- 
solution  procedure  make  the  large  chemical-kinetics  mechanism 
incorporation  extremely  difficult.  Because  of  these  difficulties, 
scientists/engineers  rarely  use  large  mechanisms  for  performing 
multidimensional  reacting-flow  simulations.  As  described  in  the 
previous  subsection,  the  UNICORN  code  was  developed  based  on  an 
implicit  algorithm  for  chemical  reactions,  and  the  reaction 
mechanism  must  be  integrated  with  the  code. 

UNICORN  uses  an  innovative  approach  to  achieve  efficient 
calculations  for  reacting  flows  with  large  chemical-kinetics 
mechanisms.  This  approach  involves  the  development  of  a  logic 
program  that  “reads”  a  chemical  mechanism  of  any  size  into 
UNICORN  and  automatically  configures  it  in  such  a  way  that  the 
calculations  run  efficiently.  To  understand  this  approach,  one  must 
realize  that  UNICORN  is  optimized  for  each  kinetic  mechanism  to 
ensure  that  reacting  flows  using  the  mechanism  can  be  computed 
efficiently  and  accurately.  Some  background  is  required  to 
understand,  in  general,  how  this  is  accomplished.  The  UNICORN 
code  is  developed  based  on  an  implicit  algorithm  for  chemical 
reactions,  which  requires  that  the  reaction  mechanisms  be  integrated 
with  the  code.  During  the  early  development  stages  of  UNICORN, 
small  chemical  mechanisms  for  fuels  such  as  hydrogen  and  methane 
were  incorporated  manually:  a  very  cumbersome  and  time- 
consuming  task.  For  example,  the  total  time  required  for 
incorporating  a  21 -species,  81 -reaction  mechanism  into  UNICORN 
was  about  a  month,  including  the  time  for  debugging  and  finding  and 
correcting  typographical  and  programming  errors.  Such  devel¬ 
opmental  time  was  expected  to  increase  to  several  months  for 
medium-size  mechanisms  with  less  than  100  species.  This  seemed  to 
be  an  impractical  approach  for  large  mechanisms  with  more  than  200 
species.  To  circumvent  this  problem,  a  special  logic  program  has 
been  written  that  directly  reads  the  chemical-kinetics  data  that  are 
prepared  and  distributed  in  standard  CHEMKIN  format  and  writes  an 
efficient,  robust  version  of  the  UNICORN  code  for  that  chemistry. 
With  this  approach,  a  UNICORN  code  that  is  optimized  for  a  specific 
chemical-kinetics  model  can  be  developed  in  a  few  hours, 
independent  of  its  size. 
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The  logic  program  that  generates  a  new  UNICORN  code  in 
FORTRAN  language  for  the  given  chemical-kinetics  model  directly 
reads  the  kinetics  data  prepared  in  standard  CHEMKIN  format.  This 
logic  program  has  been  rigorously  tested  on  smaller  mechanisms  to 
ensure  that  it  generates  an  error-free  UNICORN  code  for  the  given 
chemistry.  In  this  way,  human  involvement  in  preparing  the  CFD 
code  is  minimized;  hence,  errors  associated  with  it  are  eliminated. 
Using  this  software-generated  CFD  strategy  (i.e.,  accurate 
development  of  a  modified  UNICORN  code),  a  number  of 
reacting-flow  simulations  have  been  performed.  These  include 

1)  ethylene  flames  with  99  species  and  1066  reactions  [30], 

2)  propane  flames  with  105  species  and  1200  reactions  [31], 

3)  methane  +  halon  flames  with  92  species  and  1644  reactions  [32], 
and  4)  heptane  flames  with  366  species  and  3698  reactions  [33]. 

IV.  Results  and  Discussion 

Multidimensional-flame  simulations  using  UNICORN  can  be 
performed  on  a  personal  computer  with  2.0  GB  of  memory. 
Execution  times  depend  strongly  on  the  number  of  species 
considered  in  the  chemical-kinetics  model  and  the  grid  size.  The  ease 
of  use  and  efficiency  of  the  UNICORN  code  in  handling  stiff  and 
large  chemical  kinetics  are  demonstrated  in  the  following 
subsections. 

A.  Studies  on  Flame  Thickness 

The  opposing-jet  flame  shown  in  Fig.  2  is  formed  between 
hydrogen  and  air  jets  and  represents  a  weakly  stretched  laminar 
flame.  The  fuel  and  air  jet  velocities  used  are  0.4  and  0.3  m/s, 
respectively.  A  13-species,  74-reaction  H2-02-N2  chemical-kinetics 
model  is  used  for  simulating  this  flame.  As  the  velocities  of  the  fuel 
and  air  jets  increase,  the  flame  becomes  thinner  and  its  temperature 
decreases.  The  flame  extinguishes  for  a  critical  set  of  velocities  (or 
strain  rates  or  scalar  dissipation  rates).  Two  theories  are  used  to 
describe  the  flame-extinction  process.  According  to  laminar-flamelet 
theory  [34],  the  reaction  layer  of  a  flame  becomes  infinitely  thin 
before  the  flame  is  extinguished.  On  the  other  hand,  the  distributed- 
reaction-zone  theory  of  Bilger  [35]  suggests  that  the  reaction  layers 
are  broadened  because  of  chemical  equilibrium  and  that  flames 
cannot  be  stretched  to  infinitely  thin  surfaces.  Let  us  consider  the 
opposing-jet  flame  shown  in  Fig.  2  for  understanding  the  flame- 


Fig.  2  Opposing-jet  nonpremixed  flame  subjected  to  strain  rates  up  to 
extinction  limit. 


extinction  process  and,  particularly,  the  limits,  if  any,  for  flame 
thickness. 

Numerical  experiments  are  performed  through  increasing  the 
reaction  rates  in  an  attempt  to  approach  asymptotically  infinitely  thin 
reaction  zones.  Increasing  the  reaction  rates  renders  the  species- 
conservation  equations  stiffer  and  challenges  the  numerical 
algorithm  in  handling  stiff  equations.  Four  sets  of  data  with 
modified  reaction  rates  are  shown  in  Fig.  3.  The  results  of  flame- 
thickness  estimates  based  on  the  full  width  of  the  temperature  profile 
at  various  scalar  dissipation  rates  xst are  shown  in  Fig.  3 .  Thicknesses 
of  the  flame  at  the  time  of  extinction  are  marked  with  open  circles. 
Flame  thicknesses  obtained  after  reducing  the  rates  of  the  37  forward 
reactions  by  one-half  are  shown  with  dash-dot  lines,  whereas  that 
obtained  after  doubling  the  rates  of  the  forward  reactions  is  shown 
with  a  broken  line.  Note  that  increasing  or  decreasing  the  forward 
reaction  rates  alone  (without  changing  the  reverse  reaction  rates)  in  a 
chemical-kinetics  mechanism  could  alter  the  equilibrium  character¬ 
istics  of  the  chemical  system;  hence,  such  studies  should  be  strictly 
limited  to  evaluating  the  stability  of  the  numerical  scheme.  Results 
obtained  after  doubling  the  rates  of  the  forward  and  reverse  reactions 
are  shown  with  thin  lines,  and  those  obtained  after  increasing  the 
rates  of  both  the  forward  and  reverse  reactions  by  an  order  of 
magnitude  are  shown  with  dotted  lines.  Changes  in  reaction  rates 
affect  not  only  the  maximum  scalar  dissipation  rate  (or  stretch  rate) 
that  can  be  applied  on  this  flame,  but  also  the  temperature  at  which 
extinction  takes  place.  In  general,  temperature  and  heat  release  rates 
at  extinction  are  higher  with  faster  reactions.  At  a  given  scalar 
dissipation  rate  xst>  the  temperature  and  heat  release  rate  of  the  flame 
increases  with  the  reactivity  of  the  system.  The  increase  is  more 
pronounced  at  higher  xst.  This  behavior  can  be  explained  considering 
the  chemical-nonequilibrium  state  of  the  flame.  An  increase  in  the 
reaction  rates  enhances  the  reactivity  in  the  flame  zone  and,  thereby, 
shifts  the  flame  more  into  equilibrium. 

Figure  3  suggests  that  the  thickness  of  the  steady  opposed-jet 
flame  decreases,  as  described  by  the  laminar-flamelet  theory,  when 
the  stretch  rate  is  increased.  However,  contrary  to  the  assumption  that 
stretched  flames  become  infinitely  thin  before  extinction,  flame 
thicknesses  at  extinction  obtained  with  normal,  reduced,  and 
enhanced  kinetics  are  all  within  the  range  of  1  and  2  mm.  More 
interestingly,  the  thickness  vs  xst  plot  suggests  that  flame  thickness  is 
asymptotically  approaching  a  finite  value  (~1  mm). 

One  could  argue  that  the  temperature  profile  might  not  necessarily 
represent  the  reaction-zone  thickness  because  it  is  influenced  by  the 
thermal  and  molecular  diffusive  transports.  Typically,  intermediate 
radical  species  such  as  OH,  O,  and  H  that  have  a  short  life  span  are 
confined  to  reaction  zones.  Variations  of  flame  thicknesses  obtained 
from  the  full  width  of  OH  radical  distributions  are  shown  in  Fig.  4. 
For  a  given  scalar  dissipation  rate,  reaction-zone  thicknesses 
obtained  from  OH  radical  distributions  are  about  one-half  of  those 


Fig.  3  Thickness  of  steady-state  flame  at  different  stretch  rates 
obtained  from  temperature.  ^65 
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Fig.  4  Thickness  of  steady-state  flame  at  different  stretch  rates 
obtained  from  OH  concentration. 


obtained  from  temperature.  Figure  4  suggests  that  the  radical-based 
reaction-zone  thicknesses  are  also  asymptotically  approaching  a 
finite  value  as  the  scalar  dissipation  rate  on  the  flame  is  increased.  It  is 
important  to  note  that  even  the  smallest  thickness  of  0.5  mm 
represents  a  radical  profile  that  has  been  resolved  with  a  large  number 
(25)  of  grid  points;  hence,  the  asymptotic  thicknesses  shown  in 
Figs.  3  and  4  are  not  limited  by  the  grid  distribution. 

Calculations  made  with  different  reaction  rates  suggest  that  a 
minimum  thickness  exists  for  the  reaction  zone  of  a  flame  that  is 
aerodynamically  stretched.  For  the  hydrogen  flame  considered  in  this 
study,  the  minimum  reaction-zone  thickness  is  in  the  range  0.5- 
1.0  mm,  depending  on  the  radical  species  used  for  obtaining  the 
thickness.  A  similar  study  of  methane  flames  also  suggested  that  the 
minimum  reaction-zone  thickness  (based  on  OH  distribution)  for 
those  flames  is  also  ~0.5  mm. 


B.  Studies  on  Ethylene-Air  Jet  Nonpremixed  Flames 

Calculations  for  an  inverse  diffusion  flame  (IDF)  were  made  with 
UNICORN  using  three  chemical-kinetics  models  for  ethylene-air 


combustion.  The  first  model  is  proposed  by  Wang  and  Frenklach  [36] 
and  consists  of  99  species  and  1066  elementary -reaction  steps;  the 
second  is  developed  by  the  National  Institute  of  Standards  and 
Technology  (NIST)  and  consists  of  225  species  and  1634  elementary 
reactions  [37];  the  third  is  a  more  comprehensive  mechanism 
assembled  by  NIST  and  consists  of  366  species  and  3698  reactions 
[37].  Note  that  all  of  these  mechanisms  for  ethylene-air  combustion 
are  well  validated  for  high-temperature  chemical  processes,  and  one 
should  expect  similar  flame  shapes  and  temperature  and  major- 
product-concentration  distributions.  Larger  mechanisms  contain 
additional  chemical  kinetics  required  for  predicting  pollutant 
formation.  The  simulated  IDF  burner  consists  of  a  1-cm-diam  central 
air  jet  and  a  3-cm-diam  coannular  fuel  jet  [31,38].  The  air  and 
ethylene  flow  velocities  are  35  cm/s  and  7  cm/s,  respectively. 
Axisymmetric  calculations  were  made  on  a  physical  domain  of 
200  x  50  mm  using  a  401  x  121  nonuniform  grid  system.  The 
steady-state  flames  obtained  with  the  three  mechanisms  are  shown  in 
the  left  halves  of  Figs.  5a-5c  in  plots  of  isotemperature  gray-scale 
distributions.  The  three  mechanisms  predicted  the  same  flame  height 
and  peak  temperature  (2440  K).  Typical  execution  times  for  these 
calculations  are  30  s/time  step  with  the  Wang-Frenklach 
mechanism,  65  s/time  step  with  the  NIST  smaller  mechanism, 
and  114  s/time  step  with  the  NIST  larger  mechanism.  Steady-state 
flames  were  obtained  in  about  2000  time  steps,  starting  from  the 
solution  obtained  with  a  global-chemistry  UNICORN  code. 

Various  studies  of  normal  jet  nonpremixed  flames  (i.e.,  with  the 
fuel  jet  at  the  center)  suggest  that  when  the  annular  airflow  is  low 
(<40  cm/s),  the  flame  tends  to  flicker  with  the  development  of 
buoyancy-induced  vortices  outside  the  flame  surface.  Generally,  the 
flickering  frequency  for  these  flames  is  independent  of  or  weakly 
dependent  on  fuel-jet  diameter,  fuel  type,  and  airflow  velocity.  The 
low  annular  fuel  velocity  of  ~7  cm/s  and  the  high-enthalpy  ethylene 
fuel  (flame  temperatures  are  about  2400  K)  used  for  the  IDF  create  an 
appropriate  environment  for  flame  flicker.  To  investigate  the 
possibility  that  the  IDF  oscillates  naturally,  unsteady  calculations 
were  performed  for  the  same  flow  conditions  using  all  three 
chemical-kinetics  mechanisms.  Surprisingly,  the  unsteady  simu¬ 
lations  resulted  in  a  flame  with  large  vortices  forming  outside  the 
flame  surface.  Stably  oscillating  unsteady  flames  were  obtained 
within  10,000  time  steps  of  the  calculations.  Instantaneous 
temperature  fields  of  the  unsteady  IDF  that  were  simulated  using  the 
three  mechanisms  are  shown  in  the  right  halves  of  Figs.  5a-5c. 
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Fig.  5  Steady-state  (left)  and  unsteady  (right)  ethylene-air,  inverse  nonpremixed  flames  simulated  using  a)  W ang-F renklach,  b)  NIST,  and  c)  enhanced 
NIST  mechanisms.  Temperature  distributions  are  shown. 
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Whereas  the  phases  of  the  flames  in  Figs.  5a  and  5b  are  matched,  the 
phase  of  the  flame  in  5c  is  selected  such  that  it  is  180  deg  from  the 
other  two.  The  unsteady  temperature  field  upstream  of  the  flame  tip 
(0  <  z  <  18  mm)  plotted  in  Fig.  5c  is  similar  to  that  of  the  steady- 
state  flames  shown  in  Figs.  5a-5c.  However,  the  large  vortical 
structure  ~30  mm  in  length  that  formed  in  the  downstream  location 
distorted  the  temperature  field  of  the  unsteady  flame.  When  this 
vortical  structure  moved  closest  to  the  burner  surface  (z  =  0),  it 
squeezed  the  high-temperature  region  and  made  the  flame 
temporarily  shorter  in  Figs.  5a  and  5b  than  the  steady-state  flame. 
Calculation  time  for  the  unsteady  simulation  performed  with  the  366- 
species,  3698-reaction  mechanism  was  ~128  s/time  step,  and  the 
solution  in  Fig.  5c  was  plotted  after  15  days  of  calculations. 

Benzene  concentrations  predicted  by  the  three  ethylene-air 
combustion  models  (Wang-Frenklach,  NIST,  and  comprehensive 
NIST)  are  shown  in  Figs.  6a-6c,  respectively.  Steady-state  and 
unsteady  solutions  are  shown  on  the  left  and  right  halves  of  these 
images,  respectively.  Although  nearly  identical  temperatures  are 
predicted  by  the  Wang-Frenklach  and  the  two  NIST  mechanisms 
(Fig.  5),  the  benzene  concentrations  predicted  by  these  mechanisms 
are  quite  different.  The  Wang-Frenklach  mechanism  yielded  only 
~50%  of  benzene  that  was  predicted  by  the  two  NIST  mechanisms. 
Although  peak  benzene  concentration  in  the  steady-state  flame  was 
established  near  the  flame  tip  (z  ~  20)  in  the  Wang-Frenklach 
mechanism  (left  half  of  Fig.  6a),  it  was  established  near  the  flame 
base  in  the  NIST  mechanisms  (left  halves  of  Figs.  6b  and  6c). 
Interestingly,  the  buoyant  vortex  formed  outside  the  flame  surface  in 
the  unsteady  simulation  (Fig.  6b)  has  increased  the  benzene 
concentration  significantly  near  its  leading  edge  (z  ~  45  in  Fig.  6b). 
Obtaining  near  identical  solutions  (Figs.  5  and  6)  with  different- size 
chemical-kinetics  mechanisms  is  as  expected  and  demonstrates  the 
accuracy  of  the  UNICORN  code  in  incorporating  large  chemical- 
kinetics  mechanisms. 


C.  Studies  on  JP-8-Air  Nonpremixed  Jet  Flames 

Axisymmetric  calculations  were  performed  for  the  opposing-jet 
JP-8  flame  (similar  to  that  shown  in  Fig.  2)  using  the  UNICORN 
code.  Four  detailed  chemical-kinetics  models,  namely,  Violi-small 
[5],  Violi-large  [5],  Zhang  [6],  and  Mawid  [7],  were  used  for 
representing  JP- 8-air  combustion.  The  Violi-small  mechanism 


consists  of  161  reactions  and  1538  reactions  (some  of  them  are 
lumped)  [5] .  The  Violi-large  mechanism  consists  of  216  species  and 
9654  reactions  (some  of  them  are  also  lumped).  The  Zhang 
mechanism  [6]  consists  of  208  species  and  2186  elementary 
reactions.  The  Mawid  mechanism  [7]  consists  of  226  species  and 
3230  elementary  reactions.  Whereas  the  first  three  mechanisms  use 
their  own  surrogate  mixtures  for  representing  JP-8  fuel,  the  Mawid 
mechanism  employs  one  of  the  three  surrogate  mixtures  developed  at 
AFRL/RZ  [39].  The  chemical  compositions  of  these  surrogate 
mixtures  are  given  in  Table  1.  The  physical  domain  between  the  two 
nozzles  (14  mm  in  the  axial  direction  and  20  mm  in  the  radial 
direction)  was  represented  using  a  201  x  31  grid  system,  which 
resulted  in  a  uniform  grid  spacing  of  70  /xm  across  the  flame.  The 
fuel/N2  ratio  used  in  the  calculations  was  0.08.  Experiments  for  this 
flame  were  conducted  by  Holley  et  al.  [40].  The  temperatures  of  the 
fuel  and  oxidizer  streams  were  set  to  the  measured  values  of  394  and 
294  K,  respectively.  Initially,  a  stable  flame  was  established  for  a 
low- strain-rate  case  of  28.6  s-1 .  The  corresponding  fuel  and  oxidizer 
velocities  were  0.2  and  0.2  m/s,  respectively.  Calculations  for  this 
flame  were  repeated  by  gradually  increasing  the  strain  rate 
(velocities)  until  the  flame  along  the  centerline  was  extinguished. 
The  entire  procedure,  starting  from  establishing  an  initial  flame  to 
obtaining  an  extinguished  flame,  was  repeated  with  each  chemical- 
kinetics  mechanism  and  surrogate  mixture. 

The  flame  response  to  an  increase  in  strain  rate  predicted  by 
different  chemical-kinetics  models  is  shown  in  Fig.  7.  Here,  the  peak 
temperature  along  the  centerline  (r  =  0)  is  plotted  at  different  strain 
rates.  Because  of  chemical  nonequilibrium,  the  temperature  of  the 
flame  decreased  with  strain  rate.  Data  from  each  chemical-kinetics- 
model  calculation  up  to  the  extinction  limit  are  shown  in  Fig.  7.  The 
measured  extinction  limit  of  150  s-1  is  shown  with  a  vertical  box. 
The  width  of  the  box  corresponds  to  the  experimental  uncertainty  of 
3.5%  reported  by  Holley  et  al.  [40].  Calculations  with  the  Mawid 
mechanism  [7]  were  made  using  three  surrogate  mixtures  identified 
as  surrogate  1,  surrogate  2,  and  surrogate  3.  JP-8  fuel  represented  in 
the  Violi  mechanisms  [5]  is  identical  to  surrogate  1.  Among  the  four 
chemical-kinetics  models  considered,  the  Violi  mechanisms 
predicted  extinction  strain  rate  more  accurately  than  the  other  two. 
The  Violi-small  and  the  Violi-large  mechanisms  yielded  nearly  the 
same  relationship  between  peak  temperature  and  strain  rate.  A  small 
but  gradual  deviation  in  peak  temperature  at  higher  strain  rates 


Fig.  6  Benzene  concentrations  in  ethylene-air,  inverse  nonpremixed  flames  shown  in  Fig.  5.  Calculations  made  with  a)  Wang-Frenklach,  b)  NIST,  and 
c)  enhanced  NIST  mechanisms. 
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Table  1  Representation  of  JP-8  fuel  in  various  chemical-kinetics  models 


Fuel  components 

Violi-small 
mechanism  [5] 

Violi-large 
mechanism  [5] 

Zhang 

mechanism  [6] 

Mawid  mechanism  [7] 

Surrogate  1  Surrogate  2  Surrogate  3 

rc-decane  (rc-C10H22) 

0 

0 

0 

16.2 

0 

25 

rc-dodecane  (rc-C12H26) 

30 

30 

73.5 

21 

30 

25 

rc-tetradecane  (rc-C14H30) 

20 

20 

0 

15.6 

20 

20 

rc -hexadecane  (n-C16H34) 

0 

0 

0 

10.2 

0 

0 

/-octane  (I-C8H18) 

10 

10 

5.5 

5.7 

10 

5 

Cyclooctane  (c-C8H16) 

0 

0 

0 

4.7 

0 

0 

Methylnaphthalene  MCH  (Cl  1H10) 

20 

20 

10 

5.1 

20 

5 

1 -methylnaphthalene  (C11H10) 

0 

0 

0 

3.9 

0 

0 

Tetralin  (C10H12) 

5 

5 

0 

4.1 

5 

0 

1,  2,  4,  5 -tetramethylbenzene  (C9H12) 

0 

0 

0 

4.4 

0 

0 

Butylbenzene  (C10H14) 

0 

0 

0 

4.6 

0 

0 

m-xylene  (C8H10) 

15 

15 

0 

4.5 

15 

0 

Toluene  (C7H8) 

0 

0 

10 

0 

0 

20 

Benzene  (C6H6) 

0 

0 

1 

0 

0 

0 

Molecular  weight 

144.38 

144.38 

151.3 

156.87 

144.38 

146.89 

predicted  by  these  two  mechanisms  should  be  noted.  The  extinction 
strain  rate  of  136  s-1  predicted  by  these  two  mechanisms  is  within 
90%  of  the  measured  value. 

The  elementary-reaction-based  model  developed  by  Zhang  [6] 
yielded  the  most  stubborn  flame  from  an  extinction  point  of  view, 
even  though  the  flame  itself  was  not  as  strong  (based  on  peak 
temperature)  as  the  ones  predicted  by  the  semi-elementary-reaction- 
based  mechanisms  of  Violi  [5].  The  importance  of  an  accurate 
surrogate  mixture  for  representing  JP-8  fuel  is  evident  from  the 
calculations  made  with  the  Mawid  mechanism  [7].  The  three 
surrogate  mixtures  yielded  different  temperature- strain-rate  relation¬ 
ships  (Fig.  7).  Surrogate  1  yielded  the  lowest  flame  temperatures, 
which  decreased  further  and  rather  rapidly  with  strain  rate. 
Surrogates  2  and  3  yielded  nearly  the  same  extinction  limits,  with  the 
latter  mixture  resulting  in  a  slightly  closer  extinction  limit  when 
compared  with  the  measured  value.  Interestingly,  the  flame 
temperature  predicted  with  surrogate  2  was  higher  than  that  predicted 
with  surrogate  3  when  the  strain  rate  was  low,  and  lower  when  the 
stain  rate  was  high.  The  major  difference  among  the  surrogate 
mixtures  is  that  surrogate  1  contains  additional  parent  compounds 
such  as  hexadecane  (10.2%),  cyclooctane  (4.7%),  methylnaph- 
thalene  (3.9%),  tetramethylbenzene  (4.4%),  and  butylbenzene 
(4.6%).  A  numerical  experiment  was  conducted  by  systematically 
removing  these  compounds  from  surrogate  1.  Calculations  were 
repeated  for  the  opposing -jet  flame  for  different  stretch  rates;  the 
results  are  shown  in  Fig.  8  and  suggest  that  removal  of  hexadecane 
from  the  surrogate  1  mixture  significantly  increases  the  flame 
temperature  (—108  K)  and  the  extinction  limit  predicted  by  the 
Mawid  mechanism. 


Fig.  7  Variations  of  peak  temperature  of  nonpremixed,  opposing-jet 
JP-8  flame  with  strain  rate  obtained  using  different  chemical-kinetics 
mechanisms.  Measured  extinction  strain  rate  is  shown  with  vertical  bar. 


Calculations  for  a  JP-8  coaxial  nonpremixed  jet  flame  were 
performed  using  the  four  chemical-kinetics  models.  The  simulated 
burner  has  a  central  fuel  tube  of  0.6  cm  radius  and  is  surrounded  by  a 
5  cm  radius  coflowing  air.  A  preheated  fuel-V2  mixture  at  500  K  and 
with  90%  fuel  by  mass  was  issued  at  a  velocity  of  2  cm/s.  The 
coannular  flow  consisted  of  room-temperature  air  and  was  issued  at  a 
velocity  of  5  cm/s.  A  computational  grid  of  151  x  61  was  used  for 
discretizing  the  physical  domain  of  10  x  5  cm  in  axial  and  radial 
directions.  Grid  clustering  was  used  for  placing  most  of  the  grid 
points  in  the  flame  zone.  Initial  conditions  (flame)  for  the  detailed 
chemistry  calculations  were  obtained  from  the  simulation  using  a 
global-chemistry  UNICORN  code. 

Results  for  the  coaxial  nonpremixed  jet  flame  obtained  with  the 
Violi-small,  Violi-large  [5],  and  Zhang  [6]  models  are  shown  in 
Figs.  9a-9c,  respectively.  Here,  isocontours  of  methylcyclohexane 
(in  dashes)  and  H2  (in  solid  lines)  are  superimposed  on  the 
temperature  distribution  (in  gray  scale)  on  the  left  half  of  each  figure. 
Isocontours  of  benzene  (dashes),  OH  (solid  lines),  and  temperature 
(in  gray  scale)  are  shown  on  the  right  halves. 

In  general,  all  three  chemistry  models  predicted  nearly  the  same 
flame  shape,  with  the  base  region  burning  hotter  than  the  tip  region. 
Flames  are  slightly  shifted  from  the  inlet  boundary  as  imposed  by  the 
stability  criterion  of  the  nonpremixed  jet  flames.  However,  several 
important  differences  exist  in  these  predictions.  The  Violi-small  and 
Violi-large  mechanisms  [5]  resulted  in  nearly  the  same  flames, 
except  that  the  latter  mechanism  generated  more  H2  and  benzene 
inside  the  flame,  and  methylnaphthalene  (MCH)  was  present  in 
locations  slightly  farther  downstream  in  the  core  region  (Figs.  9a  and 
9b).  The  thermal  layer  (flame  thickness)  is  wider  for  the  Violi-large 


Fig.  8  Influence  of  parent  compounds  in  surrogate  1  mixture  of 
Mawid’s  [7]  JP-8  mechanism  on  predicting  flame  extincti(§^^ 
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Fig.  9  Structure  of  JP-8  nonpremixed  flame  predicted  using  a)  Violi-small,  b)  Violi-large,  [5],  and  c)  Zhang  [6]  mechanisms.  Isocontours  of  MCH 
(dashed)  and  H2  (solid)  superimposed  on  temperature  distribution  on  left  half;  isocontours  of  benzene  (dashed)  and  OH  (solid)  superimposed  on  right 
half. 


flame,  which  resulted  in  a  hotter  core  region  in  Fig.  9b.  As  expected 
from  the  opposing-jet-flame  calculations  (Fig.  7),  which  suggested  a 
much  higher  extinction  strain  rate  for  the  Zhang  mechanism  [6],  the 
coaxial  nonpremixed  flame  predicted  by  this  mechanism  (Fig.  9c)  is 
much  closer  to  the  inflow  boundary  than  those  predicted  by  the  other 
models.  Although  there  was  1%  benzene  in  the  surrogate  mixture  of 
the  Zhang  mechanism,  it  was  all  being  consumed  quickly  in  the  core 


region  and  did  not  enhance  the  benzene  produced  in  the  flame  region 
(Fig.  9c). 

D.  Studies  on  Effect  of  Di-Tertiary-Butyl-Peroxide  on  JP-8  Flames 

Di-Tertiary-Buty  1-Peroxide  (DTBP)  additive  is  known  for 
improving  the  ignition  characteristics  of  hydrocarbon  fuels.  It  has 
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Fig.  10  Effect  of  DTBP  additive  on  a)  low-speed,  nonpremixed  jet  flame,  b)  base  flame,  and  c)  flames  with  10  and  15%  additive  added  to  fuel  jet, 
respectively.  Temperature  distributions  shown  on  left  half  of  each  flame;  phenanthrene  C14H10  (gray  scale)  and  OH  (contours)  concentrations  shown  on 
right  half.  669 
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been  shown  experimentally  that  the  addition  of  DTBP  alters  gas- 
phase  combustion  [41]  and,  in  some  cases,  soot  production.  Drop- 
tube  [42]  experimental  results  indicated  that  adding  DTBP  to  fuel 
could  reduce  the  amount  of  soot  produced.  For  investigating  the 
effects  of  DTBP  on  a  JP-8  flame,  a  detailed  chemical-kinetics  model 
developed  by  Bozzelli  [43],  consisting  of  98  species  and  724 
additional  reactions,  was  added  to  the  Zhang  JP-8  mechanism  [6]. 
The  final  Zhang-Bozzelli  chemical-kinetics  model  derived  for 
studying  the  effects  of  DTBP  on  JP-8  fuel  has  306  species  and  2910 
reactions.  The  flame  chosen  for  this  study  was  a  pure  nonpremixed 
flame  formed  between  gaseous  JP-8  fuel  and  air.  The  velocity  of  the 
fuel,  injected  from  a  1.0-mm-diam  tube  at  room  temperature,  was 
0.2  m/s.  The  annulus  air  velocity  was  0.05  m/s.  DTBP  additive  was 
added  to  the  fuel  jet  by  replacing  an  equal  amount  of  JP-8,  such  that 
the  exit  velocity  of  the  fuel  jet  was  not  altered.  Axisymmetric 
calculations  for  this  nonpremixed  jet  flame  were  performed  for 
various  concentrations  of  DTBP  on  a  nonuniform  grid  system  of 
151  x  71. 

Results  obtained  for  the  base  flame  (without  addition  of  DTBP) 
are  shown  in  Fig.  10a,  and  those  for  the  flames  with  10  and  15% 
DTBP  added  to  the  fuel  jet  are  shown  in  Figs.  10b  and  10c, 
respectively.  Whereas  gray-scale  distributions  of  isotemperature  are 
shown  on  the  left  halves  of  these  figures,  gray- scale  distributions  of 
phenanthrene  (C14H10)  are  shown  on  the  right  halves.  Distributions 
of  the  OH  radical  are  superimposed  in  the  right  halves  of  the 
images.  Phenanthrene  was  selected  as  a  representative  polycyclic- 
aromatic-hydrocarbon  species  that  traces  soot  inception  and  growth. 
Figure  10a  suggests  that  significant  preheating  of  fuel  before 
entering  the  flame  zone  is  taking  place.  The  flame,  in  general,  is 
burning  intensely  in  the  tip  region,  with  lower  temperatures  in  the 
shoulder  region.  The  peak  temperature  is  about  2000  K.  Fuel  at 
room  temperature  exists  for  only  a  distance  of  ~5  mm  in  the  fuel 
jet,  at  which  location  low-temperature  ignition  is  taking  place. 
Parent  compounds  of  the  JP-8  surrogate  are  decomposing  into 
lower  hydrocarbon  fuels  (such  as  C2H4,  CH4,  and  H2)  between  this 
ignition  location  and  the  flame  surface  (peak-temperature  location). 
Almost  all  of  the  phenanthrene  produced  in  this  flame  is  located 
upstream  of  the  flame  tip.  Based  on  the  phenanthrene  distribution,  it 
is  expected  that  soot  in  this  flame  will  develop  along  the  axis  of 
symmetry  and  in  the  neighborhood  of  the  flame  tip.  The  effects  of 
DTBP  on  JP-8  fuel  appear  to  be  marginal.  Addition  of  10%  DTBP 
reduced  the  flame  size  slightly  (~2  mm  in  height),  as  shown  in 
Fig.  10b.  As  expected,  DTBP  improved  the  ignition  characteristics 
of  the  fuel.  Note  a  decrease  in  the  height  of  the  room-temperature 
fuel  jet  and  an  increase  in  the  OH  concentration  when  10%  DTBP 
was  added.  Interestingly,  phenanthrene  concentration  decreased  by 
~50%.  These  effects  became  more  pronounced,  as  shown  in 
Fig.  10c,  when  15%  DTBP  was  added  to  the  fuel  jet.  To  confirm 
this,  further  studies  must  be  conducted  using  DTBP  chemistry  along 
with  other  JP-8  chemical  kinetics  (Violi-large  [5],  and  Mawid  [7]). 
The  robust  UNICORN  code  is  capable  of  performing  multidimen¬ 
sional  calculations  for  a  nonpremixed  jet  flame  using  these 
mechanisms. 

V.  Conclusions 

The  multidimensional  CFD  model  UNICORN  has  been 
extensively  validated  in  the  past  by  simulating  various  steady  and 
unsteady  opposing-  and  coflowing-jet  premixed  and  nonpremixed 
flames,  and  by  comparing  the  results  with  experimental  data  [8], 
lending  confidence  in  the  accuracy  of  the  simulations  made  using 
UNICORN  for  the  structures  of  dynamic  flames.  To  prepare  for 
current  and  future  demands  for  simulations  of  multidimensional 
flames  established  from  commercial  fuels,  a  robust  and  efficient 
UNICORN  code  that  could  handle  large  chemical-kinetics 
mechanisms  with  ease  was  developed.  Following  a  software¬ 
generated  CFD  approach,  a  separate  UNICORN  code  for  a  given 
chemical-kinetics  mechanism  was  prepared.  This  approach  virtually 
eliminated  the  human  errors  that  occur  when  incorporating  large 
chemical-kinetics  mechanisms  in  a  CFD  code.  The  efficiency  of  the 
UNICORN  code  has  been  improved  through  the  use  of  a  submixture 


concept  while  evaluating  transport  properties  and  rapidly  expanding 
grid  systems.  The  robustness  of  the  UNICORN  code  has  been 
improved  by  making  use  of  an  implicit  approach  for  solving  species- 
conservation  equations  with  large  chemical  source  terms.  Several 
sample  simulations  have  been  presented  for  demonstrating  the 
abilities  of  the  UNICORN  code  in  handling  very  large  chemical- 
kinetics  mechanisms.  Handling  of  stiffness,  caused  by  the  large 
source  terms  associated  with  combustion  chemistry,  has  been 
demonstrated  in  the  study  on  laminar-flamelet  theory  for  stretched 
laminar  nonpremixed  flames  where  limits  on  flame  thickness  were 
examined  through  increasing  the  reaction  rates  by  an  order  of 
magnitude.  Efficiency  of  the  calculations  was  demonstrated  by 
conducting  a  parametric  study  on  the  role  of  parent  compounds  of  a 
JP-8  surrogate  mixture  in  predicting  flame  extinguishment. 
Retention  of  the  accuracy  of  the  UNICORN  code  while  using  very 
large  chemical-kinetics  mechanisms  was  demonstrated  by 
simulating  a  naturally  oscillating  buoyant  nonpremixed  flame  using 
models  with  99  species,  1066  reactions;  225  species,  1634  reactions; 
and  366  species,  3698  reactions.  Ease  of  incorporating  large 
chemical-kinetics  models  was  demonstrated  in  a  study  of  additive 
effects  on  a  JP-8  flame  conducted  by  merging  Zhang’s  JP-8 
mechanism  [6]  with  Bozzelli’ s  Di-Tertiary-Butyl-Peroxide  mech¬ 
anism  [43]. 
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One  of  the  important  design  criteria  in  the  development  of  Pulse  Detonation  Engines 
(PDEs)  is  to  reliably  transition  detonation  generated  in  the  ignition  tube  into  a  larger  main 
tube  in  a  shortest  distance  possible.  It  is  thought  that  asymmetrically  aligning  the  ignition 
and  main  tubes  would  enhance  detonation  transition.  An  exploratory  numerical  study  was 
conducted  for  understanding  detonation  expansion  in  asymmetrically  joined  tube 
assemblies.  A  computational  fluid  dynamics  (CFD)  code  based  on  flux  corrected  transport  is 
used  for  the  simulation  of  two-dimensional  detonation  wave  formed  from  a  pair  of  ignition 
sources  in  a  smaller  ignition  tube  and  expanded  into  a  larger  main  tube.  A  large  number  of 
geometries  obtained  by  varying  the  tube  sizes  and  offsets  (asymmetry)  are  investigated.  It  is 
found  that  expansion  of  detonation  destroys  its  cellular  structure  and  generates  strong 
triple-shock  points  near  the  walls.  Asymmetric  expansion  creates  triple-shock  points  that 
are  stronger  than  those  generated  in  symmetric  expansion.  Interaction  of  strong  triple-shock 
points  with  walls  often  leads  to  galloping  detonations.  For  severe  expansion  ratios  symmetric 
configuration  resulted  in  a  deflagration  wave  (failed  detonation)  while  asymmetric 
configurations  yielded  successful  detonation  transition  from  ignition  tube  to  main  tube. 


I.  Introduction 


p 

X  ulse  Detonation  Engines  (PDEs)  operate  with  a  higher  thermal  efficiency  than  the  conventional,  constant- 

pressure  combustion  engines  [1].  PDEs  also  provide  a  very  high  specific  impulse  thrust  at  operating  frequencies  of 
few  hundred  Hz.  They  can  be  designed  without  the  use  of  any  rotating  machinery  or  valves  in  the  flow  path. 
However,  the  design  and  operation  of  the  PDEs  are  complicated  by  the  unsteady,  high-speed,  pulsed  combustion.  To 
reduce  the  deflagration-to-detonation  transition  (DDT)  time  several  conceptual  procedures  have  been  proposed.  The 
combustible  mixture  in  the  main  chamber  can  be  ignited  using  detonation  wave  that  was  generated  in  a  much- 
smaller,  pre-detonation  (or  ignition)  chamber.  The  primary  concern  in  such  approach  is  the  success  of  the 
transmission  of  detonation  wave  from  pre- detonation  chamber  to  main  chamber.  Previous  studies  have  indicated  that 
the  maximum  expansion  a  detonation  can  successfully  go  through  is  of  the  order  of  100%— placing  a  severe 
restriction  on  the  detonation- tube  diameter  [2].  In  order  to  achieve  detonation  in  large-size  tubes,  innovative 
techniques  need  to  be  developed  for  improving  the  detonations  (such  as  overdriven  detonations)  in  the  ignition 
chamber  and  for  reliably  transitioning  detonation  into  the  main  chamber.  One  of  the  concepts  thought  about  for 
providing  a  reliable  transmission  of  detonation  into  a  larger  main  chamber  was  to  join  the  ignition  chamber  to  the 
main  chamber  with  a  degree  of  asymmetricity.  It  is  believed  that  the  complex  wave  structures  generated  during 
asymmetric  expansion  of  cellular  detonation  wave  would  eventually  strengthen  the  detonation  itself.  This  problem 
of  sustaining  detonation  in  large-diameter  tubes  is  investigated  in  the  present  paper  using  numerical  techniques. 

The  detailed  cellular  structure  of  gaseous  detonations  has  been  studied  using  experimental  techniques  since 
1960’s.  However,  only  in  the  late  1970’s  Taki  and  Fujiwara  [3]  and  later  Oran  et  al.  [4]  were  able  to  numerically 
simulate  the  cellular  detonation  structure  for  the  two-dimensional  case.  Both  the  experiments  and  simulations  have 
identified  that  the  number  of  cells  in  a  cellular  detonation  wave  is  a  consequence  of  the  chemistry  of  the  problem 
which  is  characterized  by  the  reaction-zone  length  scale.  The  cell  size  was  also  found  to  be  independent  of  the 
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channel  width.  After  Taki  and  Fujiwara’s  first  simulation  [3]  a  number  of  numerical  studies  using  cellular 
detonations  have  been  performed  during  the  past  two  decades  [5-7]. 

An  important  concern  in  using  cellular  detonation  wave  as  a  source  for  the  burning  of  the  reactants  stems  from 
the  stability  of  the  cellular  detonation  wave.  Experimentally  it  was  found  that  the  stability  of  the  detonation  wave 
increases  with  tube  diameter.  For  example,  a  sudden  increase  in  the  tube  diameter  may  not  quench  the  detonation  if 
the  diameter  is  greater  than  thirteen  cell  widths  [8].  As  shown  by  St-Cloud  et  al.  [9]  and  Moen  et  al.  [10],  a  finite 
perturbation  may  lead  to  complete  destruction  of  one-cell-width  detonations.  Therefore,  a  small  but  sudden 
expansion  of  detonation  (or  ignition)  hotspot  may  result  in  a  deflagration  wave.  Similarly  sudden  expansion  of  a 
detonation  with  fewer  cells  may  also  result  in  deflagration  combustion.  In  the  present  numerical  paper,  expansion  of 
detonation  wave  in  asymmetrically  joined  tube  assemblies  are  studied  through  systematically  changing  the  diameters 
and  offset  between  the  ignition  and  main  tubes.  Numerical  results  are  analyzed  through  the  generation  of  movies  of 
the  instantaneous  pressure  fields  in  the  tubes. 


II.  Mathematical  Model 

The  conservation  equations  for  mass,  momentum,  energy  and  the  two  progress  variables  are  solved  in  Cartesian 
coordinate  system  [11].  The  gas  mixture  considered  in  the  numerical  investigations  is  a  stoichiometric  hydrogen- 
oxygen  fuel  diluted  with  Ar/He  by  70%.  This  mixture  is  known  to  generate  a  very  stable  detonation  [3].  The 
hydrogen-oxygen  reactions  are  represented  by  the  two-step  reaction  mechanism  of  Korobeinikov  [12].  This  model 
has  been  successfully  applied  in  the  past  for  addressing  various  two-dimensional  unsteady  detonation  problems 
[3,13].  The  Chapman- Jouguet  (C-J)  Mach  number  of  the  premixed  gas  mixture  considered  is  4.8.  The  speed  of 
sound,  which  is  used  for  non-dimensionalizing  velocities,  in  the  unbumed  mixture  is  529.16  m/s. 

The  present  simulations  used  an  explicit  2nd-order  MacCormack  predictor-corrector  technique  with  4th-order 
FCT  (Flux  Corrected  Transport)  scheme  for  capturing  the  shock  waves  accurately.  Grid  systems  up  to  3001x451 
points  are  constructed  with  a  criterion  of  Ax=Ay=2L  /9.  Here,  L  is  the  induction  length— a  characteristic  distance 
related  to  the  unbumed  gas  mixture.  For  the  hydrogen-oxygen  mixture  considered  in  the  present  study  L  is  0.2933 
cm.  The  cell  width  X  of  a  stably  propagating  detonation  simulated  with  this  mixture  is  -  2.60  cm.  Note  that  this  cell 
width  is  independent  of  the  size  of  the  tube  used.  Consequently  all  the  dimensions  reported  in  this  paper  are  non- 
dimensionalized  with  X.  Every  calculation  is  started  after  filling  the  channel  with  combustible  mixture  and  then  by 
igniting  the  mixture  at  specified  regions.  For  the  ignition  purpose,  two  circular  areas  of  9-grid-points  radius  each  are 
selected  near  the  closed  end  of  the  ignition  tube  and  then  replaced  the  fuel  mixture  within  this  region  with  the 
combustion  products.  In  constant- width  channels,  a  stably  propagating  multi-dimensional  detonation  wave 
establishes  as  the  combustion  products  push  the  flame  front. 

III.  Results  and  Discussion 

The  detonation  code  employed  for  the  current  investigation  on  detonation  wave  propagation  through 
asymmetrically  placed  tubes  was  previously  used  in  performing  studies  on  detonation  propagation  in  various  size 
straight  tubes  [14],  tubes  with  porous  walls  [15]  and  tubes  with  obstmctions  [16].  The  deflagration-to-detonation 
process  in  a  tube  having  a  width  of  X  was  successfully  simulated  using  a  single  ignition  point.  The  stably 
propagating  detonation  wave  with  two  transverse  waves  was  successfully  established  from  a  single  ignition  spot 
after  -1000  time  steps.  The  interaction  between  the  transverse  and  detonation  wave  resulted  in  two  triple-shock 
points  and,  thereby,  a  single  detonation  cell.  Detonation  velocities  obtained  at  the  upper  and  lower  walls  and  at  the 
mid-section  showed  that  the  reflection  of  a  triple-shock  point  from  the  wall  and  the  interactions  between  two  triple¬ 
shock  points  result  in  locally  increased  propagation  velocity.  However,  the  average  non-dimensional  propagation 
velocity  of  the  detonation  was  4.96,  which  is  close  to  the  Chapman- Jouguet  (C-J)  velocity  for  the  mixture 
considered.  The  geometry  considered  for  studying  detonation  propagation  from  a  small  ignition  tube  with  a  width  of 
Hi  to  the  main  tube  with  a  width  of  H2  is  shown  in  Fig.  1.  These  two  tubes  are  attached  such  a  way  that  their 
symmetric  planes  are  offset  by  5.  The  lengths  of  the  ignition  and  main  tubes  are  24X  and  48^,  respectively.  Two 
ignition  sources  are  provided  near  the  closed  end  of  the  ignition  tube.  Ignition  sources  are  enclosed  in  open  cavities 
such  that  the  reflections  from  cavity  walls  provide  quicker  transition  from  ignition-induced  deflagration  wave  to 
final  detonation  wave.  Even  though  one  ignition  source  is  sufficient  for  initiating  detonation  in  a  small  tube,  two 
ignition  sources  are  used  in  the  present  study  for  making  sure  that  a  stable  propagating  detonation  wave  establishes 
in  the  wide  range  of  ignition-tube  widths  considered.  This  is  demonstrated  in  Figs.  2-4. 
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Fig.  1.  Schematic  diagram  of  the  tube  array  used  for  studying  detonation  transition  from  small  (ignition)  tube  to 
large  (main)  tube. 


A.  Detonation  Initiation 

Calculations  for  detonation  formation  in  a  3.6^-wide  ignition  tube  were  performed  using  a  grid  system  of 
151x1001.  Results  in  the  form  of  instantaneous  pressure  distributions  in  different  sections  of  the  tube  are  shown  in 
Fig.  2.  Ignition  kernels  have  grown  to  the  extent  of  interacting  with  the  cavity  walls  in  3  ps  [Fig.  2(a)].  The  shock 
waves  emanated  from  the  cavities  established  a  detonation  front  by  the  time  combustion  reached  half  way  in  the 
ignition  tube  [Fig.  2(b)].  A  stably  propagating  detonation  with  7-8  triple-shock  points  (~3.5  cells)  developed  by  the 
time  it  reached  the  exit  of  the  ignition  tube.  The  structure  of  the  detonation  wave  exiting  the  ignition  tube  is  shown 
in  Fig.  2(c).  The  high-pressure  regions  in  this  figure  represent  interaction  between  two  triple-shock  points. 
Detonation  initiation  and  propagation  in  a  4.8^-wide  ignition  tube  are  shown  in  Fig.  3.  These  calculations  are 
performed  using  a  201x1001  grid-system.  Ignition  sources  provided  in  this  calculation  were  identical  to  those  used 
in  3.67,  calculation.  For  accommodating  the  smaller  cavities  in  the  wider  ignition  tube  the  widths  of  the  cavity  walls 
were  increased  [Fig.  3(a)].  This  resulted  in  additional  expansion  when  shock  waves  emanated  from  the  cavities. 
However,  a  strong  detonation  wave  was  established  in  the  mid-section  of  the  ignition  tube  [Fig.  3(b)].  The 
detonation  wave  exiting  the  tube  has  about  ten  triple-shock  points  [Fig.  3(c)].  Note  that  unlike  in  Fig.  2(c)  the  triple¬ 
shock  points  in  Fig.  3(c)  are  not  evenly  spaced.  This  suggests  that  the  detonation  wave  has  not  sufficiently 
developed  in  the  24^-long  ignition  tube.  In  contrast,  calculations  made  for  a  6^-wide  ignition  tube  resulted  in  a 
under-developed  detonation  by  the  time  combustion  front  reached  the  tube  exit  [Fig.  4(c)].  Pressure  distribution  in 
Fig.  4(c)  suggests  only  about  10  triple-shock  points  that  are  unevenly  distributed  developed  on  the  detonation  front. 
Note  that  a  stably  propagating  detonation  front  should  have  12  triple-shock  points  in  this  6X-wide  tube.  The 
development  of  fewer  triple-shock  points  may  be  understood  by  examining  the  detonation  structure  at  the  mid¬ 
section  of  the  tube  [Fig.  4(b)].  Significant  expansion  of  shock  waves  while  exiting  the  cavities  due  to  thicker  walls 
[Fig.  4(a)]  quenched  the  detonation  near  the  symmetry  plane.  Collision  of  triple-shock  points  near  the  tube  walls 
generated  strong  triple-shock  points.  These  strong  triple-shock  points  in  a  longer  ignition  tube  should  generate 
additional  cells  and  should  yield  a  stably  propagating  detonation  with  7-8  cells. 

B.  Detonation  Propagation  in  Main  Tube 

A  number  of  calculations  were  performed  for  understanding  detonation  transition  from  ignition  tube  to  main  tube 
using  the  three  ignition  tubes  described  in  Figs.  2-3  and  various  main  tube  sizes.  Details  of  the  tube  sizes  and  layouts 
are  summarized  in  Table  1.  Note,  offset  (d/X)  zero  means  ignition  and  main  tubes  are  symmetrically  attached  and 
maximum  5/7,  for  each  tube  combination  represents  a  configuration  in  which  lower  walls  of  the  tubes  are  aligned 
(Fig.  1).  Different  grid  systems  were  used  for  accommodating  tube  widths  listed  in  Table  1.  However,  the  grid 
resolution  of  42  points  per  X  in  both  the  longitudinal  and  vertical  directions  was  maintained  in  all  the  calculations. 
Each  calculation  was  started  with  ignition  sequence  and  continued  till  the  detonation  wave  front  reaches  the  exit  of 
the  main  tube,  which  represents  ~  800  ps  real  time  and  25,000  computational  time-steps.  Instantaneous  pressure 
fields  were  stored  after  every  200  time-steps  (6.2  ps  real  time)  of  calculations.  Results  were  analyzed  through  the 
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movies  of  pressure  fields  for  understanding  the  dynamic  characteristics  of  detonation  propagation  from  ignition  tube 
to  main  tube. 


Table  1:  Geometrical  details  of  ignition  and  main  tubes  used  in  various  simulations. 


Tube 

Combination 

Initiation 

Tube 

(HA) 

Main 

Tube 

(HA) 

Offset 

(8/X) 

1 

3.6 

4.8 

0,  0.12,  0.24,  0.36,  0.48,  0.6 

2 

3.6 

6 

0,  0.12,  0.24,  0.36,  0.48,0.6, 
0.72,  0.84,  0.96,  1.08,  1.2 

3 

3.6 

7.2 

0,  0.6,  1.2,  1.8 

4 

3.6 

8.4 

0,  0.6,  1.2,  1.8, 2.4 

5 

3.6 

9.6 

0,  0.6,  1.2,  1.8,  2.4,  3.0 

6 

3.6 

10.8 

0,  0.6,  1.2,  1.8,  2.4,  3.0,  3.6 

7 

3.6 

12 

0,  1.2,  2.4,  3.6,  4.2 

8 

3.6 

13.2 

0,  0.6,  1.2,  2.4,  3.6,  4.8 

9 

4.8 

6 

0,  0.12,  0.24,  0.36,  0.48,  0.6 

10 

4.8 

7.2 

0,  0.12,0.24,  0.36,  0.48,0.6, 
0.72,  0.84,  0.96,  1.08,  1.2 

11 

4.8 

8.4 

0,  0.6,  1.2,  1.8 

12 

4.8 

9.6 

0,  0.6,  1.2,  1.8,  2.4 

13 

6 

7.2 

0,  0.24,  0.48,  0.6 

14 

6 

8.4 

0,  0.24,  0.48,  0.72,  0.96,  1.2 

15 

6 

9.6 

0,  0.6,  1.2,  1.8 

16 

6 

10.8 

0,  0.6,  1.2,  1.8,  2.4 

The  following  observations  are  made  from  the  simulations  listed  in  Table  1: 

Tube  Combination  1.  Calculations  for  the  symmetric  configuration  (8/A,  =  0)  yielded  smooth  expansion  of 
detonation  from  ignition  tube  to  main  tube.  Initially,  where  the  tubes  were  joined,  the  3 -4-cell  detonation  wave  front 
reduced  to  one-cell  wave.  However,  as  the  detonation  propagated  in  the  main  tube  additional  cells  started 
developing.  Detonation  neither  locally  nor  temporally  became  deflagration  wave.  When  a  small  offset  of  0.12  was 
introduced  to  the  tube  assembly,  detonation  wave  front  still  reduced  to  one-cell  structure;  however,  one  out  of  the 
two  triple  shock  points  that  made-up  the  cellular  structure  became  much  stronger.  Even  though  additional  cells  were 
developed  while  the  detonation  propagated  in  the  main  tube,  the  stronger  triple-shock  point  led  to  galloping  waves 
[15]  near  the  walls,  which  destroyed  the  cellular  structure  of  the  detonation  front.  As  detonation  propagated  further 
triple-shock  point  got  weaker  and  new  cells  started  establishing.  Expansion  into  a  0. 24-offset  tube  reduced  the 
detonation  wave  to  a  one-triple-shock-point  structure,  i.e.  half  a  cell.  However,  the  surviving  triple  point  is  much 
stronger  than  those  observed  in  the  previous  cases.  Interaction  of  this  strong  triple-shock  point  with  the  tube  walls 
led  to  galloping  detonations,  which  then  caused  the  detonation  front  to  attain  multi-cell  structure.  Interestingly,  when 
the  offset  was  increased  to  0.36,  no  galloping  detonations  were  observed.  In  fact,  multiple  cells  were  present  on 
detonation  front  throughout  the  expansion  process.  Further  increase  in  offset  (to  0.48)  enhanced  cell  destruction  and 
the  process  of  making  one  triple-shock  point  stronger  than  the  rest.  A  galloping  detonation  also  occurred.  On  the 
other  hand,  a  stably  propagating  multi-cell  detonation  wave  front  with  all  the  triple-shock  points  of  nearly  the  same 
strength  was  established  by  the  time  it  reached  the  exit  of  the  main  tube.  The  0. 6-offset  case  was  similar  to  the  0.48- 
offset  case,  except  that  more  galloping  detonation  events  occurred  in  the  former. 

Tube  Combination  2.  Expansion  through  the  symmetrically  placed  tubes  (5/A  =  0)  reduced  the  multi-cell- 
detonation  structure  to  single-cell  one.  Both  the  triple-shock  points  that  created  the  cell  structure  to  the  detonation 
wave  front  were  stronger  than  those  observed  in  a  stably  propagating  detonation  case.  Interestingly,  detonation  front 
quickly  settled  into  a  stably  propagating  multi-cell  structure  (-12  triple-shock  points).  When  an  offset  of  0.12  was 
introduced  to  the  tube  assembly  these  two  triple-shock  points  got  merged  into  a  single  strong  triple-shock  point. 
Stably  propagating  detonation  was  quickly  established  in  this  case  also.  No  galloping  detonations  were  observed. 
The  0. 24-offset  case  was  similar  to  the  0. 12-offset  case  except  that  more  triple-shock  points  (12  vs  10)  were 
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established  by  the  time  detonation  reached  the  end  of  the  main  tube.  Even  more  triple-shock  points  were  established 
in  0. 36-offset  case  (14  vs  12).  Such  increase  in  the  number  of  triple-shock  points  continued  for  the  0.48-offset  case 
(16  vs  14).  The  two  triple-shock  points  got  merged  into  a  single  one  when  offset  was  increased  to  0.6.  This  led  to  the 
formation  of  strong  galloping  detonation.  In  fact,  cells  were  created  while  the  detonation  wave  front  was 
accelerating  in  the  galloping  detonation  event.  This  offset  also  produced  16  triple-shock  points  on  the  detonation 
front  when  it  reached  the  exit  of  the  main  tube.  More  but  gradually  weakening  galloping  detonation  events  occurred 
when  the  offset  was  increased  to  0.72.  It  is  also  observed  that  galloping  detonations  tend  to  destroy  the  existing  cells 
on  a  detonation  front  while  simultaneously  establishing  newer  cells.  When  the  offset  was  increased  to  0.84 
detonation  wave  nearly  became  deflagration  wave  on  one  side  and  galloping  detonation  on  the  other  side  during  the 
expansion  process.  A  stably  propagating  wave  structure  was  established  by  the  time  detonation  reached  the  exit 
plane  of  the  main  tube.  The  0.96  and  1. 08-offset  cases  were  similar  to  0. 84-offset  case.  In  all  these  three  cases 
majority  of  the  detonation  front  became  deflagration  wave  with  no  cellular  structure.  However,  galloping  detonation 
events  re-established  the  detonation  wave.  1 .2-offset  case  was  similar  to  previous  one. 

Tube  Combination  3.  Similar  to  previous  cases,  triple-shock  points  during  the  symmetric  expansion  of 
detonation  in  this  tube  combination  also  merged  into  two;  thus,  yielding  a  single-cell  detonation  front.  Multiple  cells 
were  later  on  developed  through  cell-splitting  process  and  transition  of  detonation  wave  from  ignition  tube  to  main 
tube  was  smooth.  In  the  0.6-  and  1. 2-offset  cases,  one  triple-shock  point  got  significantly  stronger  than  the  other 
point.  Stronger  one  resulted  in  galloping  detonations  whenever  it  interacted  with  the  tube  walls.  After  several 
collisions  at  the  wall  these  triple  points  yielded  multi-cell  structure  rather  dramatically.  With  1.8  offset  expansion  of 
detonation  into  larger  main  tube  resulted  in  a  single  triple-shock  point.  This  led  to  some  delay  in  the  establishment 
of  multiple  cells.  However,  when  they  appeared  it  happened  rather  quickly.  In  general  more  cells  developed  as  the 
tubes  offset  is  increased. 

Tube  Combination  4.  The  symmetric  expansion  is  shown  in  Fig.  5.  Instantaneous  pressure  fields  are  plotted  at 
three  sections  of  the  main  tube.  As  seen  Fig.  5(a)  detonation  wave  front  lost  all  the  cells  when  it  went  through  the 
geometrical  expansion.  Note  that  (as  shown  in  Fig.  1)  the  detonation  exited  from  the  ignition  tube  had  3-4  cells. 
However,  two  strong  triple-shock  points  were  survived  near  the  tube  walls.  Propagation  of  detonation  with  these  two 
triple-shock  points  resulted  in  a  single-cell  structure  [Fig.  5(b)]  for  some  distance.  However,  through  cell-splitting 
process  detonation  wave  front  with  nearly  10  cells  was  established  by  the  time  it  reached  the  exit  of  the  tube  [Fig. 
5(c)].  When  the  offset  of  the  ignition  and  main  tubes  was  increased  to  1.2,  one  triple-shock  point  got  stronger  than 
the  other  [Fig.  6(a)].  As  shown  in  Fig.  6(b)  propagation  of  stronger  triple-shock  created  new  cells.  However,  when 
the  triple-shock  point  got  too  strong  it  also  destroyed  the  existing  cells  [Fig.  6(c)].  Asymmetric  and  insufficiently 
developed  detonation  front  established  at  the  end  of  the  main  tube.  Process  of  detonation  expansion  is  shown  in  Fig. 
7(a)  for  the  2.4-offset  case.  Triple-shock  points  on  a  detonation  wave  front  become  weaker  when  the  detonation  is 
subjected  to  expansion.  However,  the  slowed-down  triple-shock  points  get  focused  on  to  the  upstream  wall  and 
generate  a  strong  triple-shock  point.  This  is  shown  in  Fig.  7(b).  Further  collisions  of  this  surviving  triple-shock  point 
with  the  walls  generate  multi-cell  detonation  front  through  cell  splitting  and/or  generating  new  cells  as  shown  in  Fig. 
7(c). 

Tube  Combination  5.  Two  triple-shock  points  were  formed  in  the  symmetric-expansion  case.  However,  since  the 
expansion  ratio  (H2/H!)  for  this  combination  is  high  (~ 2.7 )  detonation  is  not  completely  developed  by  the  time  it 
reached  the  exit  of  the  main  tube.  Reminiscence  of  the  initial  strong  triple-shock  point  is  evident  on  the  detonation 
front  at  the  exit.  In  0. 6-offset  case  the  strong  triple-shock  point  produced  strong  explosion-type  events  latter  in  the 
tube.  These  events  destroyed  the  already  present  cells  and  created  the  new  ones.  As  a  result  at  the  exit  plane 
detonation  possessed  a  structure  with  only  one  strong  triple-shock  point.  The  1 .2-offset  case  is  similar  to  previous 
one,  but  more  cells  were  developed  toward  exit.  The  triple-shock  point  got  stronger  when  the  offset  was  increased  to 
1.8,  which  eventually  led  to  the  development  of  a  stable  detonation  front  at  the  exit  of  the  main  tube.  While  the 
results  obtained  with  2.4  offset  are  similar  to  those  calculated  with  1.8  offset,  creation  of  new  cells  and  destruction 
of  older  cells  are  more  evident  in  the  former  case.  Detonation  was  not  quite  well  developed  at  the  exit  when  the 
offset  was  increased  to  the  maximum  value  of  2.4.  Galloping  detonations  started  establishing  in  this  case. 

Tube  Combination  6.  One  strong  triple-shock  point  established  during  symmetric  expansion  of  the  detonation 
wave  into  10.8^-wide  tube.  This  resulted  in  a  fully  developed  detonation  front  in  the  main  tube  toward  the  exit. 
Calculations  with  offset  suggested  that  detonation  front  development  gets  delayed  with  offset  initially  and  then  gets 
accelerated  with  further  increase  in  offset. 

Tube  Combination  7.  Detonation  front  nearly  decayed  into  deflagration  wave  for  the  symmetric  case.  However, 
the  surviving  triple-shock  points  could  able  to  re-establish  the  detonation  wave  front,  which  further  develops  into  a 
stable  wave  by  the  time  it  reaches  the  exit  of  the  main  tube.  Initial  excessive  decay  of  detonation  wave  was  not 
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evident  when  tubes  were  joined  with  some  offset.  Detonation  develops  into  a  stable  wave  front  for  all  the  offset 
conditions. 

Tube  Combination  8.  Detonation  failed  to  expand  into  the  main  tube  that  is  3.7  times  wider  than  the  ignition  tube 
when  it  was  attached  symmetrically.  Instantaneous  pressure  fields  obtained  at  different  sections  of  the  main  tube  are 
shown  in  Fig.  8.  The  two  triple-shock  points  developed  from  the  merging  of  triple-shock  points  on  the  detonation 
front  exited  from  the  ignition  tube  during  the  initial  expansion  process  [Fig.  8(a)]  did  not  gain  sufficient  energy  for 
triggering  a  galloping  detonation,  which  is  needed  for  re-establishing  a  decaying  detonation  wave.  The  detonation 
wave  gradually  decayed  into  a  deflagration  wave  [Figs.  8(b)-8(d)].  However,  when  a  small  offset  (0.6)  was  provided 
to  the  tube  assembly,  one  triple-shock  point  got  stronger  while  the  other  one  got  weaker  [Fig.  9(a)  and  9(b)].  The 
stronger  triple-shock  point  was  able  to  re-establish  the  detonation  as  shown  in  Fig.  9(c).  The  galloping  detonation 
developed  new  cells  [Fig.  9(c)]  and  finally  established  a  stable  detonation  by  the  time  it  reached  the  exit  plane  [Fig. 
9(d)].  Even  though  detonation  failed  for  1. 2-offset  case  it  has  survived  for  longer  period  of  time  than  the  symmetric 
one  did.  Detonations  were  successfully  established  for  all  other  offset  cases.  Instantaneous  pressure  fields  obtained 
with  3.6  offset  are  shown  in  Figs.  10(a)- 10(d). 

Tube  Combination  9.  Detonation  exited  from  the  4.8^-wide  ignition  tube  transitioned  into  a  6^-wide  main  tube 
smoothly  when  the  tubes  were  attached  symmetrically.  In  contrast  to  the  previous  cases  with  smaller  ignition  tube, 
detonation  front  lost  only  a  few  cells  during  expansion  when  it  emanated  from  a  larger  ignition  tube.  Number  of 
cells  increased  as  the  detonation  propagated  in  the  main  tube.  A  small  offset  (0.12)  to  the  tube  assembly  developed 
stronger  triple  points  on  one  side  of  the  detonation  wave  and  made  it  curved.  Detonation  became  flat  as  it 
propagated  downstream.  Stronger  triple-shock  point  in  0. 24-offset  case  seems  to  destroy  the  weaker  ones.  However, 
it  generated  new  cells  once  it  gathered  enough  strength.  Detonation  is  still  developing  at  the  exit.  In  0.3 6-offset  case 
the  strong  triple-shock  point  completely  destroyed  the  other  triple-shock  points.  However,  it  produced  new  cells 
whenever  its  interaction  with  the  walls  produced  strong  explosions.  Behavior  of  detonation  expansion  with  other 
two  offsets  (0.48  and  0.6)  was  similar  to  that  observed  with  smaller  offsets. 

Tube  Combination  10.  Smooth  transition  of  detonation  wave  from  ignition  tube  to  main  tube  was  obtained  with 
symmetric  configuration.  However,  detonation  front  was  not  quite  well  developed  by  the  time  it  reached  the  exit. 
For  conditions  with  offset,  in  general,  stronger  triple  points  developed  as  the  wave  expanded  asymmetrically. 
Number  of  stronger  triple  points  decreased  with  offset.  At  the  same  time  strength  of  the  survived  triple  point 
increased  with  offset.  Strong  triple-shock  points  tend  to  destroy  the  existing  cells  and  generate  new  ones. 

Tube  Combination  11.  Near  smooth  transition  of  detonation  was  obtained  in  symmetric  case.  Slightly  stronger 
triple-shock  points  were  developed  initially.  Much  stronger  triple-shock  points  were  developed  in  0. 6-offset  case 
however  they  got  dissipated  to  regular  strength  quickly.  Stable  detonation  front  wave  was  established  in  main  tube 
rather  quickly.  With  1.2  offset  all  triple-shock  points  gradually  merged  into  one  strong  triple-shock  point.  Because 
of  this  at  some  section  in  the  main  tube  detonation  front  contained  only  one  triple-shock  point  and  the  rest  of  the 
wave  was  smooth.  Nevertheless,  such  smooth  wave  did  not  stay  long.  It  convoluted  into  multi-cell  structure  rather 
dramatically.  Detonation  propagation  in  1. 8-offset  case  followed  that  of  1. 2-offset  case. 

Tube  Combination  12.  Near  smooth  transition  of  detonation  was  obtained  in  symmetric  case.  Slightly  stronger 
triple-shock  points  were  developed  initially.  Two  strong  triple-shock  points  have  developed  in  0. 6-offset  case.  These 
points  destroyed  the  other  triple-shock  points  and  cells.  However,  they  did  not  develop  new  cells  in  the  main  tube 
length  considered.  Nevertheless,  detonation  was  sustained.  In  1 .2-offset  case,  merging  of  all  the  triple-shock  points 
resulted  in  a  strong  explosion  near  the  wall  and  established  a  stable  detonation  wave.  Structure  of  the  detonation 
wave  near  the  exit  was  similar  to  that  obtained  with  symmetric  expansion.  Merging  of  triple-shock  points 
transformed  most  of  the  detonation  wave  into  deflagration  wave  in  2. 4-offset  case.  However,  a  strong  explosion 
associated  with  the  united  triple-shock  point  re-established  detonation.  Strong  explosion  also  created  cellular 
structure  to  the  wave  front. 

Tube  Combination  13.  Detonation  exited  from  the  6^-wide  ignition  tube  transitioned  into  a  7.2X-wide  main  tube 
smoothly  when  the  tubes  were  attached  symmetrically.  However,  detonation  wave  was  developed  partially  with 
fewer  cells  (less  than  the  one  expected  for  a  7.2^-wide  tube).  Detonation  might  develop  the  remaining  cells  in  a 
longer  tube.  Interestingly,  small  offset  (0.12)  in  tube  arrangement  did  not  cause  much  a  deviation  to  detonation 
propagation  from  symmetric  expansion.  However,  strong  triple-shock  points  have  established  when  offset  was 
increased  to  0.36.  Propagation  of  these  stronger  triple-shock  points  did  not  cause  the  other  triple-shock  points  to 
weaken.  Detonation  front  was  partially  developed  by  the  time  it  exited  from  the  main  tube.  Results  for  0. 6-offset 
case  were  similar  to  those  obtained  with  0.36  offset. 

Tube  Combination  14.  Detonation  is  significantly  distorted  while  going  through  symmetric  expansion.  Stronger 
triple-shock  points  have  developed  which  then  destroyed  or  weakened  the  existing  cells  while  generating  new  ones. 
Detonation  expansion  in  0. 24-offset  case  established  one  strong  triple  point.  Rest  of  the  detonation  became  cell- free. 
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Detonation  propagated  in  this  mode  for  two  channel  widths  before  new  cells  start  establishing  on  the  smooth  part  of 
the  wave  front.  0.48-  and  0. 72-offset  cases  were  similar  to  0.24  case  except  that  the  detonation  front  never  became 
smooth  as  in  the  former  ones.  Triple-shock  point  in  0.72-  and  1. 2-offset  cases  did  not  get  intensified  and  as  a  result 
detonation  retained  its  cellular  structure  through  out  the  propagation. 

Tube  Combination  15.  Results  for  this  tube  combination  were  similar  to  those  obtained  for  combination  14 
except  that  more  orderly  detonations  developed  for  higher  offsets  for  this  tube  combination. 

Tube  Combination  16.  Symmetric  detonation  propagation  from  the  6^-wide  ignition  tube  into  a  10.8^-wide  main 
tube  is  shown  in  Fig.  11.  Detonation  was  significantly  distorted  and  a  strong  triple-shock  point  was  established  at  the 
mid-section  of  the  main  tube  [Fig.  11(b)].  Detonation  front  at  the  exit  of  the  tube  [Fig.  11(c)]  is  still  developing  as 
the  presence  of  a  stronger  triple-shock  point  continues  to  alter  the  cell  structure.  Partial  development  of  detonation  is 
more  pronounced  in  the  tube  arrangements  with  some  offsets  (Figs.  12  and  13). 

Times  taken  by  detonation  fronts  in  various  tube  configurations  listed  in  Table  1  are  plotted  in  Figs.  14,  15  and 
16.  In  each  case  times  are  calculated  starting  from  ignition  till  the  detonation  front  reached  first  the  mid-section  of 
the  main  tube  and  then  the  end  section.  Variations  in  detonation  arrival  times  with  respect  to  tubes  offset  for  3.6X- 
wide  ignition  tube  are  shown  in  Fig.  14.  Even  though,  as  discussed  earlier,  significant  variations  were  noted  in 
detonation  structures  during  their  propagation  in  tubes  with  different  offsets,  the  arrival  times  shown  in  Fig.  14  are 
more  or  less  independent  of  the  tubes  offset.  This  confirms  the  fact  that  the  cellular  structure  of  a  detonation  wave 
does  not  alter  the  average  wave  propagation  speed.  Numerically  it  was  confirmed  that  propagation  speeds  of  planar 
one-dimensional  and  cellular  two-dimensional  detonation  waves  are  same  and  equal  to  Chapman- Jouguet  speed  [3]. 
However,  expansion  of  detonation  wave  into  wider  tubes  created  partially  weakened  detonations  (for  example  Figs. 
9  and  10)  which  may  reduce  the  average  propagation  speeds.  This  is  evident  in  the  Figs.  15  and  16  in  which 
detonation  arrival  times  are  plotted  with  respect  to  tube  expansion  ratios.  Detonation  arrival  times  are  increasing 
with  expansion  ratio.  A  comparison  of  arrival  times  in  Figs.  15(a)  and  15(b)  suggests  that  the  average  detonation 
propagation  speed  decreased  (or  arrival  times  increased)  more  when  tubes  are  joined  with  some  offset.  However,  as 
noted  in  Fig.  15(a),  the  survival  chance  for  the  detonation  to  expand  into  a  wider  tube  increases  if  tubes  are  joined 
with  some  offset. 


IV.  Conclusion 

A  computational  study  was  performed  for  understanding  detonation  expansion  into  a  main  tube  from  a  smaller 
ignition  tube.  A  computational  fluid  dynamics  (CFD)  code  based  on  flux-corrected  transport  is  used  for  the 
simulation  of  two-dimensional  detonation  waves.  Detonations  are  initiated  in  ignition  tubes  using  two  circular 
ignition  sources  enclosed  in  open  cavities.  Ignition  tube  is  joined  to  the  main  tube  with  a  specified  offset  creating 
asymmetric  expansion  for  the  detonation  wave.  A  number  of  ignition-main-tube  configurations  are  obtained  through 
changing  the  tube  sizes  and  offsets.  Results  are  analyzed  from  the  movies  of  pressure  fields  generated  for  each  case. 
In  general,  expansion  of  detonation  destroys  its  cellular  structure  and  generates  strong  triple-shock  points.  It  is  found 
that  asymmetric  expansion  creates  triple-shock  points  that  are  stronger  than  those  generated  in  symmetric  expansion. 
Interaction  of  these  stronger  triple-shock  points  with  walls  often  led  to  galloping  detonations.  However,  the  average 
propagation  speed  is  not  changed  much  with  asymmetric  nature  of  the  tube  assembly.  For  severe  expansion  ratios 
symmetric  configuration  resulted  in  a  deflagration  wave  (failed  detonation)  while  asymmetric  configurations  yielded 
successful  detonation  transition  from  ignition  tube  to  main  tube. 

Acknowledgments 

Financial  support  for  this  work  was  provided  by  the  Air  Force  Office  of  Scientific  Research  (AFOSR,  Dr.  Julian 
Tishkoff)  and  the  Air  Force  Contract  #F33615-03-D-2329  (Dr.  Fred  Schauer).  Author  also  thanks  Drs.  Fred  Schauer 
and  John  Hoke  for  providing  stimulating  technical  discussions. 

References 

[1]  Schauer,  F.,  Stutrud,  J.,  and  Bradley,  R.  “Detonation  Initiation  Studies  and  Performance  Results  for  Pulsed 
Detonation  Engine  Applications.”  AIAA  Paper  No.  2001-129,  39th  AIAA  Aerospace  Sciences  Meeting  &  Exhibit ,  8- 
1 1  January  2001,  Reno,  NV. 

[2]  Katta,  V.  R.,  Chin,  L.  P.,  and  Schauer,  F.,  17th  International  Colloquium  on  the  Dynamics  of  Explosions  and 
Reactive  Systems,  Heidelberg,  Germany,  July  25-30,  1999. 

[3]  Taki,  S.,  and  Fujiwara,  T.,  AIAA  J.  16,  73  (1978). 

[4]  Oran,  E.  S.,  Young,  T.  R.,  Boris,  J.  P.,  Picone,  J.  M.,  and  Edwards,  D.  H.,  Ninteenth  Symposium  (International) 
on  Combustion,  P.  573,  The  Combustion  Institute,  PA,  1982. 


7 

American  Institute  of  Aeronautics  and  Astronautics 


678 


[5]  Pantow,  E.G.,  Fischer,  M.,  and  Kratzel,  Th.,  “Decoupling  and  Recoupling  of  Detonation  Waves  Associated  with 
Sudden  Expansion,”  Shock  Waves ,  Vol.  6,  pp.  131-137,  1996. 

[6]  Tangirala,  V.  E.,  Varatharajan,  B.,  Pinard,  P.  F.,  and  Dean,  A.  J.,  AIAA  2004-1209,  42nd  AIAA  Aerospaces 
Sciences  Meeting  and  exhibit,  5-8  Jan  2004,  Reno,  NV 

[7]  Gamezo,  V.N.,  Ogawa,  T.,  and  Oran,  E.S.,  “Numerical  Simulations  of  Flame  Propagation  and  DDT  in 
Obstructed  Channels  Filled  with  Hydrogen- Air  Mixture,”  Proceedings  of  the  Combustion  Institute  30,  pp.  2462- 
2471,2007. 

[8]  Glassman,  L,  Combustion ,  3rd  Edition,  1996,  p.259 

[9]  Saint-Cloud,  J.  P.,  Guerraud,  C.,  Brochet,  C.,  and  Manson,  N.,  Astronautica  Acta.,  17,  487  (1972). 

[10]  Moen,  I.  O.,  Donato,  M.,  Knystautas,  R.,  and  Fee,  J.  H.,  Eighteenth  Symposium  (International)  on  Combustion, 
p.  1615,  The  Combustion  Institute. 

[11]  Taki,  S.,  and  Fujiwara,  T.,  “Numerical  Simulation  of  Triple  Shock  Behavior  of  Gaseous  Detonation,” 
Proceedings  of  the  Combustion  Institute,  Vol.  18,  1981,  pp.  1671-1681. 

[12]  Korobeinikov,  V.,  Eevin,  V.,  Markov,  V.,  and  Chemyi.  G.,  Astronautica  Acta,  Vol.  17,  No.  4&5,  p.  529,  1972. 

[13]  Hopper,  D.  R.,  King,  P.,  Schauer,  F.  R.,  Katta,  V.  R.,  and  Hoke,  J.  F.,  “Detonation  Propagation  Across  an 
Asymmetric  Step  expansion,”  AIAA  Paper  2007-5078,  43rd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference 
&  Exhibit,  July  8-11,  2007,  Cincinnati,  OH. 

[14]  Fujiwara,  T.,  and  Katta,  V.  R.,  “Propagation  Mechanism  of  Detonation — Three-Dimensional  Phenomena,” 
Proceedings  of  the  International  Symposium  on  Computational  Fluid  Mechanics,  Aug.  28-31,  Nagoya,  Japan,  pp. 
531-536. 

[15]  Katta,  V.  R,  Fujiwara,  T.,  and  Fee,  J.  H.,  Memoirs  of  the  Faculty  of  Engineering,  Nagoya  University,  Vol.  40, 
No.  1,  1988. 

[16]  Katta,  V.R.,  Tucker,  K.C.,  Hoke,  J.,  Schauer,  F.,  “Initiation  of  Detonation  in  a  Targe  Tube,”  19th  International 
Colloquium  on  the  Dynamics  of  Explosions  and  Reactive  Systems ,  Hakone,  Japan,  July  2  -  August  1,  2003. 


8 

American  Institute  of  Aeronautics  and  Astronautics 


679 


Fig.  2.  Initiation  and  formation  of  detonation  inside  a  3.6^-wide  ignition  tube,  (a)  Ignition  kernel  3  (is  after  the 
ignition.  Structure  of  detonation  wave  inside  ignition  tube  when  it  is  at  mid  section  (b)  and  while  exiting  (c). 


(a) 


(b) 


(c) 


Fig.  3.  Initiation  and  formation  of  detonation  inside  a  4.8X-wide  ignition  tube,  (a)  Ignition  kernel  3  (is  after  the 
ignition.  Structure  of  detonation  wave  inside  ignition  tube  when  it  is  at  mid  section  (b)  and  while  exiting  (c). 


Fig.  4.  Initiation  and  formation  of  detonation  inside  a  6^-wide  ignition  tube,  (a)  Ignition  kernel  3  jus  after  the 
ignition.  Structure  of  detonation  wave  inside  ignition  tube  when  it  is  at  mid  section  (b)  and  while  exiting  (c). 
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(a)  (b)  (c) 


Fig.  5.  Propagation  of  detonation  from  3.6A-wide  ignition  tube  to  8.4A-wide  main  tube.  S/A  =  0.  Detonation  wave 
structure  (a)  while  going  through  expansion,  (b)  at  mid-section  of  main  tube,  and  (c)  at  exit. 


(a)  (b)  (c) 


Fig.  6.  Propagation  of  detonation  from  3.6A-wide  ignition  tube  to  8.4A-wide  main  tube.  8/A  =  1.2.  Detonation  wave 
structure  (a)  while  going  through  expansion,  (b)  at  mid-section  of  main  tube,  and  (c)  at  exit. 


(a)  (b)  (c) 


Fig.  7.  Propagation  of  detonation  from  3.6A-wide  ignition  tube  to  8.4A-wide  main  tube.  8/A  =  2.4.  Detonation  wave 
structure  (a)  while  going  through  expansion,  (b)  at  mid-section  of  main  tube,  and  (c)  at  exit. 
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(a)  (b)  (c)  (d) 


Fig.  8.  Propagation  of  detonation  from  6X-wide  ignition  tube  to  13.2^-wide  main  tube.  8/X  =  0.  Detonation  wave 
structure  (a)  while  going  through  expansion  and  (b)  124  ps,  (c)  230  ps,  and  (d)  550  ps  later. 


(a)  (b)  (c)  (d) 

Fig.  9.  Propagation  of  detonation  from  3.6^-wide  ignition  tube  to  13.2X-wide  main  tube.  5/A,  =  0.6.  Detonation  wave 
structure  (a)  while  going  through  expansion  and  (b)  124  ps,  (c)  230  ps,  and  (d)  550  ps  later. 


Fig.  10.  Propagation  of  detonation  from  3.6^-wide  ignition  tube  to  13.2X-wide  main  tube.  8/A,  =  3.6.  Detonation 
wave  structure  (a)  while  going  through  expansion  and  (b)  124  ps,  (c)  230  ps,  and  (d)  550  ps  later. 
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(a)  (b)  (c) 


Fig.  11.  Propagation  of  detonation  from  6^-wide  ignition  tube  to  10.8^-wide  main  tube.  8/X  =  0.  Detonation  wave 
structure  (a)  while  going  through  expansion  and  (b)  300  ps  and  (c)  400  ps  later. 


(a)  (b)  (c) 


Fig.  12.  Propagation  of  detonation  from  6X-wide  ignition  tube  to  10.8X-wide  main  tube.  8/X  =  1.2.  Detonation  wave 
structure  (a)  while  going  through  expansion  and  (b)  300  ps  and  (c)  400  ps  later. 


(a)  (b)  (c) 


Fig.  13.  Propagation  of  detonation  from  6X-wide  ignition  tube  to  10.8X-wide  main  tube.  8/X  =  2.4.  Detonation  wave 
structure  (a)  while  going  through  expansion  and  (b)  300  ps  and  (c)  400  ps  later. 
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Fig.  14.  Times  required  for  detonation  front  for 
reaching  mid-  and  end- sections  of  main  tube  for 
different  tube  offsets.  Ignition  tube  width  is  3.6X. 
Main  tube  widths  are  (a)  4.8^,  (b)  72X,  and  (c)  9.6X. 


Fig.  15.  Times  required  for  detonation  front  for 
reaching  l/4th-  and  end-sections  of  main  tube  for 
different  tube  widths.  Ignition  tube  width  is  3.6X. 
Tube-offsets  are  (a)  0  and  (b)  maximum. 


Fig.  16.  Times  required  for  detonation  front  for 
reaching  1  /4th-  and  end-sections  of  main  tube  for 
different  tube  widths.  Ignition  tube  width  is  6X. 
Tube-offset  is  zero. 
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Abstract 

Vortex-flame  interactions  are  used  to  study  the 
dynamics  of  unsteady  laminar  flamelet  burning  in  non- 
premixed  gaseous  and  two-phase  flows.  Such 
interactions  provide  a  tractable  numerical  and 
experimental  regime  in  which  turbulent-like 
phenomena  can  be  evaluated.  This  work  explores  a 
number  of  fundamental  parameters  that  have 
implications  for  the  study  of  turbulent  combustion, 
including  scalar  dissipation,  unsteady  flame  thickness, 
unsteady  strain  rate,  and  a  new  parameter  recently 
proposed  to  characterize  local  extinction.  Particular 
attention  is  paid  to  time-dependent  (dynamic) 
phenomena,  such  as  unsteadiness  and  flame  movement, 
that  may  play  a  significant  role  in  turbulent  combustion 
modeling  and  validation.  Results  indicate  that  a  variety 
of  features  can  result  in  non-idealized  flamelet  behavior 
in  near-unity-Lewis  number  flames.  The  sensitivity  of 
mixture  fraction  state  relationships  to  vortex-flame 
effects  is  analyzed  and  discussed. 
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Introduction 

Vortex-flame  interactions  are  often  considered  as 
fundamental  building  blocks  for  statistical  theories  of 
turbulence.  Such  interactions  subject  the  flame  surface 
not  only  to  unsteadiness,  but  also  to  deformation.  A 
number  of  experimental  and  theoretical  investigations 
have  considered  the  effects  of  curvature  on  unsteady 
flames  [1,2].  Experiments  designed  by  Roberts  et  al., 
[3]  and  by  Rolon  [4]  have  succeeded  in  producing  well- 
characterized,  repeatable  vortex-flame  interactions  that 
can  be  used  to  verify  computational  and 
phenomenological  models. 

During  studies  in  which  a  flame  surface  is  subjected 
to  stretch,  deformation,  and  translation,  a  number  of 
surprising  features  of  flamelet  behavior  have  been 
discovered:  (1)  moving  curved  flames  can  withstand 
strain  rates  that  are  much  higher  that  steady  extinction 
limits  would  suggest,  and  (2)  that  vortices  coming  from 
the  air  side  can  quench  the  flame  much  easier  than  the 
ones  coming  from  the  fuel  side.  The  effects  of  vortex 
size  have  been  studied  by  Takagi  et  al.  [5]  and  Yoshida 
and  Takagi  [6],  who  investigated  curvature  effects  on 
temperature  by  injecting  micro  jets  toward  the  flame 
surface.  Additional  studies  by  Lee  et  al.  [7]  and  Finke 
and  Grunefeld  [8]  also  considered  the  effects  of 
curvature  and  preferential  diffusion  on  flame 
temperature  and  extinction.  Such  studies  have 
demonstrated  the  importance  of  considering  both 
unsteadiness  and  flame  geometry  on  flamelet  behavior. 

The  combination  of  a  repeatable  combusting 
flowfield  for  experimentation  and  a  laminar  flow 
regime  for  the  use  of  numerical  models  with  complex 
chemistry  has  provided  a  means  of  bridging  the  gap 
with  state-of-the-art  turbulence  models  with  simplified 
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chemistry.  Modem  K-c  and  large-eddy  simulations 
(LES),  for  example,  often  use  a  single  parameter, 
referred  to  as  the  mixture  fraction,  to  track  the  progress 
of  chemical  reactions.  Temperature  and  species 
concentrations  are  assumed  to  be  a  direct  function  of 
this  variable  through  “state  relationships.”  The  latter 
can  take  the  form  of  look-up  tables  with  corrections  for 
Lewis  number  effects,  steady/unsteady  strain,  and 
scalar  dissipation. 

While  simplified  numerical  models  make  turbulent 
combustion  calculations  more  tractable,  flamelet 
models  have  also  been  used  to  improve  the  ability  of 
advanced  experimental  diagnostics  to  track  dynamic 
flame  behavior.  In  experiments  used  to  verify  the 
performance  of  LES  models,  flamelet  models  have 
been  used  to  infer  the  mixture  fraction  based  on  the 
measurement  of  a  single  species  such  as  the  hydroxyl 
radical  (OH).  In  this  case,  vortex-flame  dynamics  can 
play  a  significant  role  not  only  in  bridging  the  gap 
between  laminar  and  turbulent  combustion  models,  but 
also  in  bridging  the  gap  between  available  experimental 
diagnostics  and  relevant  parameters  for  code  validation. 

The  goal  of  the  current  work  is  to  study  how  the 
coupling  between  unsteady  fluid  dynamics  and  flame 
chemistry  can  be  used  to  improve  turbulent  combustion 
models  as  well  as  advanced  combustion  diagnostic 
techniques  that  rely  on  flamelet  assumptions  to  infer  the 
progress  of  flame  chemistry.  We  first  demonstrate  the 
ability  of  numerical  and  experimental  vortex- dynamics 
studies  to  capture  a  variety  of  interactions  that  are 
common  in  turbulent  combustion  but  which  are  not 
easily  captured  in  combustion  models  with  simplified 
chemistry.  We  then  discuss  the  implications  of  these 
dynamics  for  turbulent  combustion  models  and 
experiments.  More  specifically,  we  explore  the 
following  areas:  (1)  the  role  of  scalar  dissipation,  flame 
thickness,  and  unsteady  strain  on  local  flame  extinction 
for  a  variety  of  fuel  fractions,  vortex  sizes,  and  vortex 
velocities  in  methane-air  flames,  (2)  differences  or 
similarities  in  extinction  behavior  between  single  and 
colliding  vortices  (a.k.a.  moving  versus  stationary 
dynamically  strained  flames),  and  (3)  the  behavior  of 
certain  experimental  observables  for  model  validation 
in  dynamically  strained  environments. 

Experimental  Method 

The  opposing-jet-flow  burner  used  for  the  studies  of 
unsteady  flame  structures  was  designed  by  Rolon  [9] 
and  is  shown  in  Eig.  1.  The  colliding  vortex 
configuration  shown  on  the  left  is  used  for  methane-air 
flames,  while  the  single  vortex  configuration  on  the 
right  is  used  for  both  gaseous  methane-air  flames  as 
well  as  droplet-seeded  two-phase  vortex-flame 
interactions.  The  burner  system  and  experimental  set¬ 


up  is  described  in  detail  in  Refs.  [9-13].  A  flat  flame  is 
formed  between  the  fuel  and  air  jets  having  velocities 
of  0.5  to  1.0  m/s.  The  fuel-to-nitrogen  ratio  is  varied  to 
achieve  various  global  mixture  fractions.  Vortices  are 
shot  toward  the  flame  surface  from  either  the  fuel  side 
or  the  air  side,  or  simultaneously  from  both  sides  using 
a  piston  actuation  system.  In  the  colliding  vortex 
configuration,  vortices  from  the  air  and  fuel  sides  are 
timed  to  meet  at  the  flame  and  keep  the  flame  stationary 
during  the  extinction  process.  Different  sizes  of  fuel- 
and  air- side  vortices  are  achieved  simply  by  changing 
the  size  of  the  vortex  injection  tube.  The  different 
vortex  and  flame  conditions  used  in  this  study  are  listed 
in  Table  1  for  reference. 

The  laser-based  measurement  system  consists  of 
planar  laser-induced  fluorescence  (PLIF)  imaging  of 
OH  and  CH,  as  well  as  simultaneous  particle-image 
velocimetry  (PIV),  as  shown  in  Fig.  2.  Precise  timing 
between  the  lasers,  cameras,  and  piston  driving  events 
allows  vortex  repeatability  on  the  same  order  as  the 
computational  time  scales.  Further  details  on  the 
experimental  diagnostics  system  can  be  found  in  Refs. 
[12-14]. 


Table  1.  Vortex-flame  conditions. 


Run 

# 

#  of 
Vorti¬ 
ces 

Vortex 
Injection 
Tube  Dia. 
(mm) 

Vortex 

Vel. 

(m/s) 

Fuel 

mass 

frac., 

Yf 

1 

1 

0.4 

9 

0.465 

2 

1 

3.4 

5 

0.465 

3 

1 

5 

3 

0.465 

4 

1 

5 

5 

0.465 

5 

1 

5 

9 

0.465 

6 

2 

5 

1 

0.417 

7 

2 

5 

1 

0.465 

8 

2 

5 

3 

0.417 

9 

2 

5 

3 

0.465 

10 

2 

5 

5 

0.1967 

11 

2 

5 

5 

0.305 

12 

2 

5 

5 

0.417 

13 

2 

5 

5 

0.465 

14 

2 

5 

5 

0.515 

15 

2 

5 

7 

0.465 

16 

2 

5 

9 

0.465 

2 
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Computational  Method 

Time-dependent,  axisymmetric  Navier-Stokes 
equations  written  in  the  cylindrical-coordinate  (z-r) 
system  are  solved  along  with  species-  and  energy- 
conservation  equations  [15].  A  detailed-chemical- 
kinetics  model  has  been  used  to  describe  the  methane- 
air  combustion  process  using  31  species  and  the  GRI 
1 .2  chemistry  model. 

Temperature-  and  species-dependent  property 
calculations  are  incorporated.  The  governing  equations 
are  integrated  on  a  non-uniform  staggered-grid  system. 
An  orthogonal  grid  having  rapidly  expanding  cell  sizes 
in  both  the  axial  and  radial  directions  is  employed  to 
place  more  grid  points  in  the  strained  flame  region.  The 
finite-difference  forms  of  the  momentum  equations  are 
obtained  using  an  implicit  QUICKEST  scheme,  [16,17] 
and  those  of  the  species  and  energy  equations  are 
obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time  step,  the  pressure  field  is 
calculated  by  solving  the  pressure  Poisson  equations 
simultaneously  and  utilizing  the  LU  (Lower  and  Upper 
diagonal)  matrix-decomposition  technique.  This  model, 
called  UNICORN  (UNsteady  Ignition  and  COmbustion 
with  ReactioNs),  has  been  extensively  validated  [18]  by 
simulating  various  steady  and  unsteady  counterflow 
[19]  and  coflow  [14,20,21]  jet  diffusion  flames  and  by 
comparing  the  results  with  experimental  data. 

Results  and  Discussion 

Model  Validation 

A  typical  experimental  image  of  the  millimeter- size- 
vortex/flame  interaction  is  shown  in  Fig.  3.  This 
represents  the  OH  concentration  field  captured  using 
PLIF  measurement  technique.  It  clearly  shows  the 
significant  increase  in  OH  concentration  in  the  head 
region  of  the  vortex.  Results  obtained  from  the 
calculations  made  for  the  millimeter-size- vortex/flame 
interaction  in  Fig.  3  are  shown  on  the  right-hand  side 
of  the  experimental  image.  Calculations  have  also 
predicted  the  significant  increase  in  the  concentration 
of  OH  in  the  head  region.  The  computed  OH 
distribution  matches  qualitatively  with  the  uncorrected 
experimental  OH-PLIF  data.  The  somewhat  broad  and 
diffused  distribution  of  OH  in  the  vortex-head  region 
of  the  experiment  could  be  attributed  to  the  alignment 
of  laser  sheet  to  the  axis  of  the  injection  tube.  The 
inner  and  outer  radii  of  the  protrusion  of  the  OH  layer 
that  occurred  due  to  the  vortex  motion  are  only  ~  0.3 
and  0.7  mm,  respectively;  which  are  of  the  order  of  the 
laser-sheet  thickness  (~  0.4  mm).  Any  small 

misalignment  of  the  laser  sheet  to  the  centerline  of  the 
OH  protrusion  could  capture  the  OH  that  is  present 


circumferentially  and  make  the  fluorescence  image 
blurry. 

Both  in  the  experiment  and  calculation,  the 
interaction  between  millimeter-size  vortex  and  flame 
resulted  in  local  quenching  of  the  latter  along  the 
stagnation  line  during  the  early  stages  and  then  the 
flame  was  reconnected  within  1  ms.  Calculations  as 
well  as  experiments  [22]  made  with  different  injection 
velocities  resulted  in  very  similar  interaction 
sequences;  namely,  quenching,  re-ignition,  and  an 
increase  in  temperature  above  the  adiabatic  value  in  the 
head  region  of  the  vortex. 

Results  for  the  colliding  vortex  configuration  are 
shown  in  Fig.  4.  Here,  a  2-mm  sized  vortex  is  shot 
from  above  and  a  5 -mm  sized  vortex  is  shot  from 
below.  The  flame  extinguishes  upon  collision  of  the 
two  vortices,  and  the  flame  is  then  entrained  in  the 
combined  vortex  structure.  The  flame  morphology  and 
timing  are  remarkably  similar  in  both  the  computations 
and  the  experiment,  showing  that  the  numerical  model 
adequately  captures  the  spatially-evolving  features  of 
the  flow.  In  order  to  maintain  a  more  stationary  flame, 
calculations  on  same-sized  vortices  have  subsequently 
been  used. 

Invariant  Flame  Extinction  Criteria 

Flame  extinction  is  an  important  parameter  affecting 
the  flame  surface  density  in  turbulent  flames,  although 
it  is  not  easily  considered  in  turbulent  combustion 
models.  In  addition,  mechanisms  that  lead  to  flame 
extinction  also  alter  reaction  rate  and  combustion 
efficiency.  As  vortices  interact  with  a  flame,  flame 
intermediates  such  as  the  OH  radical  begin  to  decrease 
slowly  at  first,  then  drop  quickly  during  the  extinction 
process,  as  shown  in  Fig.  5.  The  CH  radical,  on  the 
other  hand,  grows  in  intensity  as  the  vortex  approaches 
and  increases  chemical  reaction  rates.  CH  then  declines 
more  steeply  than  OH  as  flame  chemistry  comes  to  an 
abrupt  halt.  The  entire  extinction  process  can  take 
fractions  of  a  millisecond  to  several  milliseconds 
depending  on  the  imposed  strain  rate  and  exact 
chemical  pathway.  CH  extinguishes  slightly  earlier  than 
OH,  a  feature  has  also  been  observed  in  a  number  of 
experiments  using  OH  and  CH  PLIF  in  turbulent 
methane-air  flames  [23,24].  In  these  experiments, 
intense  regions  of  CH  were  found  to  correspond 
strongly  with  intense  regions  of  OH,  and  CH  was  rarely 
found  to  extinguish  without  OH  being  extinguished  as 
well.  Such  studies  indicate  that  CH  is  a  sensitive 
marker  for  flame  extinction.  In  addition,  CH  layer 
thickness  can  be  used  for  LES  model  validation. 
Temperature  is  another  marker  that  is  used  to  assess 
flame  progress,  but  as  shown  in  Fig.  6,  there  is  a 
significant  phase  lag  between  the  response  of  OH  and 
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CH  and  that  of  Temperature.  We  find  it  useful, 
therefore,  to  consider  the  use  of  OH  and  CH  as 
quantitative  markers  for  flame  extinction.  In  particular, 
we  find  that  for  the  conditions  listed  in  Table  1,  the 
extinction  flame  temperature  for  OH  and  CH  is  about 
1350K  and  145 OK,  respectively,  to  within  ±5-7%.  In 
the  current  work,  the  moment  of  extinction  is 
determined  by  fitting  a  line  to  the  last  20-40%  of  the 
OH  vs.  time  plot  and  determining  the  zero  crossing. 

In  terms  of  combustion  modeling,  however,  it  is 
useful  to  consider  variables  that  are  typically  tracked  in 
simplified  chemistry  models.  Several  parameters  have 
been  suggested  in  the  literature.  We  will  consider  three 
as  follows:  a  strain  rate  -  temperature  relation,  scalar 
dissipation,  and  characteristic  reactive  layer 
thicknesses. 

The  following  strain  rate  -  temperature  relation  was 
first  proposed  by  Katta  et  al.  [25]  based  on  results  in  a 
hydrogen-air  unsteady  counterflow  diffusion  flames: 


It  is  generally  understood  that  the  strain  rate,  K , 
acting  on  the  flame  will  increase  reactant  flux  into  the 
flame  zone.  At  lower  strain  rates,  the  chemical  kinetics 
can  consume  all  the  reactants  entering  the  flame  zone. 
However,  at  higher  strain  rates,  chemistry  may  not 
keep-up  with  the  reactant  fluxes  and,  there  by,  flame 
cooling  occurs.  As  the  strain  rate  (either  air  or  fuel  side) 
represents  only  the  reactant  fluxes  transported  into  the 
flame  zone  it  does  not  account  for  the  changes  in  non¬ 
equilibrium  chemistry  that  is  taking  place  in  highly 
stained  flames. 

Katta  and  coworkers  found  that  this  parameter,  which 
is  proportional  to  the  air-side  strain  rate,  Ka,  and 
inversely  proportional  to  the  temperature-drop  rate, 
gave  a  unique  value  at  the  extinction  condition  for  all 
the  flames  considered  in  Ref.  [25].  Some  difference 
was  noted  for  the  case  of  a  moving  flame  as  opposed  to 
a  stationary  flame.  In  the  current  work,  we  also  found  a 
difference  between  stationary  and  moving  flames,  as 
shown  in  Fig.  7.  The  difference  in  these  two  conditions 
is  consistent  with  the  finding  of  Katta  et  al.  [25]  of  a 
different  value  a  for  moving  versus  stationary  flames. 

As  an  alternative  to  the  aforementioned  extinction 
criterion,  a,  the  scalar  dissipation  rate  has  also  been 
used  as  a  measure  of  flame  extinction.  While  strain  rate 
alone  cannot  capture  the  response  of  the  inner  reaction 
zone  to  induced  vortex  perturbation,  scalar  dissipation 
is  a  measure  of  the  scalar  gradient  field  as  follows: 


X  =  2Deff 


where  Deff  is  the  thermal  diffusivity  and  the  mixture 
fraction,  is  defined  as  the  mass  fraction  of  material 
that  originated  from  the  fuel  stream.  It  has  a  value 
which  ranges  from  zero  in  the  oxidizer  stream  to  unity 
in  the  fuel  stream.  Because  it  represents  the  scalar 
gradient  field,  it  accounts  for  the  time  integrated  effects 
of  strain  rate  and  is  more  directly  coupled  to  the 
progress  of  the  reaction.  This  is  especially  true  for 
lower  turbulence  levels  for  which  the  flame  surface 
may  not  be  aligned  with  the  direction  of  principal 
strain.  It  has  been  proposed  by  Santoro  et  al.  [26]  as  a 
quasi-universal  extinction  criterion,  although  it  is  not 
trivial  to  measure. 

For  the  calculations  reported  here,  the  value  of 
scalar  dissipation  at  the  stoichiometric  surface  was 
recorded  as  the  overall  reaction  rate  also  peaks  at  this 
location.  The  data  are  shown  in  Fig.  8  for  a  set  of 
conditions  with  only  one  air-side  vortex  and  a  set  of 
conditions  with  vortices  from  both  the  fuel  and  air 
sides.  Note  that  the  while  the  case  with  only  one  vortex 
is  fairly  invariant,  the  case  with  two  vortices  shows  an 
upward  trend  with  higher  levels  of  the  air-side  strain 
rate.  This  means  that  the  flame  can  withstand  higher 
levels  of  scalar  dissipation  before  extinguishing  as  the 
vortex  velocity  increases.  This  trend  is  consistent  with 
the  findings  of  Ref.  [25]  in  hydrogen-air  dual- vortex- 
flame  interactions. 

Because  of  the  difficulty  in  measuring  scalar 
dissipation,  Santoro  et  al.  [26]  have  proposed  using  a 
mixing  layer  thickness  a  substitute  for  scalar 
dissipation.  They  argue  that  since  the  inverse  of  the 
scalar  gradient  is  proportional  to  the  mixing  layer 
thickness,  the  mixing  layer  thickness  can  be  used  as  an 
invariant  extinction  criterion.  They  report  that  the 
unsteady  mixing  layer  thickness  at  extinction  is  very 
similar  to  that  achieved  in  a  quasi- steady  manner.  Since 
it  is  difficult  to  achieve  strain  rates  that  are  typical  in 
turbulent  flows  using  a  quasi-steady  approach,  it  is  also 
of  interest  to  determine  if  this  scaling  is  invariant  to  a 
number  of  different  conditions.  Fig.  9  shows  an 
example  of  the  change  in  layer  thicknesses  for  CH,  OH, 
and  temperature  during  a  vortex-flame  interaction. 
Each  computed  value  is  normalized  to  the  layer 
thickness  in  a  steady  flame.  Note  that  OH  and 
temperature  are  much  more  affected  by  the  approaching 
vortex  than  CH.  This  agrees  with  the  results  of  Refs. 
[23]  and  [24],  who  found  that  the  CH  layer  thickness 
remained  equal  to  that  of  their  laminar  counterparts. 
These  were  not  conclusive,  however,  because  of  the 
limited  spatial  resolution  of  their  imaging  system.  It  is 
also  interesting  to  note  that  temperature  and  OH  follow 
nearly  identical  trends.  The  OH  mole  fraction  is  also 
plotted  in  Fig.  9  to  indicate  the  time  of  extinction.  After 
this  time,  the  layer  thickness  of  OH  and  CH  are  no 
longer  meaningful.  It  is  also  interesting  to  note  in  the 
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right-hand  figure  that  the  change  in  OH  and 
temperature  thickness  is  nearly  invariant  with  vortex 
velocity,  size,  fuel  composition,  and  whether  there  are 
one  or  two  vortices.  The  values  of  CH,  although 
expected  to  be  higher  than  OH  and  temperature,  are 
unrealistically  high  because  they  were  measured  at  the 
time  of  OH  extinction  when  all  the  CH  has  nearly 
disappeared. 

Consideration  of  Experimental  Observables 

Because  of  the  availability  of  laser  absorption  lines 
and  powerful  Q-switched  pulsed  lasers,  PLIF  of  species 
such  as  OH  and  CH  are  commonly  used  to  characterize 
unsteady  flames.  In  a  series  of  papers  from  the  same 
authors  as  Refs.  [23]  and  [34],  OH  and  CH  PLIF  was 
measured  along  with  instantaneous  velocity  to 
characterize  the  structure  of  turbulent  diffusion  flames. 
It  is  of  interest  that  flame  extinction  and  flame 
stabilization  can  play  a  significant  role  in  moderately 
turbulent  flows.  In  particular,  they  found  that  the 
principal  axis  of  strain  was  often  aligned  normal  to  the 
flame  surface  in  the  downstream  region  of  Re  >  19,000 
combustion  flows.  Thus,  the  single  and  dual-vortex 
arrangement  used  here  and  discussed  above  is  of  direct 
relevance  to  turbulent  combustion.  Nonetheless,  it  is 
also  of  interest  to  use  this  burner  configuration  to 
improve  the  ability  of  planar  single-shot  or  point-wise 
time-series  measurements  to  gain  insight  into  the 
accuracy  of  state-of-the-art  turbulent  combustion 
models. 

It  is  already  apparent  that  the  OH  layer  thickness  can 
be  used  as  an  analogy  to  the  temperature  thickness  in 
terms  of  its  dynamic  behavior.  For  the  strain  rate  - 
temperature  criterion  described  earlier,  it  may  also  be 
possible  to  use  measurements  of  CH  and  OH  decay 
rates  as  analogies  to  the  temperature  decay  rate. 
Evidence  for  this  was  found  by  Lemaire  et  al.  [27],  who 
showed  that  increasing  strain  rates  increased  the  rate  of 
CH  decay  in  gaseous  and  two-phase  vortex-flame 
interactions.  These  results  are  shown  in  Fig.  10  for 
which  the  Rates  of  CH  decay  increase  with  measured 
peak  strain  rates  of  919,  1687,  1461,  and  2363  s"1  for 
Vortices  1A,  2 A,  2B,  and  4 A,  respectively  [27]. 
Calculations  for  similar  conditions  were  performed  in 
the  current  work,  and  an  increased  rate  of  decay  of  CH 
with  increasing  vortex  strength  is  apparent  in  Fig.  11 
(left).  The  correlation  between  the  rate  of  decay  of  CH 
and  OH  with  that  of  temperature  is  shown  on  the  right 
in  Fig.  1 1.  It  is  notable  that  this  correlation  is  somewhat 
good  for  most  conditions  of  Table  1.  This  indicates  that 
in  addition  to  layer  thickness,  an  analogy  exists 
between  temperature  and  CH/OH  time  dynamics.  It 
should  be  noted  that  CH  and  OH  are  not  the  only 
experimental  observables  that  may  be  of  some  use. 


Other  quantities  such  as  HCO  and  CH20  have  also 
been  proposed  [26]. 

In  addition  to  the  time  dynamics  of  layer  thickness 
and  decay  rate,  it  is  also  useful  to  study  vortex-induced 
perturbations  in  state  relationships  use  to  extract 
mixture  fraction  from  time-series  measurements  of  OH 
and  CH  [28-30].  In  figure  12,  three  phases  of  vortex- 
flame  are  shown  for  run  condition  2  (Table  1)  -  the 
steady  state  level,  profiles  when  CH  is  at  50%  of  the 
steady  value  and  at  5%  of  the  steady  value.  Note  that 
the  CH  and  OH  layers  peak  at  lower  values  of  the 
mixture  fraction  during  vortex  perturbation  from  the 
air-side,  indicating  that  the  flame  intermediates  are 
being  produced  at  an  effectively  leaner  condition  due  to 
the  influx  of  oxidizer.  Note  also  that  the  OH  and  CH 
layers  broaden  with  respect  to  mixture  fraction  during 
the  interaction.  In  particular,  for  example,  a  steady  state 
relationship  would  not  allow  CH  to  exist  below  a 
mixture  fraction  of  0.1,  according  to  Fig.  12.  Yet, 
during  vortex  perturbation,  CH  persists  down  to  nearly 
0.05.  The  opposite  effect  may  take  place  for  vortices 
impinging  from  the  fuel  side.  This  could  have  a 
significant  impact  on  the  power  spectral  densities  that 
are  synthesized  from  flamelet  manifolds  for  comparison 
with  OH  and  CH  time  series  data  for  LES  model 
validation.  It  would  be  of  interest  to  study  the  effects  of 
dual-vortex  perturbation  on  the  state  relationship  as 
well.  This  gives  some  idea  as  to  potential  impact  that 
vortex-flame  events  can  have  on  transient  state 
relationships  between  combustion  intermediates  and  the 
mixture  fraction. 

A  final  consideration  for  how  vortex-flame 
interactions  can  affect  experimental  observables  in 
terms  of  the  transient  quenching  rate  imposed  on 
measured  species  [30].  Not  only  can  the  temperature 
change  dramatically  during  an  extinction  event,  for 
example,  but  the  distribution  of  quenching  species  may 
also  change  due  to  changes  in  reactant  influx.  Figure  13 
shows  the  time-dependent  quenching  rate  for  OH  (left) 
and  CH  (right)  during  the  vortex  flame  interaction  of 
Run  2.  Note  that  the  quenching  rates  for  both  are 
remarkably  minor  for  much  of  the  interaction.  It  is  only 
toward  the  end  of  the  perturbation  that  the  quenching 
rate  for  OH  drops  significantly  and  that  for  CH 
increases.  The  effect  of  the  change  is  quenching  rate  is 
best  expressed  in  terms  of  the  change  in  fluorescence 
quantum  efficiency,  which  for  weak  laser  perturbation 
is  simply  A/(A+Q),  where  A  is  the  coefficient  for 
spontaneous  emission  and  Q  is  the  total  quenching  rate 
from  all  species.  The  effect  on  the  species  profiles  near 
flame  extinction  are  shown  in  Fig.  14,  with  the  CH 
“observed”  during  an  experiment  overpredicting  CH 
levels  and  OH  being  underpredicted.  Note  that  the 
quenching  rate  for  CH  in  particular  are  not  known  at 
low  temperatures,  although  measurements  are  currently 
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underway  in  ongoing  vortex-flame  experiments. 

Conclusions 

Vortex  dynamics  for  a  number  of  non-premixed 
flame  configurations  were  explored  in  order  to 
determine  relevant  parameters  for  use  in  flamelet  and 
mixture  fraction  approaches  to  turbulent  combustion 
modeling.  Several  possible  invariant  extinction  criteria 
are  discussed,  including  a  strain  rate  -  temperature 
parameter,  scalar  dissipation,  and  species  layer 
thicknesses.  The  latter  was  found  to  be  the  most 
promising  in  that  it  was  most  invariant  for  the 
conditions  studied  here.  In  addition,  a  number  of 
features  of  interest  to  turbulent  combustion  model 
validation  using  experimental  observables  such  as  OH 
and  CH  were  discussed.  These  include  layer 
thicknesses,  decay  rates  versus  temperature  decay  rates, 
mixture  fraction  state  relationships,  and  fluorescence 
quenching.  The  discussion  should  also  apply  to  other 
experimental  observables,  a  subject  of  ongoing 
research.  The  use  of  unsteady  vortex-flame 
perturbations  has,  therefore  been  shown  to  be  quite 
useful  in  helping  to  bridge  the  gap  between  laminar 
combustion  models  with  complex  chemistry  and 
turbulent  fluid  dynamics  models  with  simplified 
chemistry. 
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Fig.  1.  Schematics  of  single-phase,  dual-vortex  (left)  and  two-phase,  single-vortex  (right)  vortex-flame 

apparatus. 
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Fig.  2.  Schematic  of  the  OFI/CFI  LIF  and  PIV  measurement  scheme. 


8 

American  Institute  of  Aeronautics  and  Astronautics 


692 


Fig.  3.  Comparison  of  experimental  and  calculated  OH  distribution  during  a  mm-size  vortex-flame 
interaction.  The  high-intensity  region  at  the  tip  of  the  perturbation  represents  a  region  of  super-adiabatic 

flame  temperature. 


Fig.  4.  Comparison  of  computed  temperature  and  experimental  OH  distribution  during  the  collision  of  5- 

mm  and  2-mm  vortices  at  the  flame  surface. 
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Fig.  5.  Effect  of  vortex  interaction  on  the  peak  of  the  OH  and  CH  layers.  Right-hand  figure  is  a  temporally 

more  revolved  version  of  the  left-hand  figure. 
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Fig.  6.  Lag  in  temperature  as  compared  to  OH  during  the  extinction  process.  Left-hand  figure  shows  that  OH 
extinction  takes  place  while  at  a  fairly  high  temperature  (1300-1400K)  .  Right-hand  figure  shows  that 
extinction  temperature  is  nearly  constant  for  various  vortex  velocities,  mixture  fractions,  and  sizes.  CH 
extinguishes  sooner  than  OH,  as  indicated  by  its  higher  extinction  flame  temperature. 
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Air-Side  Strain  Rate  at  Extinction  (s1) 

Fig.  7.  Test  of  the  strain  rate  temperature  relation  proposed  as  an  extinction  criterion.  The  proportionality  of 
the  rate  of  temperature  change  to  the  air-side  extinction  strain  rate  is  encouraging,  but  variations  are  found 
for  moving  flames  perturbed  by  one  vortex  as  opposed  to  a  stationary  flame  perturbed  by  two  vortices. 


— © —  Air-Side  Vortex 

♦  Air-  and  Fuel-Side  Vortices 


Fig.  8.  Different  calculation  of  scalar  dissipation  rate  at  the  stoichiometric  surface  for  the  single  and  dual¬ 
vortex  configurations. 
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Fig.  9.  Time  dependence  of  CH,  OH,  and  temperature  thicknesses  during  vortex  flame  interaction.  Values  in 
left  figure  are  normalized  to  the  thickness  in  the  steady  flame,  values  in  the  right  figure  are  the  values  at 
extinction  squared  (by  analogy  with  scalar  dissipation). 


(a) 


Time  t0 


Time  t0  +  9ms 


Time  After  Vortex  Arrival  (ms) 


Fig.  10.  Example  of  two-phase  vortex-flame  interaction  from  the  Ref.  [14]  using  simultaneous  CH  PLIF  and 
particle  image  velocimetry  (PIV).  Rates  of  CH  decay  in  the  figure  increase  with  measured  peak  strain  rates 
of  919, 1687, 1461,  and  2363  s"1  for  Vortices  1A,  2A,  2B,  and  4A,  respectively. 


12 

American  Institute  of  Aeronautics  and  Astronautics 


696 
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— • — CH 
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Fig.  11.  Increase  in  CH  decay  rate  for  stronger  vortex  perturbations  (left)  and  correlation  between  CH  and 
OH  decay  rates  with  that  of  temperature  for  conditions  from  Table  1. 


Mixture  Fraction 


Fig.  12.  State  relationship  for  CH  and  OH  with  respect  to  mixture  fraction  for  three  phases  of  vortex-flame 
interaction  -  steady  flame,  when  CH  mole  fraction  is  50%  of  steady  level,  and  when  CH  mole  fraction  is  at 

5%  of  steady  level. 
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Fig.  13.  Variation  of  quenching  rate  and  its  effect  on  the  normalized  signals  observed  in  an  LIF  experiment 
for  OH  (left)  and  CH  (right).  The  effect  is  more  pronounced  as  the  flame  nears  extinction. 
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Fig.  14.  Effect  of  flame  product  distribution  on  spatial  fluorescence  quenching  profile  when  the  CH  level  is 
5%  of  that  in  the  steady  condition.  Note  very  little  change  in  the  spatial  profiles.  The  observed  CH  signal 
near  extinction  overpredicts  the  actual  CH,  while  the  observed  OH  underpredicts  the  actual  OH. 
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Abstract 

In  this  experimental  study,  unsteady  strain  rate  effects  on  the  extinction  process  of  a  laminar  strained  two-phase 
flame  are  pursued  during  flame/vortex  interaction,  investigating  simultaneously  the  flow  field  by  Particle  Imaging 
Velocimetry  (PIV),  and  the  reaction  zone  by  Planar  Laser  Induced  Fluorescence  (PLIF)  of  the  CH  radical.  The 
influence  on  the  aerodynamic  extinction  limits  for  different  vortex  parameters  and  for  different  single-  and  two- 
phase  flames  is  examined.  The  influence  of  different  flames  on  the  vortex  flow  is  also  investigated. 


Introduction 

The  understanding  of  laminar  flamelets  is  of  great 
interest  for  turbulent  combustion  research  [1-3],  since 
turbulent  combustion  can  take  place  in  the  laminar 
flamelet  regime,  depending  on  the  relative  scales  of  the 
flame  front  and  of  the  flow  perturbations  [4].  Extensive 
studies  of  laminar  strained  flames  improved  the 
knowledge  of  the  coupling  between  aerodynamics, 
diffusion  processes  and  chemical  kinetics. 

However  in  reality,  turbulent  combustion  takes 
place  in  highly  unsteady  flows.  The  characteristic  time 
scales  of  the  flow  perturbations,  due  to  small  scales,  can 
be  of  the  same  order  as  the  time  scales  of  diffusion  and 
reaction.  Thus  coupling  occurs  that  cannot  be 
approached  by  steady  analyses  [5;  6].  Many  studies 
have  been  carried  out  to  investigate  the  effects  of  time- 
dependent  strain  on  the  flame.  Darabiha  [7]  showed  for 
calculations  of  an  unsteady  hydrogen/air  opposed-jet 
flame  with  detailed  chemistry  and  transport,  that  the 
flame  response  decreases  when  the  frequency  of  strain 
rate  oscillations  increases.  He  observed  that  the  flame 
can  exist  beyond  the  steady-state  extinction  limit  for 
high  frequencies  and  high  strain  rates.  Delays  between 
the  forcing  oscillation  and  the  flame  structure  response 
appear.  Using  detailed  chemistry  and  transport 
calculations  of  an  unsteady  methane/air  opposed-jet 
flame,  Egolfopoulos  [8]  obtained  the  same  results  and 
explained  the  flame  response  delay  by  diffusion 
processes  in  the  diffusive  flame  layer  and  accumulation 
of  reactants. 

The  flame  front  in  turbulent  non-premixed  flames 
might  be  strained  unsteadily,  but  also  be  curved.  The 
interaction  between  a  non-premixed  counterflow  flame 
and  a  vortex  takes  into  account  these  processes  and  is 
thus  a  well-suited  configuration  for  investigations  [9]. 
Studies  report  the  strain  rate  influence  [10;  11]  during 
gaseous  vortex-flame  interaction.  Yoshida  et  al.  [12] 
studied  experimentally  and  numerically  a  counterflow 


diffusion  hydrogen/air  flame  strained  by  an  impinging 
micro-jet.  They  found  that  the  flame  can  resist  to  a  high 
strain  rate  up  to  5-10  times  the  quasi-steady  extinction 
strain  rate. 

Studying  multi-phase  turbulent  combustion  is  of 
great  practical  and  fundamental  interest.  In  many 
practical  applications,  fuel  is  introduced  in  a  liquid 
form,  modifying  strongly  the  combustion  process.  In 
multi-phase  turbulent  flames,  many  phenomena  are 
coupled,  such  as  atomization,  evaporation,  molecular 
and  turbulent  mixing  and  chemical  kinetics. 
Understanding  and  modeling  of  this  coupling  is  a 
present  challenge  [13]. 

In  this  paper,  simultaneous  laser  diagnostics  are 
used  to  study  the  interaction  between  an  /i-heptane 
spray,  a  vortex  ring  and  a  non-premixed  counterflow 
methane/air  flame.  The  first  studies  of  two-phase 
vortex-flame  interactions  in  counterflow  diffusion 
flames  were  reported  by  Santoro  et  al.  [14;  15].  They 
compared  vortex-induced  perturbation  and  quasi-steady 
perturbation  using  PLIF  of  formaldehyde  and  laser 
Doppler  velocimetry  (LDV).  They  found  that  strain 
rates  induced  by  air- side  gaseous  vortices  are  larger  than 
quasi-steady  strain  rates,  by  over  a  factor  of  two,  for  a 
range  of  inlet  oxidizer  mass  fractions. 

The  goal  of  the  current  investigation  is  to  study  the 
aerodynamic  extinction  limits  of  gaseous  and  two-phase 
flame  fronts,  submitted  to  unsteady  strain  and  curvature. 
A  flat  non-premixed  flame  is  established  near  the 
stagnation  plane  of  a  counterflow  burner,  and  fuel-side 
vortices  are  introduced.  The  behavior  of  the  reaction 
zone  is  studied  using  CH  planar  laser-induced 
fluorescence  (PLIF),  and  vortex-induced  strain  rate  is 
measured  using  particle-image  velocimetry  (PIV). 
Initial  work  in  this  configuration  [16]  focused  primarily 
on  the  experimental  technique  and  discerning  the  effects 
of  global  mixture  ratio  (i.e.  fuel  composition).  Further 
work  [17]  investigated,  through  the  qualitative  CH 
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concentrations  and  flame  surface  evolutions  during  the 
flame/vortex  interaction,  the  liquid  phase  effects  on  the 
combustion  process  and  the  response  of  the  flame 
submitted  to  strain.  This  study  showed  that  the 
maximum  peak  strain  rate  is  a  relevant  parameter  for  the 
extinction  process.  Here  we  focus  on  flame  extinction 
limits  by  analysing  in  particular  the  unsteady  effects  on 
the  extinction  strain  rate. 

Experimental  set-up 

Burner 

The  burner  set-up  consists  of  a  counterflow  burner 
with  air  in  the  upper  and  fuel  in  the  lower  stream.  The 
experimental  device  was  previously  modified  from  a 
gaseous  counterflow  burner  design  [18]  to  include  a 
piston-actuated  vortex  injection  system  [19]  and  a 
monodisperse  spray  generator  [16]. 


Figure  1  :  Counterflow  burner  used  for  two-phase 
vortex-flame  experiments. 

The  burner  (Figure  1)  consists  of  two  axisymmetric,  20- 
mm  diameter  counterflow  nozzles,  with  air  in  the  upper 
flow  and  the  nitrogen-fuel  mixture  in  the  lower  flow.  A 
40-mm  diameter  flow  of  nitrogen  surrounds  each  nozzle 
to  shield  the  flame  from  ambient  disturbances.  The 
nozzles  are  separated  by  30  mm.  In  our  study  the  global 
strain  rate  imposed  by  the  steady  injection  velocities  is 
set  to  about  90  s"1.  The  fuel  is  composed  of  methane 
diluted  with  nitrogen  and  seeded  with  n-heptane 
droplets  produced  by  an  atomizer  system,  creating  a 
mono-disperse  spray  of  2. 5 -pm  mean  diameter  droplets 
for  the  current  flow  conditions.  The  spray  is  diluted  to  a 
non-dense  condition  with  a  volumetric  density  of  9xl06 
cm"3. 


Flame 

Yf 

Q  (%) 

<X> 

M 

0.26 

0 

4.43 

D1 

0.27 

43 

4.43 

D2 

0.21 

52 

3.44 

Table  1  :  Inlet  flow  conditions  for  steady  strained 
flames. 


The  inlet  flow  conditions  used  in  this  investigation 
can  be  characterized  by  a  number  of  parameters  as  listed 
in  Table  1.  They  include  the  fuel  mass  fraction  Yf,  the 
ratio  Q  between  the  mass  of  n-heptane  droplets  and  the 
total  mass  of  fuel  and  the  global  mixture  ratio  <D.  The 
case  M  refers  to  a  flame  with  no  n-heptane  seeding, 
cases  D1  and  D2  refer  to  two-phase  flames. 

Along  the  centerline  of  the  fuel  nozzle,  a  vortex 
injection  tube  is  added,  fed  by  an  electronical  piston- 
actuation  system.  This  controls  the  volume  ejected  and 
the  ejection  time,  in  order  to  generate  vortices  of 
varying  strength.  Different  vortex  sizes  can  be  created 
by  changing  the  diameter  of  the  injection  tube.  The 
vortex  generation  is  then  controlled  by  the  vortex  tube 
diameter  d  and  by  the  expulsing  velocity  vex  of  the  jet 
creating  the  vortex.  These  are  listed  in  the  Table  2  for 
different  vortices.  The  expulsing  velocity  vex  is 
calculated,  based  on  incompressible  fluid  behavior, 
from  the  rise  time  of  the  piston,  the  volume  expulsed 
and  the  vortex  tube  diameter. 


Vortex 

T1 

T2 

tl 

t2 

d  (mm) 

3.7 

3.7 

2 

2 

vex  (m/s) 

0.35 

0.46 

0.44 

1.2 

Table  2  :  Vortex  generation  conditions. 


PIV  system 

In  the  current  study,  the  vortex  flow-field  and  the 
strain  acting  on  the  flame  have  been  determined  by 
digital  cross-correlation  PIV.  Silicon-dioxide  particles 
are  used  as  seeding  material  in  the  air  stream,  while  the 
n-heptane  droplets  are  used  to  collect  the  Mie  scattering 
from  the  fuel  stream.  The  particle  and  droplet  Stokes 
numbers  in  flows  of  characteristic  perturbation  times  up 
to  700  ps  (corresponding  to  strain  rates  of  1500  s'1),  are 
as  low  as  0.04,  thus  assuring  that  these  tracers  can 
follow  our  flows  and  are  well-suited  for  the  PIV 
measurements. 

A  double-pulsed  Nd:YAG  laser  generates  the 
overlapping  532-nm  PIV-beams  with  an  energy  of  200 
mJ  per  beam  (Fig.  2).  The  beams  are  expanded  using  a 
lens  combination  forming  a  sheet  of  0.5  mm  thickness. 
The  pulse  intervals  are  varied  from  50  ps  to  200  ps 
depending  on  the  speed  of  the  vortex.  A  dual-frame 
1008x1018  array  Kodak  Megaplus  ES1.0  camera  is 
used  to  acquire  the  two  PIV  images  through  an  AF 
Micro  Nikkor  105  mm  f/2.8  lens  and  a  36-mm  extension 
ring.  Thus  a  magnification  ratio  of  2.2:1  image-to-CCD 
is  achieved. 

Mie  scattering  images  are  processed  using  an  adaptative 
mesh  technique  with  a  commercially  available  PIV 
software.  A  final  32x32  pixel  interrogation  region  and 
50%  overlap  are  used,  giving  a  resolution  of  290  pm  for 
non-reactive  flows,  while,  for  reactive  flows,  a  final  8x8 
pixel  interrogation  region  without  overlap  is  achieved 
giving  a  resolution  of  143  pm. 

CH  system 

The  optical  arrangement  for  the  detection  of  the  CH 
radical  by  PLIF  is  also  presented  in  Fig.  2.  The  laser 
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Figure  2  :  Schematic  of  the  simultaneous  CH  PLIF/PIV  system. 


system  is  composed  of  a  Nd:YAG  laser  (1064  nm), 
doubled  to  532  nm  and  pumping  a  tunable  dye  laser 
(Rhodamine  640).  The  dye-laser  beam  is  frequency 
mixed  with  the  Nd:YAG  fundamental  to  obtain  a 
wavelength  (389.5  nm)  corresponding  to  the  Qi(5) 
transition  of  the  B2E”-X2n  (0,0)  absorption  band.  The 
pulse  duration  is  about  7  ns,  with  a  mean  energy  of  15 
to  20  mJ. 

The  beam  is  formed  into  a  laser  sheet  that  matches 
with  the  laser  sheets  from  the  PIV  lasers  in  the  axis  of 
the  burner.  The  CH  laser  sheet  has  a  height  of  about  2 
cm  and  a  thickness  of  0.3  mm.  The  energy  distribution 
inside  the  CH  laser  sheet  has  been  measured  by 
Rayleigh  scattering  from  nitrogen  and  Mie  scattering 
from  the  droplets  and  the  power  density  variation  inside 
the  region  observed  by  the  camera  does  not  exceed  5%. 
In  order  to  further  minimise  the  effects  of  laser-sheet 
intensity  variations  and  molecular  quenching  of  CH,  the 
laser  energy  is  chosen  to  nearly  saturate  the  CH 
transition.  Note  that  the  intention  of  this  study  is  not  a 
quantitative  determination  of  CH  concentrations,  but  the 
qualitative  observation  of  vortex-flame  interaction  and 
extinction. 

Fluorescence  from  the  A-X  (0,0)  and  A-X  (1,1) 
bands  around  430  nm  is  recorded  using  a  512x512  array 
Pi-Max  intensified  CCD  camera  with  a  58-mm  f/1.2 
Noct-Nikkor  lens,  giving  a  pixel  measurement  area  of 
100  x  100  pm2.  The  CH-layer  thickness  is  about  250 
pm.  A  combination  of  a  410-nm  high-pass  and  a  450- 
nm  low-pass  filter  are  used  to  separate  the  CH  LIF 
signal  from  background  scattering. 

Synchronisation  system 

The  precise  synchronization  of  several  events, 
including  vortex  generation,  three  laser  pulses,  and  three 
camera  exposures  is  needed  for  these  simultaneous  CH 
PLIF  and  PIV  experiments.  The  master  delay  generator 
is  driven  by  the  1 0-Hz  second  pulse  of  the  double-pulse 
PIV  laser.  It  then  triggers  the  piston  driver,  CH-PLIF 


laser  system,  and  DANTEC  PIV  controller.  The  latter 
drives  the  PIV  camera  and  lasers  to  ensure  that  all 
events  occur  simultaneously.  The  CH  laser  pulse  occurs 
between  the  two  PIV  laser  pulses  to  avoid  light 
scattering  from  particles. 

Various  phases  of  the  development  of  the  vortex- 
flame  interaction  can  be  imaged  by  adjusting  the 
relative  timing  between  piston  actuation  and  laser 
diagnostics.  The  initial  time  of  the  vortex-flame 
interaction  is  defined  as  the  time  when  the  vortex  starts 
to  perturb  the  CH  layer. 

Results  for  non-reactive  flows 

Figure  3  presents  the  velocity  field  superposed  to 
the  vorticity  field  in  the  case  of  the  non-reactive  vortex 
t2  (see  Table  2)  for  two  different  times  during  the  vortex 
life  time. 


t=6ms  t=8ms 


Figure  3  :  Velocity  and  vorticity  fields  for  vortex  t2 
in  the  non-reacting  case. 
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Note  that  the  velocity  vectors  are  presented  in  the 
reference  frame  of  the  vortex  by  subtracting  the  vortex 
translation  velocity  of  about  1  m/s.  This  frame  of 
reference  highlights  the  circulating  flow  pattern  and 
makes  it  easier  to  determine  the  vortex  position  as  a 
function  of  time.  The  vorticity  field  exhibits  the  vortex 
core  and  also  the  shear  layer  created  by  the  gas 
expulsion. 

The  non-reactive  vortex  is  characterised  by  two 
parameters  :  the  vortex  size  D  and  the  strain  rate  Am. 
The  size  D  of  the  vortex  is  determined  from  the  vorticity 
field  as  shown  on  the  right  side  of  figure  3.  The  local 
strain  rate  is  deduced  from  the  velocity  field.  Since 
flame  extinction  in  the  current  experiments  is  observed 
to  take  place  at  the  centerline,  the  relevant  strain  rate 
induced  by  the  vortex  is  defined  at  the  axis  by  the 
following  formulation  : 


dz 


where  z  is  the  axial  coordinate  and  uz  is  the  vertical 
component  of  velocity.  The  peak  strain  rate  occurs  near 
the  stagnation  point  in  the  convective  frame  of 
reference.  The  strain  rate  Am  for  the  non-reactive  flows 
is  chosen  equal  to  the  maximum  value  of  the  peak  strain 
rate  during  the  vortex  evolution.  It  takes  a  value  of  840 
s"1  in  the  case  of  the  vortex  t2.  The  PIV  resolution  of 
290  pm  leads  to  6  measuring  points  across  the  velocity 
gradient  thickness  of  about  1.5  mm.  Results  from  vortex 
size  and  strain  rate  determination  for  the  other  vortices 
are  shown  in  Table  3. 

Results  for  reactive  flows 

Our  aim  is  to  study  the  dynamic  response,  and 
especially  the  extinction,  of  single-  and  two-phase  non- 
premixed  flames  submitted  to  an  unsteady  strain.  The 
extinction  is,  in  particular,  investigated  through 
aerodynamic  extinction  limits  and  focuses  on  unsteady 
effects  of  the  perturbation  on  the  extinction  limits.  For 
this,  two  values  of  the  strain  rate  during  the 
flame/vortex  interaction  are  measured  :  one  Ar  relevant 
for  the  aerodynamic  reactive  perturbation,  another  one 
Aq  relevant  for  the  extinction  process.  The  first  is 
defined,  in  the  same  manner  as  for  the  non-reactive 
flows,  by  the  maximal  value  of  the  peak  strain  rate 
during  the  vortex  evolution.  The  second  one  is 
measured  at  the  moment  of  flame  extinction,  the  flame 
extinction  being  depicted  by  the  CH  layer  extinction. 
Data  from  CH  PLIF  diagnostics  effectively  localise  the 
diffusion  flame  front  and  extinction  zones  (extinction 
signal  refers  to  a  signal  that  falls  to  the  level  of 
background  noise)  of  the  two-phase  flame. 

Figure  4  presents  the  extinction  process  occurring 
during  the  interaction  between  the  two-phase  flame  D1 
(see  Table  1)  and  the  vortex  tl  (see  Table  2).  The  flame 
is  visualised  by  the  CH  fluorescence,  while  the  flow  is 
visualised  by  the  velocity  field.  This  interaction 
sequence  is  a  superposition  of  CH  PLIF  and  PIV  data 
obtained  by  averaging  on  10  single  laser  pulses. 


Time  zero  5  ms 


9.2  ms  12  ms 

Figure  4  :  CH  fluorescence  and  velocity  fields  during 
extinction  for  flame  D1  and  vortex  tl. 

At  5ms,  the  flame  is  clearly  wrinkled  but  has  not 
yet  been  extinguished.  In  fact  the  flame  moves  towards 
the  stoichiometry  line,  that  is  deformed  by  the  fuel 
vortex.  At  9.2  ms,  the  flame  intensity  is  clearly 
decreasing  at  the  centerline  and  extinction  is  fully 
established  at  12  ms,  allowing  the  droplet-laden  vortex 
to  continue  past  the  flame.  The  vortex-induced 
extinction  occurs  with  an  extinction  strain  rate  Aq  of  260 
s"1,  while  the  characteristic  reactive  perturbation  strain 
rate  Ar  is  around  400  s"1. 

The  velocity  increase,  due  to  the  high  vortex  speed, 
increases  the  gradients  and  then  the  species  diffusion 
velocities.  The  chemical  kinetics  can  become  the 
limiting  process  against  the  molecular  diffusion 
transport.  If  the  heat  losses  used  for  heating  of  the  cold 
reactants,  becomes  higher  than  the  heat  released  by  the 
chemical  reactions,  flame  extinction  occurs.  The  vortex 
induced  extinction  process  reveals  the  finite  rate  of 
chemical  kinetics. 

Figure  5  shows  the  axial  velocity  profile  (crosses), 
combined  with  the  vaporization  front  (dotted  line)  and 
CH  peak  (plain  line)  positions  during  the  same 
interaction  as  figure  4  at  two  different  times  :  5  ms  and 
10  ms  after  the  initial  time,  corresponding  respectively 
to  the  occurrence  of  the  maximal  strain  rate  and  to  the 
extinction  time. 
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Figure  5  :  Axial  velocity  profiles,  peak  CH  and 
vaporisation  front  positions  for  the  determination  of 
strain  rates  (flame  Dl,  vortex  tl). 

As  the  PIV  measurements  on  the  fuel  side  are 
obtained  from  Mie  scattering  of  the  volatile  n-heptane 
droplets,  velocity  determination  beyond  the  vaporization 
front  is  not  possible.  At  the  axis,  the  flow  can  locally  be 
described  by  the  Euler  equation  as  a  potential  flow. 
Thus  the  velocity  gradient  (the  strain  rate)  is  constant 
from  the  external  border  of  the  flames  thermo-diffusive 
layer  to  the  evaporation  front  [18].  Then  the  two  strain 
rates  Ar  and  Aq  can  be  measured  at  the  borderline  of  the 
evaporation  front.  The  very  small  interrogation  mesh 


size  of  8x8  pixel  gives  a  resolution  of  143  pm,  with 
about  5  measurement  points  in  the  velocity  gradient 
thickness.  Strain  rate  results  for  the  other  vortices  are 
shown  in  Table  3. 

Discussion  of  results 

The  results  of  our  study  are  listed  in  Table  3  for 
some  typical  interactions  between  gaseous  or  two-phase 
flames  and  aerodynamic  vortex  perturbations.  The 
abbreviation  n.e.  refers  to  an  interaction  without  any 
flame  extinction. 

The  different  strain  rate  values  show  that  the 
extinction  strain  rate  is  not  constant  for  an  identical 
flame,  contrary  to  the  quasi-steady  flame  regime.  The 
flame  response  to  a  quasi-steady  strain  variation  is  often 
represented  by  the  S-curve  [20].  The  flame  extinguishes 
at  a  fixed  value  of  the  strain  rate,  this  value  depending 
only  on  the  initial  mixture.  In  an  unsteady  regime,  the 
extinction  strain  rate  is  no  more  constant  and  tends  to 
increase  with  the  characteristic  strain  imposed  to  the 
flame.  The  extinction  limit  then  depends  not  only  on  the 
initial  mixture  composition,  but  also  strongly  on  the 
aerodynamic  perturbation.  This  can  be  explained  by  the 
fact  that  the  flame  response  is  limited  by  the  diffusion 
time,  corresponding  to  the  transfer  time  of  the 
aerodynamic  information  from  the  outer  region  of  the 
thermo-diffusive  layer,  to  the  inner  reactive  layer. 
During  this  time  delay  the  strain  imposed  at  the  external 
flame  layer  continues  to  grow. 

The  strain  rate  values  listed  in  Table  3  also  show 
that  the  extinction  strain  rate  is  not  always  lower  for  the 
two-phase  flame  Dl  than  for  the  corresponding  gaseous 
flame  M,  as  it  is  observed  in  steady  flames  [21].  It 
shows  again  that  the  unsteadiness  plays  an  important 
role  in  the  extinction  process. 

Another  aspect  of  vortex/flame  interaction  is  the 
influence  of  the  flame  on  the  aerodynamic  field.  This 
study  is  achieved  by  comparing  the  vortex-induced 
strain  rate  in  the  non-reactive  flow  Anr  and  in  the 
reactive  flow  Ar.  These  different  values  are  listed  in 
Table  3  for  different  vortices  and  flames.  In  the  case  of 
the  gaseous  flame  M,  the  strain  rate  is  decreased  by  the 
presence  of  the  flame,  passing  from  a  value  of  380  s"1  to 
330  s"1  in  the  case  of  the  interaction  with  the  vortex  Tl 
and  from  a  value  of  470  s"1  to  460  s"1  in  the  case  of  the 
interaction  with  the  vortex  T2.  This  can  be  explained 
by  viscous  dissipation  of  the  vortex  flow  in  the  high 


Vortex 

D 

(mm) 

A  nr 

(1/s) 

Flame  M 

Flame  D 1 

Flame  D2  | 

Ar 

(1/S) 

Aq 

(1/s) 

Ar 

(1/S) 

Aq 

(1/s) 

Ar 

(1/s) 

Aq 

(1/s) 

Tl 

6 

380 

330 

290 

420 

330 

T2 

6 

470 

460 

420 

530 

520 

tl 

3.5 

840 

350 

n.e. 

400 

260 

t2 

3.5 

1270 

1300 

1300 

1100 

1100 

Table  3  :  Vortex  diameter  and  strain  rate  determined  for  non-reactive  and 
reactive  flows,  as  well  as  for  extinction  in  gaseous  and  two-phase  flames. 
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temperature  region  imposed  by  the  flame. 

While  the  presence  of  the  flame  in  the  case  of 
gaseous  flows  tends  to  decrease  the  vortex-induced 
strain  rate,  it  seems  that,  in  the  case  of  the  two-phase 
flame  Dl,  the  gas  expansion  due  to  evaporation  is  the 
preponderant  phenomenon.  This  leads  to  the  increase  of 
the  vortex-induced  strain  rate,  passing  from  a  value  of 
380  s"1  to  420  s"1  in  the  case  of  the  interaction  with  the 
vortex  Tl,  and  from  a  value  of  470  s"1  to  530  s"1  in  the 
case  of  the  interaction  with  the  vortex  T2. 

The  flame  influence  on  vortices  of  different  sizes 
can  also  be  analysed  in  the  case  of  the  flame  Dl.  The 
smaller  non-reactive  vortex  tl  (3.5mm)  imposes  a  much 
higher  strain  rate  (840  s"1)  than  the  non-reactive  vortex 
T2  of  6mm  size  (470  s"1).  However  in  the  presence  of 
the  flame  D 1  the  strain  rate  imposed  by  the  small  vortex 
tl  falls  down  to  350  s"1,  corresponding  to  a  vortex 
kinetic  energy  loss  of  80  %.  This  shows  that  the  small 
structure  experiences  a  higher  kinetic  energy  dissipation 
due  to  the  high  flame  temperature. 

Conclusions 

In  this  study  the  vortex  strain  induced  extinction 
behavior  of  purely  gaseous  and  of  n-heptane  two-phase 
flames  has  been  examined. 

Extinction  limits  do  not  only  depend  on  the  flame 
composition,  but  even  more  on  the  parameters  of  the 
perturbation.  The  faster  is  the  perturbation,  the  higher  is 
the  difference  between  the  unsteady  case  extinction 
strain  rate  and  the  extinction  limit  of  the  quasi-steady 
flame. 

The  viscous  dissipation  of  the  kinetic  energy 
strongly  modifies  the  flow  in  the  vicinity  of  the  flame. 
These  losses  are  more  important  if  the  vortex  is  small, 
modifying  the  energy  transfers  between  turbulence 
scales. 
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Abstract  The  evolution  of  flame  surface  area  and  rate  of 
CH  layer  extinction  are  measured  during  the  interaction  of 
a  two-phase  counterflow  diffusion  flame  with  fuel-side 
vortices  of  varying  size  and  strength.  Planar  laser-induced 
fluorescence  (PLIF)  of  CH  is  used  to  mark  the  flame  front 
and  particle-image  velocimetry  (PIV)  is  used  to  measure 
the  strain  rate  field  at  various  phases  of  the  interaction 
process.  Vortices  of  similar  initial  circulation  but  differing 
in  size  showed  widely  disparate  peak  strain  rates  and  CH 
decay  rates  because  of  varying  levels  of  flame-induced 
vortex  dissipation.  Vortex  size  is  also  found  to  have  a 
significant  effect  on  flame  surface  area  evolution  during 
and  after  extinction,  with  the  presence  of  droplets  playing 
a  significant  role  in  the  latter.  Implications  of  these  results 
for  the  fundamental  understanding  of  vortex-flame 
interactions  are  discussed. 

1 

Introduction 

In  the  flamelet  description  of  turbulent  non-premixed 
combustion,  local  strain  and  curvature  increase  the  scalar 
dissipation  rate  and  can  result  in  local  flame  extinction, 
reduced  overall  reaction  rates,  and  decreased  flame  sta¬ 
bility  (Peters  1986).  A  number  of  experimental  studies 
have  used  well- controlled  vortices  to  perturb  steady  H2-air 
counterflow  diffusion  flames  and  simulate  this  unsteady 
extinction  process  in  a  repeatable  manner,  as  reviewed  by 
Renard  et  al.  (2000).  These  studies  have  been  used  to 
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generate  turbulent  combustion  diagrams  (Thevenin  et  al. 
2000)  as  well  as  to  study  the  time  evolution  of  flame  sur¬ 
face  area  (Renard  et  al.  1999)  and  strain  rate  (Katta  et  al. 
1998;  Meyer  et  al.  2003)  during  gaseous  vortex-flame 
interaction. 

The  goal  of  the  current  investigation  is  to  study  the 
extinction  process  during  two-phase  vortex-flame  inter¬ 
action.  A  flat  non-premixed  flame  is  established  near  the 
stagnation  plane  of  a  counterflow  burner,  and  fuel-side 
vortices  are  introduced  using  an  electronically  actuated 
piston.  The  behavior  of  the  reaction  zone  is  studied  using 
CH  planar  laser-induced  fluorescence  (PLIF),  and  the 
vortex-induced  strain  rate  is  measured  using  particle- 
image  velocimetry  (PIV).  Initial  work  in  this  configuration 
(Lemaire  et  al.  2003)  focused  primarily  on  demonstrating 
the  experimental  technique  and  discerning  the  effects  of 
global  mixture  ratio  (i.e.  fuel  composition).  Here,  the  flame 
surface  evolution  and  the  relative  CH  mole  fraction  as  a 
function  of  time  relative  to  vortex  perturbation  are  re¬ 
ported  while  keeping  the  global  mixture  ratio  constant  and 
varying  the  vortex  size  and  strength.  Results  are  presented 
for  methane- air  flames  with  and  without  the  addition  of 
n-heptane  droplets. 

The  first  studies  of  two-phase  vortex-flame  interactions 
in  counterflow  diffusion  flames  were  reported  by  Santoro 
et  al.  (2000a,  2000b),  who  used  methanol-air  spray  flames 
to  avoid  the  effects  of  H2  preferential  diffusion  and  to 
capture  flame  phenomena  found  in  practical  devices.  They 
compared  vortex-induced  perturbation  and  quasi-steady 
perturbation  using  PLIF  of  formaldehyde  and  laser 
Doppler  velocimetry  (LDV).  They  found  paradoxically  that 
strain  rates  induced  by  air-side  gaseous  vortices  are  larger 
than  quasi-steady  strain  rates  by  over  a  factor  of  2  for  a 
range  of  inlet  oxidizer  mass  fractions.  Follow-up  work  by 
Kyritsis  et  al.  (2002)  showed  that  scalar  dissipation  of 
mixture  fraction  is  a  more  dominant  parameter  controlling 
the  extinction  process.  Nonetheless,  strain  rate  remains  an 
important  parameter  in  that  it  is  more  easily  measured 
than  scalar  dissipation  in  turbulent  flames. 

The  use  of  CH  PLIF  as  a  marker  for  the  flame  front 
serves  multiple  goals.  The  CH  radical  has  been  widely  used 
as  a  marker  for  the  non-premixed  flame  zone  because  it 
appears  in  a  narrow  region  of  the  flame  near  the  location 
of  peak  temperature  (Donbar  et  al.  2000;  Han  and  Mungal 
2000).  Unlike  the  premixed  study  of  Nguyen  and  Paul 
(1996),  measurements  of  OH  and  CH  PLIF  in  diffusion 
flames  indicate  that  CH  does  not  exhibit  “false”  flame 
extinctions  (Donbar  et  al.  2000).  The  relative  CH  number 
density  during  vortex-flame  interaction  is  of  further 
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interest  because  of  the  important  role  of  CH  in  the  for¬ 
mation  of  prompt  NO  and  soot  pollutants,  its  role  in  NOx 
reburning  (Thoman  and  Mcllroy  2000),  and  as  a  means  for 
optimizing  multidimensional  numerical  simulations  with 
complex  chemical  kinetic  models. 

2 

Experimental  apparatus 

The  burner  apparatus  and  diagnostic  approach  were  pre¬ 
viously  described  by  Lemaire  et  al.  (2003).  Thus,  only  a 
brief  description  is  included  here  for  reference,  with  minor 
changes  relevant  for  this  study. 

2.1 

Burner  apparatus 

The  experimental  device  used  for  this  work  was  previously 
modified  from  a  gaseous  counterflow  burner  design  (Ro- 
lon  et  al.  1991)  to  include  a  piston-actuated  vortex  injec¬ 
tion  system  (Rolon  et  al.  1995).  Several  experimental 
studies  using  this  apparatus  have  been  reported  previously 
in  the  literature  (Renard  et  al.  1999;  Fiechtner  et  al.  2000). 
As  shown  in  Fig.  1,  the  burner  consists  of  two  axisym- 
metric,  20-mm  diameter  counterflow  nozzles,  with  air  in 
the  upper  flow  and  a  nitrogen-fuel  mixture  in  the  lower 
flow.  A  40-mm  diameter  shroud  flow  of  nitrogen  sur¬ 
rounds  each  nozzle  to  shield  the  flame  from  ambient 
disturbances.  The  nozzle  separation  is  set  to  30  mm  in  this 
case.  Vortex  tubes  of  2  mm  and  3.7  mm  are  added  along 
the  centerline  of  the  fuel  nozzle,  fed  by  an  electronically 
controlled  piston-actuation  system.  Vortices  of  varying 
strength  can  be  generated  by  controlling  the  size,  stroke, 
and  rise  time  of  the  piston.  Only  the  piston  stroke  is  varied 
here.  The  resulting  vortex  circulation  has  been  found  to  be 
equal  to  the  square  of  the  ejected  fluid  volume  divided  by 
the  piston  rise  time  and  the  fourth  power  of  the  vortex 
tube  diameter  (Maxworthy  1972).  The  vortex  rotational 
and  convection  velocities  have  been  found  to  be  propor¬ 
tional  to  the  circulation  divided  by  the  vortex  tube  diam¬ 
eter  (Roberts  and  Driscoll  1991;  Roberts  et  al.  1993).  The 
relevant  vortex  properties  for  the  current  work  are  listed  in 
Table  1.  They  include  vortices  with  equal  circulation  but 
differing  size,  and  vortices  with  equal  size  but  differing 
circulation. 

The  main  modification  to  the  burner  apparatus  for  the 
current  two-phase  vortex-flame  experiments  is  the  addi¬ 
tion  of  a  nitrogen-jet  atomizer  in  the  fuel  stream,  described 
previously  by  Rolon  et  al.  (1991)  and  similar  to  the 
apparatus  characterized  by  Durox  et  al.  (1999).  This 
atomizer  produces  a  monodisperse  field  of  droplets  of 
about  2.43-2.83  fim  in  diameter  for  the  current  flow  con- 


Table  1.  Vortex  properties  and  flow  parameters  used  in  the  experiments.  Global  mixture  ratio  is  4.43  and  piston  rise  time  is  10  ms  for 
all  cases 


Case 

Vortex  tube 
diam.  (mm) 

Ejected 

volume  (mm3) 

Circulation 

(cm2/s) 

Meas.  peak 
strain  (s-1) 

CH  decay 
rate  (ms-1) 

Mass  frac.  of 
methane  in  fuel  y 

v0x  (m/s) 

vfuei  (m/s) 

1A 

3.7 

37.9 

7.7 

919 

0.076 

0.57 

0.7 

0.5 

2A 

3.7 

49.2 

13 

1687 

0.350 

0.57 

0.7 

0.5 

2B 

3.7 

49.2 

13 

1461 

0.317 

1.0 

0.7 

0.5 

3A 

2 

13.9 

13 

845 

- 

0.57 

0.59 

0.61 

4A 

2 

37.9 

90 

2363 

0.625 

0.57 

0.59 

0.61 

Fig.  1.  Jet  in  coflow  burner  used  for  two-phase  vortex-flame 
experiments 


ditions.  The  spray  is  further  diluted  to  a  nondense  con¬ 
dition  with  methane  and  additional  nitrogen  to  a 
volumetric  density  of  9xl06  cm-3. 

The  various  inlet  flow  conditions  used  in  this  investi¬ 
gation  can  be  characterized  by  a  number  of  parameters  as 
listed  in  Table  1.  These  include  the  volume  ejected  by  the 
piston,  theoretical  vortex  circulation,  measured  peak 
strain  rate  along  the  centerline,  CH  decay  rate  normalized 
to  1/ms,  mass  fraction  of  methane  in  the  fuely,  and  steady 
nozzle  velocities,  vQx  and  vfuei.  The  global  mixture  ratio, 
defined  as  the  ratio  of  the  initial  mass  fraction  of  fuel  to 
oxygen  divided  by  the  corresponding  stoichiometric  ratio, 
is  4.43  for  all  conditions,  as  is  the  piston  rise  time  of 
10  ms.  Cases  1A  and  2 A  differ  in  piston  stroke  and  thus 
ejected  volume  and  circulation.  Case  2B,  with  no  rc-hep- 
tane  seeding,  is  the  gaseous  analog  of  Case  2A.  Cases  3A 
and  4A  have  smaller  vortex  tube  diameters  and  differ  only 
in  piston  stroke. 

2.2 

PIV-PLIF  system 

Simultaneous  diagnostics  are  performed  to  characterize 
the  vortex-flame  interaction,  with  PIV  used  to  assess  the 
dynamic  effect  of  the  vortical  flow  field  on  the  flame 
structure  as  visualized  by  CH  PLIF. 

Particle  image  velocimetry  is  performed  using  silicon 
dioxide  particles  (1-5  pm)  in  the  air  stream  and  /7-heptane 
droplets  in  the  fuel  stream.  The  use  of  Mie  scattering  from 
the  n-heptane  fuel  droplets  for  PIV  avoids  problems  with 
agglomeration  of  solid  seed  particles  in  the  unvaporized 
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Sheet-  Double-Pulse 

Forming  Nd:YAG  for 

Counter-flow  Optics  PIV  at  532  nm 


Fig.  2.  Schematic  of  the  simul¬ 
taneous  PIV/PLIF  system 


fuel.  Overlapping  532-nm  beams  are  generated  using  a 
double-pulsed  Nd:YAG  laser  (Fig.  2)  and  are  formed  into 
0.5-mm  thick  vertical  sheets  using  cylindrical 
(f=- 12.7  mm)  and  spherical  lenses  (/=500  mm).  Reason¬ 
able  particle  displacements  for  various  vortex  convection 
velocities  are  achieved  by  varying  the  pulse  interval  from 
0.050  ms  to  0.2  ms.  The  PIV  images  are  collected  using  a 
dual-frame  1008x1018  (9.07  mmx9.16  mm)  array  ICCD 
camera  (Kodak  Megaplus  ES1.0)  equipped  with  an  AF  105- 
mmf/2.8  lens  (Micro  Nikkor)  and  a  36-mm  extension  ring. 
The  image-to-CCD  magnification  ratio  is  about  2.2:1. 
Postprocessing  is  performed  using  custom  designed  soft¬ 
ware  from  Innovative  Scientific  Solutions  (USA).  An 
adaptive  mesh  is  used  to  obtain  typical  pixel  interrogation 
regions  of  32x32  with  50%  overlap.  This  results  in  a  62x62 
vector  field  across  each  image. 

CH  PLIF  is  achieved  using  the  Qi(5)  transition 
(389.5  nm)  in  the  B2E_-X2n  (0,0)  absorption  band  of  CH, 
obtained  by  frequency  mixing  the  output  of  a  Nd:YAG- 
pumped  tunable  narrow-band  dye  laser  (rhodamine  640) 
with  the  Nd:YAG  fundamental  (1064  nm).  Laser  pulses  of 
about  7  ns  in  duration  and  mean  energies  between  15  and 
20  mj  are  formed  into  2-cm  high  x  0.3-mm  thick  sheets 
that  are  superposed  with  the  PIV  laser  sheets.  The  energy 
distribution  inside  the  CH  laser  sheet  was  controlled  by 
Rayleigh  scattering  from  nitrogen  and  Mie  scattering  from 
the  droplets.  The  flame  position  is  placed  in  the  central 
region  of  the  laser  sheet  and  remains  in  this  region  during 
the  entire  vortex-flame  interaction.  The  power  density 
variation  inside  the  measurement  region  does  not  exceed 
5%.  In  order  to  further  minimize  the  effects  of  laser-sheet 
intensity  variations,  laser  fluence  is  adjusted  so  as  to 
partially  saturate  the  CH  transition.  As  shown  in  Fig.  3,  the 
CH  PLIF  signal  is  in  the  nonlinear  regime  by  4.5  MW/cm2 
(1  mj). 

Fluorescence  is  collected  from  the  A-X  (0,0)  and  A-X 
(1,1)  bands  around  430  nm  while  using  a  combination  of 
410-nm  high-pass  and  450-nm  low-pass  filters  to  minimize 
interferences  from  background  scattering.  The  CH  PLIF 
signal  is  collected  using  a  2x2  binned  512x512  array 
intensified  CCD  camera  (Pi-Max)  with  a  58-mm//1.2  lens 
(Noct-Nikkor)  and  20-mm  extension  ring.  An  image-to- 
CCD  magnification  ratio  of  1.85:1  (20  mmx20  mm  region) 


Laser  Energy  (mJ) 

Fig.  3.  CH  PLIF  intensity  as  a  function  of  laser  power.  A  nearly 
saturated  regime  is  used  in  this  study  with  laser  powers  between 
15  and  20  ml 


is  achieved  with  a  pixel  measurement  area  of 
100x100  jam2.  The  limiting  resolution  based  on  the  Ny- 
quist  criterion  and  modulation  transfer  function  (MTF)  of 
the  lens  is  found  to  be  about  234  /im.  This  is  the  smallest 
structure  that  the  camera  can  faithfully  discern  and  is  only 
slightly  better  than  the  steady  CH  layer  thickness  of  about 
250  jam.  The  current  set-up  cannot  distinguish,  therefore, 
between  a  decrease  in  CH  layer  intensity  and  CH  layer 
thickness,  although  these  effects  can  be  considered  anal¬ 
ogous  for  the  purposes  of  discussing  CH  layer  extinction. 

An  important  source  of  uncertainty  in  the  CH  signal 
during  vortex-flame  interaction  arises  from  temperature- 
dependent  fluorescence  quenching  rates.  Based  on  results 
of  a  numerical  simulation  of  a  steady  counterflow  flame 
with  complex  chemistry,  the  main  CH  quenching  species 
(H20,  CO,  N2,  and  C02)  are  fairly  constant  in  the  region 
where  CH  is  present.  Quenching  from  02  and  CH4  nearly 
offset  each  other  in  the  CH  region,  and  temperature  varies 
by  less  than  3%.  Thus,  the  CH  profile  does  not  require 
significant  corrections  because  of  variations  in  tempera¬ 
ture  and  quenching  species  across  the  unperturbed  flame. 
The  overall  effect  of  quenching  variations  on  the  CH 
profile  and  CH  fluorescence  efficiency  during  flame 
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perturbation  is  minimized  by  operating  in  a  high-energy 
regime.  Finally,  variation  in  the  Boltzman  fraction  for  the 
Ch(5)  transition  of  CH  is  on  the  order  of  +25%  for  the 
temperature  range  applicable  during  flame  extinction 
(from  1700  to  1100  K).  While  nontrivial,  such  uncertainty 
also  does  not  significantly  detract  from  the  main  focus  of 
this  study,  which  is  the  qualitative  observation  of  CH 
number  density  during  vortex-flame  interaction. 

Simultaneous  CH  PLIF  and  PIV  requires  the  synchro¬ 
nization  of  several  events,  including  vortex  generation, 
three  laser  pulses,  and  three  camera  exposures.  The  timing 
of  the  CH  laser  pulse  occurs  20  ps  before  the  second  PIV 
laser  pulse  to  avoid  particle  scattering  on  the  camera  used 
for  CH  PLIF.  The  vortex-flame  interaction  can  then  be 
imaged  at  various  phases  of  its  development  by  adjusting 
the  relative  timing  of  piston  actuation  and  laser  diagnos¬ 
tics.  The  initial  time  of  the  vortex-flame  interaction  is 
defined  when  the  vortex  starts  to  perturb  the  CH  layer. 

3 

Results  and  discussion 

The  velocity  profile  induced  by  vortex  2 A  (Table  1)  at 
4.5  ms  after  the  vortex  arrives  at  the  flame  front  is  shown 
in  Fig.  4  (right).  Note  that  the  vectors  are  an  average  of  five 
images  and  are  presented  in  the  reference  frame  of  the 
vortex  by  subtracting  a  convection  velocity  of  about 
0.56  m/s.  This  frame  of  reference  highlights  the  circulating 
flow  pattern.  Since  flame  extinction  in  the  current  exper¬ 
iments  is  observed  to  take  place  at  the  centerline,  the 
relevant  normal  strain  rate  induced  by  the  vortex  is  de¬ 
fined  as  dv/d y,  where  v  is  the  vertical  component  of 
velocity,  and  y  is  the  axial  coordinate.  The  vortex  imposes 
high  velocities  on  the  fuel  side  of  the  flame.  Then  the 
velocity  decreases  quickly  as  the  flame  is  being  ap¬ 
proached,  where  it  reaches  a  minimum.  The  number  of 
velocity  vectors  through  the  flame  is  not  enough  to  catch 
the  thermal  dilatation  due  to  the  high  flame  temperature. 
However  the  extinction  process  induced  by  high  strain 


rates  is  pursued  in  this  study,  and  the  relevant  strain  is 
measured  in  the  near  convective  region  of  the  outer  flame 
diffusive  layer.  The  peak  normal  strain  rate  of  about 
1700  s_1  that  occurs  during  the  fast  velocity  decrease  is 
located  prior  to  the  preheat  zone  of  the  flame.  Therefore 
no  corrections  for  thermophoretic  effects  were  necessary 
on  the  measured  peak  strain  rate,  as  accurate  velocity 
measurements  can  be  performed  prior  to  the  flame  preheat 
layer  (Sung  et  al.  1994).  The  standard  deviation  caused  by 
vortex  repeatability  is  on  the  order  of  about  7%  for 
velocity  and  15%  for  peak  normal  strain  rate.  Adequacy  of 
PIV  resolution  is  demonstrated  as  the  velocity  and  strain 
rate  are  found  to  be  “grid  independent”  for  interrogation 
regions  of  32x32  or  less.  Peak  normal  strains  along  the 
centerline  during  vortex-flame  interaction  are  calculated 
using  32x32  interrogation  regions  and  are  reported  in 
Table  1  for  all  of  the  flow  conditions  used  in  this  study. 
Values  measured  at  the  instant  of  flame  extinction  may 
have  undergone  significant  dissipation  because  of  heat 
release  and  are  not  necessarily  representative  of  the  rele¬ 
vant  strain  rate  for  extinction.  In  addition  to  peak  strain 
rate,  vortex  circulation  is  used  to  help  determine  the  ef¬ 
fects  of  vortex  size  and  strength  on  flame  surface  devel¬ 
opment  and  CH  layer  extinction. 

The  time  evolution  of  the  perturbed  counterflow  flame 
as  a  function  of  time  after  vortex  arrival  is  shown  in  Fig.  5 
for  vortex  2A.  The  velocity  field  is  superposed  on  the  CH 
fluorescence  pattern.  The  CH  layer  is  located  above  a 
strong  fluorescence  signal  from  species  on  the  fuel  side  of 
the  flame.  Based  on  a  numerical  simulation  with  complex 
chemistry,  this  layer  of  fluorescence  corresponds  to  the 
location  of  polycyclic  aromatic  hydrocarbons  (PAH).  The 
PAH  are  formed  around  the  droplet  cloud,  between  the 
cold  spray  and  the  high  temperature  flame,  where  the  n- 
heptane  evaporates.  Interference  from  this  layer  is  mini¬ 
mized  by  spatial  separation  with  CH  (Fig.  5),  and  by  the 
fact  that  its  fluorescence  is  strongly  diminished  by  the 
approaching  vortex.  When  the  vortex  is  interacting  with 


(— ►  1  m/s) 


Fig.  4.  Comparison  of  velocity 
and  normal  strain  rate  for 
vortex  2 A  (Table  1)  using  dif¬ 
ferent  PIV  interrogation  re¬ 
gions.  Interrogation  regions  of 
32x32  pixels  (3  vectors/mm)  or 
16x16  pixels  (6  vectors/mm) 
are  shown  to  be  adequate  for 
computing  peak  strain  rates. 
Overlap  parameter  is  50% 
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Fig.  5.  Sample  CH  PLIF/PIV  sequence  of  vortex  2  A  (Table  1) 
showing  the  vortex-flame  interaction  at  various  phases  of 
evolution.  Times  are  relative  to  when  the  vortex  first  wrinkles  the 
flame 


the  flame  the  PAH  layer  disappears,  and  only  the  CH  layer 
remains  until  the  flame  extinguishes  in  the  center.  In 
describing  the  evolution  of  the  CH  layer  in  Fig.  5,  time 
zero  is  defined  as  the  time  at  which  the  vortex  starts  to 
perturb  the  counterflow  flame.  At  4.5  ms,  the  flame  is 
clearly  wrinkled  but  has  not  yet  been  extinguished.  The 
flame  decreases  in  intensity  after  this  point  until  extinction 
is  fully  established  between  5  to  7  ms,  allowing  the  drop- 
let-laden  vortex  to  continue  past  the  flame.  The  vortex  core 
remains  under  the  flame  until  8  ms  and  passes  through  the 
flame  between  8  ms  and  13  ms.  A  slight  outline  of  the 
vortex  is  visible  at  23  ms  due  to  Mie  scattering. 

In  order  to  obtain  qualitative  information  about  the  ef¬ 
fects  of  the  vortex  on  the  flame,  one  can  calculate  the  time 
evolution  of  the  flame  surface  shown  in  Fig.  6  and  the  CH 
layer  centerline  intensity  shown  in  Fig.  7  from  experimental 
images.  Data  from  CH  PLIF  diagnostics  effectively  localize 
the  diffusion  flame  front  and  extinction  zones  (extinction 
signal  refers  to  signal  that  falls  to  the  background  noise). 
One  can  define  the  flame  front  position  by  following  the 
maxima  of  CH  intensity  for  an  average  of  ten  images.  Once 
the  flame  front  is  determined,  each  segment  between  two 
points  is  treated  as  an  elementary  area  and  is  rotated  about 
the  axis  of  symmetry  using  the  Guldin  theorem.  The  total 
flame  surface  is  the  sum  of  the  elementary  areas  and  is 
normalized  by  the  value  of  the  nonperturbed  flame.  The  CH 
intensity  data  was  calculated  using  a  region  of  4x6  pixels  at 
the  centerline  of  the  CH  front  averaging  on  ten  images. 

The  centerline  CH  intensity  plotted  as  a  function  of 
time  (Fig.  7)  during  extinction  indicates  that  the  process  is 
nearly  linear  with  respect  to  time.  The  slope  of  the  curve 


Fig.  6.  Evolution  of  normalized  flame  surface  area  during  vortex- 
flame  interaction.  Vortex  and  flame  conditions  refer  to  Table  1 


Fig.  7.  Relative  CH  number  density  during  CH  layer  extinction. 
Vortex  and  flame  conditions  refer  to  Table  1 

represents  the  extinction  rate.  The  vortex  velocity  field 
induces  a  decrease  of  the  flame  surface  and  of  the  cen¬ 
terline  CH  intensity.  Comparing  flame  surface  evolutions, 
measured  extinction  rates  and  maximum  peak  normal 
strain  rates,  one  may  show  that  when  the  peak  normal 
strain  rate  increases,  the  flame  surface  and  the  CH  inten¬ 
sity  during  extinction  decrease  prior  and  faster  in  any 
cases  presented  in  Fig.  6  and  7.  We  may  say  that  the  peak 
normal  strain  rate  is  sufficient  to  predict  the  extinction  of 
the  CH  layer  and  is  the  main  controlling  parameter  of 
extinction  for  the  vortices  studied  in  this  paper.  Com¬ 
paring  cases  2A  and  2B,  two-phase  effects  can  be  under¬ 
lined,  especially  through  the  earlier  decrease  of  the  flame 
surface  and  the  higher  extinction  rate  in  the  case  of  the 
two-phase  flame.  This  supports  the  finding  of  Santoro  and 
Gomez  (2002),  who  found  that  the  latent  heat  of  vapori¬ 
zation  of  the  droplets  works  to  reduce  flame  temperatures 
and  weaken  the  flat  counterflow  flame.  The  faster  extinc¬ 
tion  of  the  two-phase  flame  can  be  explained  by  heat  losses 
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due  to  evaporation,  lower  chemical  activity  of  rc-heptane 
compared  to  methane,  and  higher  strain  rate  due  to  the 
expansion  of  evaporated  n-heptane.  The  peak  normal 
strain  rate  measured  is  indeed  higher  in  the  two-phase 
case  (CH  decay  rate  of  0.35  s-1)  than  in  the  gaseous  case 
(CH  decay  rate  of  0.32  s-1).  As  the  droplets  used  in  this 
experiment  are  very  small  the  inertia  effect  on  extinction  is 
probably  negligible.  However,  as  shown  by  the  plateau  and 
the  following  increase  of  flame  surface  of  case  2A,  the  two- 
phase  flame  reignition  is  faster.  Case  2B,  where  the  flame  is 
not  doped  by  //-heptane  droplets,  does  not  show  the 
constant  plateau,  and  the  flame  surface  area  continues  to 
decrease.  The  two-phase  flame  surface  increase  is  not  due 
to  reconnection,  but  occurs  because  the  edges  of  the  flame 
are  entrained  by  the  vortex  after  extinction,  thereby 
increasing  the  total  surface  area.  This  can  be  explained  by 
the  excess  of  unburned  //-heptane  droplets  in  case  2A, 
which  evaporate  and  contribute  to  the  formation  of  a 
cylindrical  flame  around  the  axis.  The  two-phase  case  4A, 
which  uses  the  smaller  vortex  tube  of  2  mm,  exhibits  the 
same  flame  surface  evolution  characteristics  as  case  2A, 
except  that  since  the  vortex  is  faster,  the  extinction  and 
reignition  processes  are  faster  due  to  the  fact  that  the 
vortex-induced  strain  passes  through  the  flame  field  faster. 
One  can  notice  that,  still  comparing  cases  2A  and  4A,  the 
larger  vortex  of  case  2A  results  in  a  stronger  decrease  in 
flame  surface  from  the  initial  nonperturbed  flame  during 
extinction.  This  is  due  to  the  fact  when  the  flame/vortex 
impact  area  is  larger,  a  larger  flame  area  is  perturbed, 
wrinkled,  and  extinguished.  Cases  2A  and  3A  have  similar 
vortex  circulation  but  different  vortex  sizes.  Despite  hav¬ 
ing  higher  vortex  velocity  (recall,  vortex  rotational  and 
convection  velocity- circulation/ tube  diameter),  no 
extinction  takes  place  for  the  smaller  vortex  of  case  3A. 
Thus,  the  flame  surface  area  increases  in  case  3A  because 
of  flame  wrinkling  and  decays  back  to  its  original  level 
after  the  vortex  is  dissipated  (Fig.  6).  This  means  that  a 
higher  velocity  vortex  (as  in  case  3 A)  does  not  always 
extinguish  the  flame  easier  (compared  to  case  2A).  Thus, 
vortex  circulation  is  not  sufficient  to  predict  extinction.  As 
the  vortex  size  determines  the  flame/vortex  impact  area, 
the  vortex  size  corresponds  to  the  area  where  the  local 
dynamic  strain  rate  acts  upon  the  flame.  Larger  areas  of 
vortex-induced  strain  lead  to  higher  flame  sensitivity  to 
extinction.  In  addition,  smaller  vortices  are  more  subject 
to  the  effects  of  viscous  dissipation  induced  by  heat  re¬ 
lease.  In  fact,  vortex  3A  has  the  lowest  effective  maximum 
peak  normal  strain  rate,  even  lower  than  case  1A  for  which 
the  vortex  circulation  and  convective  velocity  are  very  low. 
As  alluded  to  earlier,  this  may  be  due  to  the  higher  level  of 
energy  dissipation  experienced  by  smaller  vortices. 

Case  3A  can  be  contrasted  with  case  4A,  which  has  the 
same  vortex  size  as  3A  but  experiences  flame  extinction 
because  of  a  significantly  higher  peak  normal  strain  rate. 
It  is  worth  noting,  however,  that  the  level  of  normal 
strain  and  rate  of  CH  layer  extinction  is  also  somewhat 
low  for  Case  4A,  considering  that  its  circulation  is  about 
sevenfold  that  of  the  other  cases.  This  is  consistent  with 
vortices  of  smaller  size  being  more  susceptible  to  energy 
dissipation  due  to  heat  release.  This  is  confirmed  by  the 
velocity  and  strain  rate  data  presented  in  Figs.  8  and  9, 
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Fig.  8.  Centerline  profiles  of  velocity  and  normal  strain  rate  for 
vortex  3 A  (Table  1)  at  (a)  5  ms  and  (b)  10  ms  after  the  initiation 
of  vortex  interaction 
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Fig.  9.  Centerline  profiles  of  velocity  and  normal  strain  rate  for 
vortex  4A  (Table  1)  at  (a)  3  ms  and  (b)  3.5  ms  after  the  initiation 
of  vortex  interaction 


for  which  cases  3A  and  4A,  respectively,  are  highly  dis¬ 
sipated  after  interaction  with  the  counterflow  flame.  The 
strain  rate  in  case  4A  drops  by  60%,  for  example,  within 
0.5  ms.  This  is  in  contrast  with  the  large  but  slow  vortex 
of  case  1A  (not  shown),  which  maintains  its  strain  rate 
level  for  nearly  the  entire  20  ms  of  the  flame- extinction 
process. 

It  seems,  therefore,  that  the  peak  strain  rate  located 
in  the  near- convective  region  of  the  flame  diffusive  layer 
is  a  significant  controlling  parameter  that  accounts  for 
both  initial  vortex  circulation  as  well  as  vortex  size.  This 
is  supported  by  the  clear  relationship  between  peak 
strain  rate  and  the  rate  of  CH  layer  extinction  shown  in 
Fig.  10. 
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Peak  Normal  Strain  Rata  (s'1) 

Fig.  10.  Relationship  between  peak  normal  strain  and  CH  layer 
decay  rate  (values  shown  in  Table  1) 

4 

Conclusions 

The  interaction  between  a  vortex  and  a  two-phase  non- 
premixed  flame  has  been  studied  using  simultaneous  CH 
PLIF  and  PIV  diagnostics.  Under  high  strain  fields  as  in¬ 
duced  by  a  vortex,  the  disappearance  of  the  PAH  signal 
allows  one  to  discriminate  the  CH  layer.  Using  an  adaptive 
mesh  technique,  the  PIV  system  was  shown  to  have  ade¬ 
quate  resolution  for  measurements  of  peak  normal  strain 
during  vortex-flame  interaction.  We  deduced  from  these 
measurements  the  time  evolution  of  some  flame-vortex 
interaction  parameters  with  single-  and  two-phase  coun¬ 
terflow  diffusion  flames. 

The  results  of  the  present  investigation  show  that  mi¬ 
cron- sized  droplets  convected  by  vortices  strongly  affect 
the  postextinction  flame  surface  development.  In  addition, 
the  presence  of  unburned  rc-heptane  droplets  causes  faster 
reignition  after  the  vortex  passing  through  the  flame.  The 
effects  of  vortex  size  and  velocity  are  studied  in  the  context 
of  flame  surface  area  evolution  and  flame  extinction.  We 
deduce  from  this  study  that  extinction  is  not  uniquely 
determined  by  convection  velocity,  vortex  size,  and  cir¬ 
culation,  but  by  a  combination  of  these  factors.  In  con¬ 
trast,  the  flame  experiences  rapid  extinction  rates  for 
vortices  inducing  high  normal  strain  rates.  It  has  been 
shown  that  in  the  vortex-flame  interactions  studied  in  this 
paper,  the  peak  normal  strain  rate  is  the  main  controlling 
parameter  for  the  flame  extinction.  The  rate  of  CH 
extinction  can  be  described  conveniently  by  a  single  value 
since  the  drop  in  CH  mole  fraction  is  found  to  be  suffi¬ 
ciently  linear  with  respect  to  time  for  a  variety  of  condi¬ 
tions. 

Based  on  this  investigation,  CH  PLIF  and  PIV  are 
shown  to  be  excellent  techniques  for  evaluating  vortex- 
induced  flame  perturbations  in  hydrocarbon-air  systems. 
Future  work  on  the  current  data  set  includes  processing  of 
a  wider  range  of  fuel  compositions  and  vortex  conditions 
for  the  development  of  combustion  diagrams  and  for  the 
extraction  of  more  conclusive  empirical  trends. 
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Abstract  High-temporal-resolution  measurements  of 
scalars  and  velocity  are  used  to  study  vortex-induced 
annular  (off-centerline)  flame  extinction  during  the 
interaction  of  a  propagating  vortex  with  an  initially 
stationary  counterflow  hydrogen-air  diffusion  flame.  Such 
an  extinction  process  differs  from  classical  one-dimen¬ 
sional  descriptions  of  strained  flamelets  in  that  it  captures 
the  effects  of  flame  curvature  as  well  as  dynamic  strain. 
Planar  laser-induced  fluorescence  (PLIF)  measurements  of 
the  hydroxyl  radical  (OH)  are  used  to  track  flame  devel¬ 
opment,  and  simultaneous  particle-image  velocimetry 
(PIV)  is  used  to  characterize  the  two-dimensional  flow- 
field.  Measurements  reveal  differences  in  local  normal 
strain  rate  profiles  along  and  across  the  reaction  zone  and 
indicate  that  vortex-induced  curvature  in  the  annular  re¬ 
gion  may  initiate  the  extinction  process.  In  addition,  the 
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effect  of  local  flame  extinction  on  vortex  evolution  and 
dissipation  is  determined  from  measured  vorticity  data. 


1 

Introduction 

It  is  well-recognized  that  vortices  occur  readily  in  turbu¬ 
lent  flows.  Recent  laser-based  measurements  of  species 
and  velocity  in  turbulent  diffusion  flames  have  revealed 
that  vortical  structures  play  a  significant  role  in  local  flame 
extinction,  curvature,  thickness,  and  stabilization  (Watson 
et  al.  1999;  Donbar  et  al.  2001).  Detailed  studies  of  vortical 
structures  in  fully  turbulent  flames  are  difficult  because 
those  structures  must  be  tracked  in  both  space  and  time 
with  respect  to  the  flame  front.  Alternatively,  fundamental 
turbulent  flame  behavior  can  be  represented  by  the 
interaction  of  a  laminar,  non-premixed  flame  with  a 
repeatable,  spatially  propagating  toroidal  vortex  (Rolon 
et  al.  1995;  Samaniego  and  Mantel  1999).  The  resulting 
data  can  be  used  to  investigate  the  effects  of  unsteady 
strain  and  curvature  or  to  identify  fundamental  regimes  of 
vortex-flame  interaction  (Katta  et  al.  1998;  Fiechtner  et  al. 
1999;  Renard  et  al.  2000;  Thevenin  et  al.  2000;  Katta  et  al. 
2003;  Lemaire  et  al.  2003). 

While  extinction  in  such  vortex-flame  studies  has  typ¬ 
ically  been  observed  to  take  place  at  a  point  located  at  the 
leading  edge  of  the  vortex,  Katta  et  al.  (1998)  predicted 
that  flame  extinction  can  occur  in  an  annular  pattern  away 
from  the  centerline  under  certain  experimental  conditions. 
Experimental  observation  of  this  annular  extinction  was 
first  reported  in  a  collaborative  publication  between  sci¬ 
entists  at  the  Air  Force  Research  Laboratory  and  Ecole 
Centrale  Paris  (Thevenin  et  al.  2000),  with  a  view  toward 
establishing  various  regimes  of  vortex-induced  wrinkling 
and  extinction.  The  current  work  focuses  on  the  annular 
extinction  itself  as  an  archetype  for  flamelet  behavior 
under  the  influence  of  two-dimensional  flowfields.  There¬ 
fore,  the  current  investigation  of  off-centerline  extinction 
emphasizes  flame  dynamics  induced  by  vortex  rotation  in 
addition  to  flow  unsteadiness.  We  provide  a  detailed 
description  of  the  experimental  apparatus  used  to  observe 
the  annular  extinction  and  present  possible  reasons  for  its 
occurrence.  In  addition,  we  examine  the  effects  of  flame 
extinction  or  the  lack  thereof  on  the  vorticity  magnitude 
and  discuss  the  degree  of  coupling  between  the  flame  front 
and  vortex  flowfield. 


Keywords  Counterflow,  Vortex,  Flame,  Extinction, 
Diffusion  flame 
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These  goals  are  accomplished  using  detailed  measure¬ 
ments  of  the  time-dependent  velocity  and  concentration 
fields  in  a  non-premixed  flame  supported  by  air  and  fuel  in 
a  counterflow  burner  configuration  (Rolon  et  al.  1995). 
Here,  a  piston  is  used  to  inject  vortices  of  varying  strength, 
and  the  hydrogen  fuel  is  diluted  with  nitrogen  at  various 
levels  to  study  the  effect  of  global  mixture  ratio.  Planar 
laser-induced  fluorescence  (PLIF)  of  the  hydroxyl  radical 
(OH)  is  used  to  mark  the  flame  front,  and  two-color  par¬ 
ticle-image  velocimetry  (PIV)  is  employed  to  characterize 
the  vortex  structure.  Recently,  several  researchers  have 
conducted  a  number  of  joint  PLIF/PIV  experiments  in 
unsteady  flames.  Rehm  and  Clemens  (1997)  have  made 
OH-PLIF  and  PIV  measurements  in  a  hydrogen  jet  flame. 
Joint  scalar  and  velocity-field  measurements  were  per¬ 
formed  by  Frank  et  al.  (1996),  Donbar  et  al.  (2001),  and 
Kothnur  et  al.  (2002)  in  turbulent  flames,  and  by 
Hasselbrink  and  Mungal  (1998)  and  Watson  et  al.  (1999, 
2002)  in  lifted  methane-air  diffusion  flames.  The  present 
simultaneous  OH-PLIF  and  PIV  measurements  are  the 
non-premixed  counterpart  of  the  vortex-flame  studies  of 
Driscoll  et  al.  (1994)  and  Mueller  et  al.  (1995).  To  explore 
the  time-dependent  nature  of  the  vortex-flame  interactions, 
a  synchronization  scheme  for  precise  control  of  relative 
timing  between  the  laser  diagnostics  and  vortex-flame 
event  is  also  implemented.  A  temporal  resolution  of  10  ps 
is  achieved  with  this  scheme,  allowing  the  annular  extinc¬ 
tion  to  be  observed  at  various  phases  of  its  evolution. 

2 

Experimental 


2.1 

Counterflow  burner 

Several  experimental  facilities  have  been  implemented  to 
study  vortex-flame  interactions,  as  reviewed  by  Renard 
et  al.  (2000).  For  the  experiments  described  in  this  paper,  a 
vortex  is  injected  into  a  flame  supported  at  the  mid-plane 
of  an  opposed-jet  burner  (Rolon  et  al.  1995)  with  25  mm 
diameter  upper  and  lower  nozzles  separated  by  40  mm.  A 
diagram  of  the  burner  is  shown  in  Fig.  1.  The  fuel,  con¬ 
sisting  of  hydrogen  diluted  with  nitrogen,  flows  from  the 
upper  nozzle;  air  flows  from  the  lower  nozzle.  This  con¬ 
figuration  differs  from  conventional  counterflow  flames  in 
that  a  tube  with  5  mm  inner  diameter  is  installed  con¬ 
centrically  within  the  lower  nozzle.  This  tube  is  attached  to 
a  cylinder  containing  a  solenoid-driven  piston  that  forces  a 
vortex  to  emerge  from  the  tube  and  collide  with  the  flat 
counterflow  flame. 

Since  vortex  formation  in  non-reacting  flow  has  been 
the  subject  of  intense  study  for  many  years,  a  considerable 
amount  of  information  is  available  to  aid  in  characterizing 
the  injected  vortices.  As  fluid  is  pumped  impulsively  from 
a  nozzle  or  orifice,  a  single  vortex  forms,  followed  by 
additional  vortices  in  the  production  of  a  starting  jet 
(Garside  et  al.  1943).  For  a  cylindrical  volume  of  fluid  that 
emanates  from  a  nozzle  having  length  L  and  diameter  D, 
Gharib  et  al.  (1998)  and  Shusser  et  al.  (1998)  have  shown 
that  the  maximum  circulation  attainable  by  a  vortex  ring  is 
reached  for  L/D~ 4,  and  that  for  larger  ratios  additional 
trailing  vortex  rings  form.  For  the  present  5  mm  nozzle, 


n2  h2/n2  m2 

>>  ii 


Vortex<7?> 


Flame 


No  Air  N' 


Fig.  1.  Schematic  of  the  non-premixed  counterflow  vortex-flame 
burner 


the  volume  that  a  vortex  can  contain,  as  estimated  from 
the  results  of  Gharib  et  al.,  is  ~0.4  cm3.  The  vortex  gen¬ 
erator  used  in  the  present  study  can  sweep  a  maximum 
volume  of  ~2.5  cm3,  for  a  maximum  attainable  LID  ratio 
of  ~25.  For  the  experiments  described  here,  comparatively 
strong  vortices  are  generated  using  a  10  ms  piston  rise 
time. 

Since  the  aim  of  the  present  study  is  to  produce  vortex- 
flame  events  that  are  similar  to  those  achieved  in  the 
computations  of  Katta  et  al.  (1998),  the  piston  is  allowed  to 
travel  through  its  maximum  range,  but  the  tube  is  placed 
such  that  the  diagnostics  are  triggered  before  additional 
vortices  exit  the  tube.  Models  that  rely  on  an  artificially 
created  vortex  pair  by  specifying  the  vortex  field  (Ashurst 
1993;  Poinsot  et  al.  1987;  Rutland  et  al.  1991)  may  not  be 
well  represented  by  our  experimental  conditions  because 
of  the  geometry  and  vorticity  field  associated  with  a  time- 
evolving  pulsed  jet.  A  detailed  discussion  of  vortex  for¬ 
mation  in  our  apparatus  is  given  elsewhere  (Fiechtner 
et  al.  2000a,  2000b),  with  emphasis  on  the  importance  of 
matching  experimental  conditions  and  boundary  condi¬ 
tions  during  comparison  of  experimental  data  and  model 
predictions. 

Vortex  conditions  are  monitored  carefully  to  avoid 
multiple-vortex  or  turbulent  conditions  by  examining 
scattering  images  that  are  acquired  with  a  charge- coupled 
device  (CCD)  camera.  Vortex  visualization  is  accom¬ 
plished  during  alignment  of  the  vortex  nozzle  using  PLIF 
of  acetone  (Fiechtner  et  al.  1998);  a  vaporizer  is  installed 
temporarily  between  the  vortex  tube  and  the  mass-flow 
controller  for  this  purpose.  Because  acetone  changes  the 
fuel  content  and  character  of  the  counterflow  flames,  this 
visualization  is  only  performed  to  determine  the  non¬ 
reacting  vortex  properties. 

The  laminar  vortices  produced  experimentally  travel 
upward  within  the  surrounding  oxidizer  flow.  A  flow  of  air 
is  supplied  to  the  vortex  tube  such  that  in  the  absence  of  a 
vortex,  the  exit  velocity  matches  the  velocity  of  the  air 
emanating  from  the  surrounding  nozzle.  To  minimize  the 
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impact  of  room-air  disturbances,  upper  and  lower  guard 
flows  of  nitrogen  are  supported  through  outer  nozzles, 
which  are  concentric  with  the  respective  upper  (fuel)  and 
lower  (air)  inner  nozzles.  The  hydrogen,  nitrogen-diluent, 
and  air  flows  are  furnished  by  mass-flow  controllers  with 
respective  full-scale  ranges  of  20,  20,  and  30  1/min.  A 
continuous  flow  of  air  is  provided  to  the  vortex  tube  by  a 
5  1/min  controller,  while  the  guard  flows  for  the  upper  and 
lower  guard  (outer)  nozzles  are  furnished  by  two  50  1/min 
mass-flow  controllers.  The  flow  rates  of  the  controllers  are 
accurate  to  ±1%  of  the  full-scale  range.  The  experiments 
have  been  repeated  for  three  flame  conditions  (Table  1). 

Seed  particles  are  introduced  into  the  burner  flows 
when  digital  PIV  measurements  of  the  vortex  velocity  are 
performed.  Three  particle  seeders  are  installed  -  one  after 
the  air  mass-flow  controller,  a  second  after  the  vortex-air 
mass-flow  controller,  and  a  third  after  the  junction  where 
the  hydrogen  and  nitrogen  gases  are  mixed.  Each  flow  is 
seeded  with  hollow  spherical  ceramic  particles  with  an 
approximate  mean  diameter  of  2.4  pm.  PLIF  experiments 
are  also  performed  with  unseeded  flows  to  ensure  that 
there  are  no  significant  differences  with  results  from 
experiments  with  seeded  flows. 

2.2 

PLIF/PI V  system 

A  review  of  PLIF  fundamentals  can  be  found  in  Eckbreth 
(1988).  The  PLIF  system  in  the  current  experiment  in¬ 
cludes  a  frequency-doubled,  Q-switched  Nd:YAG  laser  that 
is  used  to  pump  a  dye  laser;  this  dye  laser,  in  turn,  is 
frequency  doubled.  The  UV  radiation  is  directed  through  a 
telescope  that  is  adjusted  to  produce  a  light  sheet  with  a 
height  that  matches  as  nearly  as  possible  the  40  mm 
burner  separation.  The  resulting  beam  thickness  is 
~300  pm,  which  corresponds  to  the  full  width  (defined  as 
the  distance  between  the  locations  of  the  25%  peak- 
intensity  points). 

Hydroxyl  radicals  absorb  the  laser  radiation  at 
281.3  nm  via  the  ^(8.5)  transition  of  the  (1,0)  band  in  the 
A-X  system.  For  flame  temperatures  ranging  from  1 100— 
2200  K,  the  Boltzmann  population  fraction  for  this  tran¬ 
sition  varies  by  only  10%.  Therefore,  large  changes  in  OH 
PLIF  signal  within  this  temperature  range  can  be  attrib¬ 
uted  to  changes  in  OH  number  density  rather  than  changes 
in  the  Boltzmann  population  fraction  for  the  R!(8.5) 
transition.  The  OH  PLIF  signal  is  expected  to  drop  sig¬ 
nificantly  below  1100  K  and  mark  flame  extinction,  both 
because  of  a  drop  in  the  Boltzmann  population  fraction  for 
the  ^(8.5)  transition  and  because  chemical  reactions  are 
expected  to  cease  below  this  temperature  (Croonenbroek 
1996;  Renard  et  al.  1999;  Rolon  et  al.  1996). 


Table  1.  Flow  rates  (LPM)  at  21.5°C  and  724  mmHg  for  the  three 
flames  studied  in  the  current  investigation.  XH2-in-N2  is  the 
volume  fraction  of  hydrogen  in  nitrogen  diluent 


Gas 

Flame  type  A 

Flame  type  B 

Flame  type  C 

H2  (SLPM) 

5.31 

4.67 

4.04 

N2  diluent  (SLPM) 

17.0 

17.0 

17.1 

Xh2— in— N2 

0.24 

0.22 

0.17 

Air  (SLPM) 

11.2 

11.2 

11.2 

After  laser  excitation  of  the  R!(8.5)  transition,  fluores¬ 
cence  from  the  A-X  (1,1)  and  (0,0)  bands  is  detected 
normal  to  the  laser  sheet  through  Schott  WG-295  and 
UG-11  colored-glass  filters  using  a  105  mm  focal-length 
f/4.5  UV  lens.  The  resulting  UV  fluorescence  is  recorded 
on  an  intensified  CCD  camera  with  an  intensifier  gate 
width  of  100  ns.  CCD  pixels  are  binned  in  2x2  groups;  the 
result  is  an  effective  array  size  of  288x192  pixels,  with  an 
imaged  area  of  25.6x38.4  mm2.  The  bottom  of  the  image  is 
flush  with  the  surface  of  the  lower  nozzle.  A  color  table  is 
used,  with  a  maximum  value  set  to  100%  of  the  maximum 
signal  for  each  image.  The  low-signal  color  of  10%  is  at 
least  two  standard  deviations  above  the  mean  background. 
Therefore,  in  cases  where  “extinction”  of  the  OH  layer  is 
observed,  this  term  refers  to  signal  levels  that  fall  below 
this  minimum  value  and  are  therefore  assigned  the  last 
color  in  the  table. 

In  studies  of  vortex-flame  interactions  conducted  by 
other  investigators  (see,  for  example,  Najm  et  al.  1998  and 
Paul  et  al.  1998),  LIF  was  assumed  to  mark  a  quantity  such 
as  heat  release  or  burning  rate.  In  the  present  experiments 
OH  images  are  obtained  for  the  direct  comparison  of 
certain  spatial  and  temporal  features  and  for  comparison 
with  the  flame  structure  predicted  by  Katta  et  al.  (1998); 
therefore,  no  attempt  is  made  to  correlate  the  images  with 
other  quantities,  although  it  has  been  shown  recently  that 
the  OH  concentration  may  be  a  good  indicator  of  flame 
extinction  in  this  configuration  (Renard  et  al.  1999).  This 
is  confirmed  experimentally  through  qualitative  Rayleigh 
scattering  images  under  similar  conditions,  although  no 
attempt  is  made  to  determine  the  exact  moment  of  flame 
extinction  due  to  the  added  uncertainty  of  increased  OH 
fluorescence  quenching  at  depressed  temperatures. 

An  introduction  to  PIV  can  be  found  in  Raffel  et  al. 
(1998).  Measurements  of  the  velocity  field  in  the  current 
work  are  carried  out  using  digital  two-color  PIV  (Gogineni 
et  al.  1998).  A  color  digital  CCD  with  an  array  of 
3060x2036  pixels  is  used  with  an  imaged  area  of 
26.0x39.0  mm2  (roughly  matching  the  PLIF  field  of  view). 
The  color  CCD  camera  for  PIV  and  the  intensified  CCD 
array  for  OH  PLIF  are  aligned  using  a  transparent  mask 
printed  with  a  graduated  scale.  Further  alignment  between 
images  is  performed  after  each  experiment  in  post-pro- 
cessing;  a  transformation  in  two-dimensional  space  is 
applied  to  the  PIV  images  relative  to  the  PLIF  images 
resulting  in  a  final  viewing  area  of  24.5x36.0  mm2.  Two 
lasers  are  employed,  with  one  PIV  light  sheet  being  pro¬ 
duced  by  frequency  doubling  the  output  of  a  Q-switched 
Nd:YAG  laser  (30  mj/pulse  at  the  test  section).  The 
remainder  of  this  beam  is  used  to  pump  the  dye  laser  that 
is  frequency  doubled  to  excite  OH.  The  second  PIV  light 
sheet  is  produced  by  pumping  a  dye  laser  (employing 
DCM  laser  dye)  with  a  second  frequency-doubled, 
Q-switched  Nd:YAG  laser;  this  results  in  laser  radiation  at 
640  nm  (40  mj/pulse  at  the  test  section).  The  thickness  of 
both  the  red  and  the  green  light  sheets  is  set  to  ~700  pm  in 
the  probe  region.  Due  to  the  size  and  axisymmetric 
geometry  of  the  vortex  flowfield,  significant  gradients  are 
not  expected  across  this  laser-sheet  thickness.  A  digital 
delay  generator  is  used  to  drive  the  timing  of  the  two  lasers 
such  that  the  red  pulses  are  delayed  precisely  with  respect 
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to  the  green  ones.  In  the  absence  of  a  vortex,  the  under¬ 
lying  counterflow  velocity  field  is  probed  with  red  pulses 
that  are  delayed  by  up  to  1  ms  with  respect  to  the  corre¬ 
sponding  green  pulses.  For  the  most  rapid  vortices  stud¬ 
ied,  the  delay  between  red  and  green  pulses  is  reduced  to 
10  ps.  The  camera  shutter  is  set  to  open  for  1/15  s  to 
permit  detection  of  both  laser  pulses  by  the  color  CCD 
while  minimizing  interferences  from  flame  emission  and 
ambient  light. 

Velocity  vectors  are  calculated  using  custom-designed 
software  developed  at  Stanford  (StanPIV  -  Hasselbrink 
1999).  This  software  incorporates  several  improvements  to 
standard  (single-pass)  PIV  algorithms  and  allows  recursive 
estimation  of  the  velocity  field.  A  correlation  area  of  32x32 
pixels  is  used  in  the  calculation,  corresponding  to  a  cor¬ 
relation  area  of  0.067  cm2  and  a  spatial  resolution  of 
400  pm.  The  latter  corresponds  to  four  or  five  vectors 
across  the  unpurturbed  OH  layer.  Spurious  vectors  are 
filtered  using  a  consistency  filter  that  rejects  vectors  for 
which  the  square  root  of  (Axz-  -  Ax0)2  +  (A -  Ay0)2  is 
greater  than  about  one-tenth  of  the  distance  across  an 
interrogation  region  for  three  of  the  eight  nearest  neigh¬ 
bors.  Here,  Ax  and  Ay  are  the  cross-correlation  distances, 
the  subscript  i  denotes  the  eight  nearest  neighbors,  and  the 
subscript  o  denotes  the  vector  being  filtered.  The  values  of 
the  vectors  that  are  invalidated  by  the  filter  are  inter¬ 
polated. 

2.3 

High-temporal-resolution  synchronization  scheme 

Because  data  on  the  time-dependent  nature  of  the  vortex- 
flame  interactions  are  to  be  analyzed  in  conjunction  with 
simultaneous  scalar  and  velocity  data,  precise  synchroni¬ 
zation  of  several  experimental  events  is  required.  These 
events  include  the  generation  and  propagation  of  vortices, 


production  of  laser  pulses,  and  activation  of  the  PIV- 
camera  shutter  and  PLIF-camera  intensifier.  As  explained 
in  the  following  discussion,  the  current  synchronization 
scheme,  shown  in  Fig.  2,  was  developed  to  avoid  the 
inherent  jitter  caused  by  long  term  delays  in  conventional 
delay  generators.  This  problem  arises  when  trying  to 
synchronize  the  0.5  s  delay  of  piston  actuation  from  an 
arbitrary- waveform  generator  (AWG)  to  the  fifth  pulse  of  a 
10  Hz  laser  trigger  from  a  digital  delay  generator  (DDG). 
The  jitter  between  10  Hz  clock  outputs  is  one  part  in  104, 
corresponding  to  a  jitter  of  50  ps  over  the  0.5  s  period.  For 
this  reason,  attempts  to  synchronize  the  piston  and  10  Hz 
clock  severely  limit  the  temporal  resolution  available  to 
“freeze”  the  vortex-flame  events,  and  require  an  intensifier 
gate  width  larger  than  50  ps  (which  leads  to  an  unac¬ 
ceptable  level  of  background  flame  emission). 

When  the  DDG  is  triggered  externally,  however,  the 
jitter  between  the  trigger  and  a  delayed  DDG  output  pulse 
is  60  ps  plus  the  output  delay  divided  by  108.  Over  the 
0.5  s  period  between  the  first  and  fifth  laser  pulses,  this 
corresponds  to  a  jitter  of  only  5  ns.  Therefore,  a  10  Hz 
clock  is  added  to  the  system  for  driving  the  lasers,  and  an 
externally  triggered  master  DDG  is  used  to  impose  a  low- 
jitter  0.5  s  delayed  pulse,  which  pre-empts  the  fifth  pulse  of 
the  10  Hz  clock  (note  the  50  Q  power  combiner  in  Fig.  2). 
This  approach  reduces  the  jitter  in  the  timing  of  the  fifth 
laser  pulse  from  50  ps  to  <10  ns  while  maintaining  the 
nominal  10  Hz  repetition  rate  required  by  the  lasers.  The 
coincidence  unit  in  Fig.  2  ensures  that  pre-emptive  trig¬ 
gering  occurs  only  when  an  initiation  pulse  is  output  from 
the  PLIF  camera  controller. 

Other  outputs  of  the  master  DDG  are  delayed  suitably 
and  directed  to  the  image  detectors.  For  PIV  experiments, 
the  width  of  a  TTL  pulse  is  adjusted  using  a  gate  generator 
that  closes  a  relay  to  trigger  the  digital  PIV  camera  system. 


Fig.  2.  Block  diagram  of  the 
high-temporal-resolution  syn¬ 
chronization  scheme  enabling 
vortex  imaging  repeatability  to 
within  10  ps 
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For  simultaneous  PLIF  experiments,  another  master-DDG 
output  triggers  a  pulse  generator  that,  in  turn,  activates  the 
intensifier  of  an  ICCD  camera. 

The  scheme  depicted  in  Fig.  2  provides  precise  control 
of  the  relative  timing  between  the  laser  diagnostics  and  the 
vortex-flame  event.  To  explore  the  temporal  evolution  of 
the  event,  data  are  captured  utilizing  the  following  phase- 
locked  timing  sequence:  1)  an  image  is  recorded,  2)  the 
delay  between  vortex  production  and  the  laser/camera 
events  is  adjusted,  and  3)  another  vortex  is  initiated  and  a 
second  image  recorded.  This  process  is  repeated  to  acquire 
numerous  images  that  are  obtained  at  increasing  delays. 
An  animation  is  then  created  by  assembling  the  individual 
images  in  temporal  order. 

3 

Results  and  discussion 

The  temporal  sequence  of  OH  PLIF  images  during  an 
annular  extinction  is  shown  in  Fig.  3  for  Flame  A  in 
Table  1.  The  temporal  delay  between  images  is  10  ps,  and 
the  vortex  velocity  is  11.5  m/s.  The  off-centerline  break  in 
the  OH  layer  shown  in  these  figures  is  very  similar  in 
structure  to  that  observed  numerically  by  Katta  et  al. 
(1998),  attesting  to  the  predictive  capability  of  their  code. 
The  10  ps  temporal  delay  used  to  resolve  the  extinction 
process  demonstrates  the  success  of  the  synchronization 
scheme  for  repeatable  imaging  of  high-speed  vortices  and 
is  similar  to  that  employed  in  the  computations.  In  the 
following  discussion,  we  present  PLIF/PIV  data  for  cases 


with  and  without  flame  extinction  to  highlight  various 
features  of  the  vortex-flame  interaction  process.  We  then 
present  more  detailed  calculations  of  the  normal  strain 
field  and  discuss  the  annular  extinction  in  greater  detail. 

Simultaneous  images  of  OH  PLIF  overlaid  with 
instantaneous  velocity  vectors  from  PIV  are  shown  in 
Figs.  4  and  5  for  cases  with  no  flame  extinction  (weaker 
vortex)  and  with  flame  extinction  (stronger  vortex), 
respectively.  Inflow  conditions  match  those  of  Flame  C  in 
Table  1.  Each  OH  PLIF  image  is  normalized  to  the  peak 
signal  level  within  the  unperturbed  region  of  the  flame. 
The  velocity  vectors  plotted  here  correspond  to  the  refer¬ 
ence  frame  of  the  vortex  and  are  obtained  by  subtracting 
its  convection  velocity.  The  number  of  vectors  is  reduced 
by  60%  for  presentation  purposes.  Figures  4  and  5  also 
show  vorticity  distributions  computed  by  central  differ¬ 
encing  of  the  velocity  field. 

For  the  case  with  no  flame  extinction,  shown  in  Fig.  4, 
the  vortex  velocity  is  about  4  m/s,  and  images  are  sepa¬ 
rated  by  9  ms.  As  the  vortex  approaches,  the  flame  surface 
becomes  highly  wrinkled  and  wraps  around  the  leading 
edge  of  the  vortex.  The  flame  then  burns  across  the  vortex 
rollers  without  being  extinguished  and  continues  propa¬ 
gating  along  the  vortex  column,  as  shown  in  the  central 
and  right-most  frames  of  Fig.  4a.  The  location  of  the 
vortex  structure  is  shown  more  clearly  in  the  vorticity 
plots  of  Fig.  4b.  The  case  with  flame  extinction  is  shown  in 
Fig.  5,  with  a  time  spacing  between  frames  of  6  ms.  The 
vortex  shown  in  Fig.  5a  breaks  the  OH  layer  as  it  advances 
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Fig.  3.  Sequence  of  OH  PLIF 
images  with  a  temporal  delay 
between  images  of  10  ps.  Con¬ 
ditions  are  for  Flame  A  (see 
Table  1)  and  incoming  vortex 
convection  velocity  of  11.5  m/s 
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Fig.  4.  a  Simultaneous  OH- 
PLIF  and  velocity  distributions 
for  a  case  with  no  flame 
extinction;  b  superposed 
velocity  and  vorticity  distribu¬ 
tions.  Conditions  are  for  Flame 
C  (see  Table  1)  and  an  incom¬ 
ing  vortex  convection  velocity 
of  4  m/s.  Images  are  24.5  mm 
widex36  mm  high,  progress  in 
time  is  from  left  to  right,  and 
images  are  spaced  9  ms  apart 


toward  the  upper  nozzle,  after  which  the  flame  propagates 
into  the  vortex  rollers  and  begins  to  reconnect. 

The  following  is  a  frame-by-frame  comparison  of 
Figs.  4  and  5  to  illustrate  the  effect  of  flame  extinction  on 
the  vortex  flowfield.  The  plot  of  vorticity  in  the  left-most 
frame  of  Fig.  5b  shows  that  the  vortex  is  stronger  than  that 
of  Fig.  4b.  As  a  consequence,  the  vortex  in  the  central 
frame  of  Fig.  5b  induces  a  local  flame  extinction  and  is 
able  to  sustain  its  rotation.  By  comparison,  the  vortex  in 
the  central  frame  of  Fig.  4b  is  dissipated  because  of 
interaction  with  the  flame  and  a  corresponding  increase  in 
viscosity  for  the  combustion  products.  In  the  right-most 
frame  of  Fig.  5b,  however,  the  locally  quenched  flame  be¬ 
gins  to  reconnect,  and  the  overtaken  vortex  is  even  more 
strongly  dissipated  than  the  vortex  of  Fig.  4b.  This  sug¬ 
gests  that  the  laminarization  of  local  turbulence  in  non- 
premixed  flames  can  be  achieved  through  different 
mechanisms  for  vortices  of  varying  strength,  with  recon¬ 
nection  playing  a  significant  role  for  vortices  that  are 
strong  enough  to  induce  a  local  flame  extinction. 

Details  of  the  flame  extinction  process  are  not  evident 
in  Fig.  5  because  of  the  relatively  large  time  spacing  be¬ 
tween  images.  To  explore  this  process  in  more  detail, 
simultaneous  OH  PLIF  and  velocity  vectors  are  plotted  in 
Fig.  6  for  three  images  during  the  interaction  of  an  8.25  m / 
s  vortex  with  Flame  B  from  Table  1.  The  flame  begins  to 


thin  in  an  annular  region  as  the  vortex  approaches  in  the 
left-most  frame.  A  clear  break  in  the  OH  layer  is  then 
observed  in  the  central  frame.  Regions  I-III  in  Fig.  6  are 
located  0-10  mm  along  the  OH  layer,  with  the  centerline 
(Region  I)  located  at  0  mm  and  the  annulus  (Region  II) 
located  at  about  5  mm. 

Fig.  7 a  contains  line  plots  of  the  relative  OH-PLIF  sig¬ 
nal  and  velocity  gradient  normal  to  the  flame  surface, 
dUJdR ;  data  are  from  the  left-most  image  of  Fig.  6,  where 
Un  and  R  are  the  velocity  and  spatial  components, 
respectively,  normal  to  the  flame  surface.  From  this  defi¬ 
nition,  dUJdR  represents  the  compressional-strain  com¬ 
ponent  across  the  flame.  The  abscissa  of  Fig.  7 a  represents 
the  distance  along  the  center  of  the  OH  layer  from  Region  I 
to  Region  III.  The  velocity  gradient  is  calculated  using  a 
combination  of  central  differencing  and  linear  interpola¬ 
tion  between  grid  points.  Increasing  the  vector  density  by 
a  factor  of  two  did  not  significantly  alter  the  measured 
strain  rates,  indicating  that  the  velocity  gradients  are 
adequately  resolved  by  the  32x32  interrogation  regions 
used  here.  Based  on  noise  in  the  velocity  data,  the 
uncertainty  in  measured  strain  rates  is  estimated  to  be 
±10%.  In  Fig.  7a,  where  strain  rates  are  plotted  with 
respect  to  the  OH  layer,  errors  in  PIV/OH  image  regis¬ 
tration  lead  to  a  final  uncertainty  of  about  ±15%.  In  terms 
of  shot-to-shot  fluctuations  in  vortex  strength  and 
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Fig.  5.  a  Simultaneous  OH- 
PLIF  and  velocity  distributions 
for  a  case  with  flame  extinction; 
b  superposed  velocity  and  vor- 
ticity  distributions.  Conditions 
are  for  Flame  C  (see  Table  1) 
and  an  incoming  vortex  con¬ 
vection  velocity  of  5  m/s. 
Images  are  24.5  mm 
widex36  mm  high,  progress  in 
time  is  from  left  to  right,  and 
images  are  spaced  6  ms  apart 
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trajectory,  these  strain  rate  measurements  are  considered 
to  be  repeatable  to  within  ±25%. 

According  to  the  plot  of  relative  OH  signal  in  Fig.  7a, 
flame  extinction  begins  to  occur  near  Region  II  in  an 
annular  region  away  from  the  jet  centerline  and  within  a 
region  of  maximum  dUJdR.  By  reviewing  the  left-most 
image  of  Fig.  6,  it  is  clear  that  this  off-axis  compressional 
strain  is  induced  by  the  tangential  velocity  of  the  rotating 
vortex.  To  compare  further  the  strain  rates  acting  upon  the 
flame  in  the  centerline  and  annular  regions,  line  plots  of 
dUJdR  across  the  flame  in  Regions  I  and  II,  respectively, 


are  shown  in  Fig.  7b  for  comparison.  Unlike  in  Fig.  7a,  the 
abscissa  of  Fig.  7b  represents  the  distance  from  the  center 
of  the  OH  layer.  The  value  of  dUJdR  toward  th e  fuel  side 
of  the  OH  layer  is  slightly  higher  in  the  annular  region 
than  at  the  centerline,  with  measured  peak  values  that  are 
within  10%  of  those  predicted  by  Katta  et  al.  (1998).  In 
contrast,  the  experimental  and  computed  air  side  strain 
rates  are  lower  at  the  annular  extinction  location  than  at 
the  centerline.  The  spatially  integrated  strain  rate  across 
the  flame  is  also  about  10-15%  lower  at  the  annular 
extinction  location  than  at  the  centerline.  Uncertainties  in 


Fig.  6.  Simultaneous  OH  PLIF 
and  velocity  distributions  for 
Flame  B  (see  Table  1)  and  an 
incoming  vortex  convection 
velocity  of  8.25  m/s.  Images  are 
24.5  mm  widex36  mm  high, 
progress  in  time  is  from  left  to 
right,  and  images  are  spaced 
0.3  ms  apart  to  show  three 
stages  of  the  extinction  process. 
Symbols  I-III  represent  regions 
located  0-10  mm  along  the 
flame  front 
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Fig.  7.  a  Velocity  gradient  normal  to  the  flame  surface  ( dUJdR ) 
and  the  normalized  OH  fluorescence  signal  along  the  flame  from 
Region  I  to  III  from  the  left-most  image  of  Fig.  6;  b  velocity 


gradient  normal  to  the  flame  surface  measured  across  Regions  I 
(centerline)  and  II  (annular  region)  from  the  left-most  image  of 
Fig.  6 


the  velocity  measurements  due  to  thermophoresis  (Sung 
et  al.  1996)  are  not  expected  to  alter  this  analysis  signifi¬ 
cantly  because  strain  rates  are  reported  relative  to  the  OH 
layer  and,  presumably,  relative  to  an  isocontour  of 
temperature. 

These  data  indicate  that  the  local  strain  rate  may  not  be 
the  controlling  parameter  in  the  initiation  of  annular  flame 
extinction.  Katta  et  al.  (1998)  argued  instead  that  the 
annular  extinction  may  result  from  increased  local  cur¬ 
vature  and  preferential  diffusion.  It  is  apparent  from  the 
central  frame  of  Fig.  6,  for  example,  that  flame  extinction 
is  initiated  in  Region  II  near  a  location  of  maximum 
curvature.  By  fitting  the  flame  profile  along  5  mm  sectors 
at  the  centerline  and  annulus,  the  flame  radius  for  each 
region  was  calculated  to  be  about  10  mm  and  5  mm, 
respectively,  to  within  ±5%.  Due  to  higher  curvature  in  the 
annular  region,  thermal  diffusion  per  unit  area  is  reduced 
on  the  fuel  side  by  a  factor  of  four  compared  to  the  cen¬ 
terline  region,  while  preferential  diffusion  of  hydrogen 
would  bring  an  influx  of  cool,  fuel-rich  gases  into  the 
annular  flame  zone  and  depress  the  reaction  rate.  In 
contrast  with  the  flame  structure  of  Fig.  6  noted  above,  the 
leftmost  image  of  the  non-extinguished  flame  of  Fig.  4a 
shows  no  apparent  increase  in  curvature  in  the  annular 
region.  Correspondingly,  the  flame  in  Fig.  4a  is  slightly 
thinner  at  the  centerline  than  at  the  annulus,  further 
indicating  that  local  variations  in  curvature  may  play  a 
dominant  role  in  the  initiation  of  flame  extinction  for  the 
current  flow  regime. 

4 

Conclusions 

The  interaction  of  a  toroidal  vortex  with  a  flat,  counter¬ 
flow,  hydrogen-air  diffusion  flame  captures  a  number  of 
important  processes  in  turbulent  combustion,  including 
vortex-induced  flame  wrinkling,  stretch,  normal  strain, 
and  unsteadiness.  To  first  order,  centerline  flame 
extinction  at  the  leading  edge  of  the  vortex  simulates  the 
effects  of  unsteadiness  and  flame  stretch.  In  the  current 


study,  off-centerline  strain  rates  and  curvature  induced  by 
the  rotational  component  of  the  approaching  vortex  were 
determined  using  simultaneous  OH  PLIF  and  PIV.  Anal¬ 
ysis  of  local  normal  strain  rates  along  the  OH  layer  shows 
slightly  higher  magnitudes  near  the  annular  region  where 
flame  extinction  is  first  observed,  but  measurements 
across  the  flame  show  a  more  complex  strain  rate  distri¬ 
bution.  In  contrast,  high  local  curvature  in  the  annular 
region  is  shown  to  correlate  well  with  the  initiation  of 
flame  extinction.  To  assess  the  effects  of  flame  extinction 
on  the  flowfield,  plots  of  vorticity  calculated  from  the  PIV 
data  are  used  to  show  that  the  case  with  flame  extinction 
has  higher  initial  vortex  strength,  but  experiences  greater 
levels  of  dissipation  at  later  times  during  flame  recon¬ 
nection.  Therefore,  the  ability  to  obtain  measurements  of 
scalars  and  velocity  in  a  time-correlated  sequence  is 
demonstrated  to  be  particularly  useful  in  studying  the 
coupled  effects  of  fluid  dynamics  and  flame  chemistry  in 
dynamically-strained,  curved  flamelets.  Such  conditions 
more  closely  simulate  the  fluid-chemistry  interactions  that 
are  typical  in  turbulent  diffusion  flames. 
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Abstract 

Simultaneous  measurements  of  OH  planar  laser-induced  fluorescence  (PLIF)  and  laser-induced  incandescence  (LII)  are 
used  to  characterize  the  flame  structure  and  soot  formation  process  in  the  reaction  zone  of  a  swirl- stabilized,  liquid- 
fueled  gas-turbine  combustor.  Studies  are  performed  at  atmospheric  pressure  with  heated  inlet  air  and  overall 
equivalence  ratios  ranging  from  0.5  to  1.15.  At  low  equivalence  ratios  (<|)  <  0.8),  large-scale  structures  entrain  rich 
pockets  of  fuel  and  air  deep  into  the  flame  layer;  at  higher  equivalence  ratios,  these  pockets  grow  in  size  and  prominence, 
escape  the  OH-oxidation  zone,  and  serve  as  sites  for  soot  inception. 


Introduction 

Flame  stabilization  in  gas-turbine  engines  is  typically 
achieved  with  the  aid  of  a  recirculation  zone  established 
behind  an  air- swirl/liquid- fuel  injector.  The  turbulent 
swirling  motion  that  results  from  both  the  air  flow  and 
liquid  injection  process  is  characterized  by  high  shear 
stresses  and  turbulent  intensities  that  result  in  vortex 
breakdown  and  large-scale  unsteady  motions.1,2  Thus,  the 
same  turbulent  process  used  for  flame  stabilization  also 
generates  unsteadiness  that  is  known  to  play  a  key  role  in 
the  formation  of  pollutant  emissions  such  as  carbon 
monoxide  (CO),  nitric  oxide  (NO),  and  unburned 
hydrocarbons  (UHC).3"5 

The  impact  of  unsteady  effects  on  soot  formation  was 
demonstrated  by  Shaddix  et  al., 6  who  found  that  a  forced 
methane/air  diffusion  flame  produced  a  four- fold  increase 
in  soot  volume  fraction  (as  a  result  of  increased  particle 
size)  as  compared  with  a  steady  flame  having  the  same 
mean  fuel-flow  velocity.  In  addition  to  unsteady  effects,  it 
has  also  been  shown  that  the  heterogeneous  droplet 
distribution  resulting  from  the  injection  process  can  lead 
to  significant  local  variations  in  fuel-air  ratio.7,8  In  swirl- 
stabilized  spray  flames,  therefore,  soot  can  be  formed 
under  conditions  that  are  locally  fuel  rich  even  though  the 
overall  equivalence  ratio  may  be  fuel  lean. 

A  review  of  the  literature  indicates  that  relatively  few 
studies  have  been  performed  on  the  effects  of  the  spray- 
flame  structure  on  soot  formation.9"11  Understanding  these 
fundamental  processes  is  increasingly  important  for 
minimizing  particulate  emissions  and  thermal  loading  in 
modem  high-performance  gas-turbine  engines. 


The  goal  of  the  current  investigation  is  to  study  the 
effects  of  unsteadiness  and  local  flame  stmcture  on  soot 
formation  within  the  turbulent  two-phase  reaction  zone  of 
a  swirl-stabilized  combustor.  This  is  accomplished 
through  simultaneous  imaging  of  the  soot  volume  fraction 
and  hydroxyl-radical  (OH)  distribution  using  laser- 
induced  incandescence  (LII)  and  OH  planar  laser-induced 
fluorescence  (PLIF),  respectively.  Residual  Mie  scattering 
from  large  droplets,  which  appears  in  the  OH  images  but 
does  not  preclude  signal  interpretation,  is  used  to  a  limited 
extent  as  a  spray  diagnostic. 

Swirl-Stabilized  Combustor 

The  injector  configuration  shown  in  Fig.  1(a)  is  a 
generic  swirl-cup  liquid- fuel  injector  used  in  ongoing  fuel 
studies  at  the  Atmospheric-Pressure  Combustor-Research 
Complex  of  the  Air  Force  Research  Laboratory’s 
Propulsion  Directorate.12  It  employs  pressure  atomization 
and  dual-radial,  counter- swirling-air  co-flows  to  entrain 
the  fuel,  promote  droplet  break-up,  and  enhance  mixing. 
The  40-mm-exit-diameter  swirl  cup  is  installed  at  the 
entrance  of  a  15.25  cm  x  15.25  cm  square-cross-section 
flame  tube.  After  exiting  the  primary  flame  zone,  pictured 
in  Fig.  1(b),  the  combustion  products  are  allowed  to  mix 
thoroughly  along  the  48-cm  long  flame  tube  before 
entering  a  43-cm-long,  5.7-cm  exit-diameter  exhaust 
nozzle. 

Changes  in  overall  equivalence  ratio  from  §  =  0.5  to 
1.15  were  achieved  in  the  current  study  by  varying  the 
pressure  drop  across  the  fuel-spray  nozzle  from  about  1.5 
to  10  atm,  which  resulted  in  fuel  mass  flow  rates  of  1.0  to 
2.2  g/s,  respectively.  The  fuel  flow  rate  is  measured  using 
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Fig.  1.  (a)  Dual-radial  swirl- injector  geometry  and  (b) 
photograph  of  near- field  flame  structure. 


a  Max  Machinery  positive-displacement  flow  meter  with 
±0.5%  full-scale  accuracy.  The  air- flow  system  consists 
of  three  Sierra  5600  SLPM  mass  flow  controllers  with 
±1%  full-scale  accuracy.  The  inlet  air  is  heated  to  450  K 
with  a  constant  flow  rate  of  ~  0.028  kg/s.  The  air-pressure 
drop  across  the  combustor  dome  was  ~  4.8  to  5.2%  of  the 
main  supply.  Most  of  the  air  flow  enters  the  combustor 
through  the  swirl-cup  injector,  but  a  small  percentage 
enters  through  aspiration  holes  along  the  aft  wall.  No  liner 
air  jets  are  used  in  the  secondary  zone;  therefore,  the  fuel- 
air  ratio  depends  almost  entirely  on  the  flow  rates  through 
the  injector  cup. 

The  combustor  is  optically  accessible  via  7 5 -mm- wide 
quartz  windows  along  the  top  and  sides  for  in-situ  laser- 
based  diagnostics. 

Measurement  System 

The  use  of  OH  as  a  flame  marker  is  typical  in  studies 
of  soot  formation  in  diffusion  flames  because  of  its  close 
correlation  with  flame  temperature.13,14  The  current  OH- 
PLIF  measurement  system  uses  a  3  30- pm  wide  sheet 
tuned  to  the  Qi(9)  transition  at  283.922  nm  (in  air),  which 
has  less  than  a  ±2.5%  variation  in  the  ground-level 
Boltzmann  fraction  from  1600  to  2400K.  This  range  of 
temperatures  coincides  with  the  equilibrium  conditions 
one  would  expect  for  JP-8  fuel  at  equivalence  ratios  used 
in  this  study  (<|)  =  0.5  to  1.1 5). 15 

Fluorescence  in  the  linear  regime  is  collected  from 
about  306  to  320  nm  via  the  (1,1)  and  (0,0)  bands  of  OH 
using  an  intensified  charge-coupled  device  (ICCD) 
camera  oriented  approximately  along  the  normal  to  the 
sheet.  Two  1-mm  thick  WG295  Schott  Glass  filters  are 
used  in  front  of  the  camera  lens  to  reduce  scattering  from 
droplets  at  283.922  nm,  and  a  UG1 1  filter  is  employed  to 
nearly  eliminate  flame  emission,  scattering  from  the  LII 
laser  wavelength  of  532  nm,  and  fluorescence  from 
polycyclic-aromatic-hydrocarbon  (PAH)  compounds.  A 
105 -mm- focal-length  f/4.5  UV  lens  is  employed  to  collect 
the  OH  fluorescence,  and  an  intensifier  gate  width  of  20 
ns  is  used  to  capture  the  OH  signal.  Images  are  typically 
collected  with  2x2  binning  to  obtain  adequate  resolution 
(512x512)  and  framing  rate  (1.4  Hz).  The  pixel  viewing 


area  in  each  2x2  superpixel  is  200x200  pm2.  OH  PLIF 
signal  corrections  (typ.  ±15%)  in  the  axial  direction  are 
performed  in  post-processing  based  on  measurements  of 
the  laser-sheet  profile  after  each  run. 

For  measurements  with  low  laser  irradiance,  the  effect 
of  collisional  quenching  on  fluorescence  efficiency  must 
also  be  considered.  As  a  result  of  offsetting  effects  in  the 
equilibrium  combustion  products  of  JP-8,  the  rate  of 
collisional  quenching  is  found  to  be  fairly  constant  for 
equivalence  ratios  of  less  than  unity.  Under  rich 
conditions  the  conversion  of  CO  to  C02  decreases 
substantially  and  leads  to  an  increase  in  collisional 
quenching  and  a  decrease  in  fluorescence  efficiency.  In 
the  liquid-spray  region  where  lean  and  rich  pockets  of 
fuel  can  co-exist,  qualitative  signal  interpretation  must 
take  into  account  a  possible  variation  of  ±30%  in 
fluorescence  efficiency.16 

Mie  scattering  was  obtained  using  the  same  optical 
setup  as  that  for  the  OH  LIF  system.  When  tuned  on  and 
off  the  OH  absorption  line,  as  shown  in  Figs.  2(a)  and  (b), 
the  intense,  highly  localized  droplet  scatter  can  be 
distinguished  from  the  large,  more  uniformly  distributed 
OH  layers.  Large  droplet  clusters  appear  primarily  near 
the  injector  exit,  and  single  droplets  with  trailing  flames 
are  often  observed  traveling  into  the  recirculation  region, 
as  shown  in  Fig.  2(a).  The  trailing  flames  of  these  droplets 
do  not  appear  in  the  off-line  images  nor  at  higher 
equivalence  ratios  and,  therefore,  are  not  attributable  to 
scattering  off  of  fuel  vapor  or  fluorescence  from 
broadband  sources  such  as  PAH  compounds.  It  was  found 
that  two  WG295  color-glass  filters  and  parallel- 
polarization  detection  would  provide  optimal  OH  LIF 
sensitivity  while  minimizing  the  likelihood  of  damaging 
the  ICCD  because  of  intense  levels  of  droplet  scattering. 

The  LII  system  employed  in  the  current  study  for  soot- 
volume-fraction  imaging  operates  in  the  saturated  regime 
(measured  >  200  mJ/cm2)  to  reduce  the  effect  of  laser- 
intensity  variations.  In  this  regime,  the  uncertainty  in 
relative  soot-volume-fraction  measurements  is  estimated 


(a)  (b) 


Fig.  2.  Raw  signal  from  OH  PLIF  and  droplet  Mie 
scattering  while  on  Qi(9)  line  of  (1,0)  band  in  A-X 
system  (left)  and  droplet  Mie  scattering  while  off  the  OH  line 
(right).  Overall  equivalence  ratio  is  0.7. 
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to  be  about  ±10%  for  the  full  width  of  the  700- jum  thick 
laser  sheet. 

After  excitation  by  a  laser  pulse  at  532  nm,  the  LII 
signal  from  superheated  soot  is  detected  using  a 
1024x1024  ICCD  camera  and  an  f/1.2,  5 8-mm- focal- 
length  glass  lens.  After  4x4  pixel  binning,  the 
measurement  resolution  is  about  575x575  pm2.  A  500  nm 
short-pass  filter  is  used  for  detection  from  415  to  500  nm, 
which  reduces  contributions  from  nascent  soot  particles, 
OH  fluorescence/chemiluminescence,  and  red-shifted 
fluorescence  from  PAH  compounds.  The  relatively  short¬ 
lived  PAH  fluorescence  is  also  minimized  by  employing  a 
time-delayed  detection  scheme.  Scattering  from  the  532- 
nm  laser  source  is  eliminated  through  the  use  of  a  532-nm 
zero-degree  reflective  mirror  in  addition  to  the  500-nm 
short-pass  filter  and  delayed  detection.  A  camera  delay  of 
20  ns  after  the  laser  pulse  was  found  to  reduce  laser 
scatter  to  nearly  the  background  level  while  maintaining 
LII  signal-to-noise  ratios  greater  than  20:1.  The  LII  signal 
decayed  quickly  within  the  first  200  ns  after  the  laser 
pulse.  Using  a  gate  width  of  50  ns,  errors  due  to  particle 
size  effects  are  expected  to  be  minimal  (5- 10%). 17 

Results  and  Discussion 

The  average  and  instantaneous  OH  distributions  at 
overall  equivalence  ratios  ((|>)  ranging  from  0.5  to  1.15  are 
shown  in  Figs.  3(a)  to  3(d).  All  images  are  background 
subtracted  and  corrected  for  laser-sheet  intensity 
variations  and  laser-sheet  divergence.  The  effect  of  laser 
attenuation  is  evident  in  the  lower  flame  region,  with 
signal  levels  that  are  10%  less  than  the  upper  flame 
region.  The  false  color  scale  is  common  for  all  images 
and  varies  from  5%  to  100%  of  the  maximum  OH  signal 
as  determined  by  probability  density  functions  at  4>  =  0.5. 

Two  main  features  of  the  flame  structure  become 
apparent  when  analyzing  the  series  of  images  in  Fig.  3. 
The  first  is  that  the  flame  structure  evolves  from  a  single- 
to  multi-layer  reaction  zone.  The  second  is  the  prominent 
role  that  turbulence  plays  in  determining  this  structure. 

A  classical  five-zone  description  of  pressure-jet 
hollow-cone  spray  combustion18  consists  of  a  dense  spray, 
primary  flame  zone,  rich-premix  zone,  rich  secondary 
combustion  zone,  and  a  recirculation  zone.  The  dense 
spray  region  in  the  near  field  is  dominated  by  fuel  vapor 
and  cannot  support  combustion.  The  primary  zone  is 
formed  by  the  combustion  of  fuel  vapor  from  small 
droplets.  A  rich-premix  zone  is  then  formed  along  the 
spray  direction  due  to  evaporation  of  larger  droplets.  This 
is  followed  by  rich  combustion  and  product  recirculation. 

For  the  current  injector  geometry,  the  primary  reaction 
zone  is  highly  perturbed  by  large-scale  structures  that 
entrain  reactants  across  the  entire  width  of  the  flame 
layer,  as  shown  in  the  instantaneous  image  of  Fig.  3(a).  At 
higher  equivalence  ratios,  these  turbulent  motions  become 
more  prominent  and  the  primary  flame  zone,  labeled  in 
Fig.  3(b),  becomes  more  intermittent.  Also,  an 
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Fig.  3.  200-shot  average  (left)  and  instantaneous  (right) 
OH  PLIF  images  at  equivalence  ratios  of  (a)  0.5,  (b)  0.7, 
(c)  0.8,  (d)  1.0,  and  (e)  1.15.  False-color  scale  from  5%  to 
100%  of  the  peak  average  (4100)  and  instantaneous 
(5250)  counts  at  ()>  =  0.5. 


intermittent  rich-premix  region  is  formed  along  the  inner 
cone  of  the  spray,  as  labeled  in  Fig.  3(b).  This  region 
comes  into  direct  contact  with  the  recirculation  zone  and 
reacts  with  any  available  oxygen,  thereby  establishing  a 
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secondary  flame  zone  as  labeled  in  Fig.  3(b).  At  §  =  0.5, 
the  primary  and  secondary  reaction  zones  are  essentially 
merged,  and  a  gradual  separation  in  the  flame  layers  takes 
place  at  higher  equivalence  ratios.  This  phenomenon  is 
most  visible  in  the  lower  half  of  the  average  image  in  Fig. 
3(c),  where  the  primary  and  secondary  reaction  zones  are 
completely  separated  by  the  rich-premix  zone.  Since  the 
air-flow  rate  is  held  constant  for  all  test  conditions  in  this 
study,  these  dynamics  can  be  attributed  to  the  behavior  of 
the  liquid  spray  as  the  injection  pressure  is  increased. 
Experiments  and  computations  based  on  gaseous-fuel 
injection,  therefore,  may  not  capture  this  behavior. 

To  further  elucidate  the  role  of  intermittency  and  the 
character  of  the  rich-premix  region,  it  is  useful  to  present 
probability  density  functions  (PDFs)  of  the  OH  PLIF 
signal.  PDFs  are  mathematically  defined  as  histograms 
with  areas  normalized  to  unity.  They  are  helpful  in  highly 
intermittent  flames  for  which  the  ensemble  average  does 
not  accurately  represent  the  instantaneous  field.  For 
example,  they  can  be  used  to  detect  whether  an  increase 
in  OH  signal  results  from  an  increase  in  OH  within  large- 
scale  structures  or  from  an  increase  in  their  frequency  of 
occurrence.  They  can  also  be  used  to  discriminate  against 
Mie  scattering,  which  occurs  with  much  higher  camera 
counts  than  the  OH  PLIF. 

Figures  4(a)  and  4(b)  show  PDF  data  for  =  0.5  and 
0.7,  respectively,  across  the  upper  flame  zone  just  above 
the  dense  spray,  as  shown  in  Fig.  3.  Each  profile  in  Fig.  4 
represents  a  different  downstream  position,  as  noted  in  the 
legend.  At  each  point,  signals  from  0  to  6000  counts  from 
200  images  are  tabulated  into  bins  of  200  counts.  The 
contribution  from  droplet  scattering,  which  typically 
occurs  with  tens  of  thousands  of  counts  per  pixel,  is  not 
significant  at  these  locations  since  the  PDFs  drop  to  zero 
by  5000-6000  counts. 

The  PDF  profiles  for  §  =  0.5  in  Fig.  4(a)  change 
significantly  from  12  -  34.8  mm  because  of  changes  in 
large-scale  structure  dynamics  across  the  flame.  The 
PDFs  at  12  and  19.6  mm  are  bimodal  in  character,  with 
the  low-signal  peak  representing  cases  when  the 
measurement  point  is  outside  of  a  flame  structure  and  the 
high-signal  peak  representing  cases  then  the  measurement 
point  is  within  a  flame  structure.  As  one  crosses  the  center 
of  the  flame  layer,  the  PDFs  are  increasingly  weighted 
toward  the  high-signal  peak.  Note  that  both  the  low  and 
high  signal  peaks  are  remain  “stationary”  from  12  mm  to 
27.2  mm,  indicating  that  the  fluid  composition  within  the 
large  scale-structures  is  nearly  constant  in  this  region. 
Beyond  27.2  mm,  the  PDFs  take  on  a  “marching” 
character.  Specifically,  the  PDF  profiles  are  shifting  to 
lower  signal  levels,  indicating  that  large-scale  entrainment 
of  unburned  reactant  is  reduced  in  this  region. 

The  PDF  profiles  for  the  upper  flame  at  4>  =  0.7  follow 
the  same  trends  as  for  those  at  =  0.5.  This  is  evident  in 
Fig.  4(b)  in  which  the  PDFs  from  x  =  12  -  27.2  mm  are 
weighted  more  and  more  to  the  high-signal  peak.  The 
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Fig.  4.  Probability  density  functions  of  OH  PLIF  at  (a)  Line  A, 
(b)  Line  B,  and  (c)  Line  C  as  marked  in  Fig.  3. 


PDFs  for  the  lower  flame  in  Fig.  4(c),  however,  mark  the 
emergence  of  the  rich-premix  zone  at  27.2  mm.  Rather 
than  shifting  to  the  high- signal  peak,  the  PDF  profile  at 
this  location  shifts  back  to  the  low  signal  peak  and  is 
similar  to  the  profile  shown  at  12  mm.  This  indicates  that 
the  rich-premix  region  between  the  primary  and 
secondary  zones  is  similar  in  terms  of  large-scale 
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structure  dynamics  to  the  unbumed  reactant  layer  along 
the  outer  cone  of  the  spray  flame. 

Based  on  this  understanding  of  the  turbulent  flame 
structure,  it  is  of  interest  to  determine  the  location  of  soot 
inception,  how  it  evolves,  and  the  dynamic  behavior  that 
controls  the  rate  of  soot  production.  Based  on  the  results 
reported  by  Shaddix  et  al.6  in  forced  flames,  it  is  likely 
that  the  turbulent  flow  structure  reported  in  the  previous 
section  will  have  a  significant  impact  on  soot  production. 

Figures  5(a)  -  5(c)  show  simultaneous  images  of  OH 
PLIF  and  soot  volume  fraction  from  LII  at  <|>  =  0.8,  1.0, 
and  1.15.  The  OH  PLIF  images  have  the  same  false  color 
scale  shown  in  Fig.  3,  while  the  LII  signal  is  plotted  using 
color  contours  defined  by  a  reverse  color  scale  shown  in 
Fig.  5.  Analysis  of  these  images  reveals  an  inverse 
correlation  between  soot  volume  fraction  and  OH  PLIF 
signal.  An  exception  is  in  the  dense  spray  region  where 
low  levels  of  LII  interference  are  detected  due  to  residual 
droplet  scattering.  Increasing  the  time  delay  for  LII 
detection  reduces  this  scatter  but  also  significantly 
reduces  the  detection  of  soot  incandescence.  Instead  it  is 
sufficient  to  note  that  most  of  the  LII  signal  is  detected  in 
regions  that  are  free  of  droplet  Mie  scattering  (as  detected 
with  the  OH  PLIF  camera)  and  is  attributable  to  the 
presence  of  soot.  The  LII  signal  is  also  not  likely  to  come 
from  PAH  fluorescence,  which  would  appear  more 
consistently  and  have  peak  signals  near  the  spray  region. 
Background  images  collected  without  the  laser  sheet 
show  that  the  contribution  from  nascent  soot 
incandescence  is  less  than  5%. 

For  all  flow  conditions  studied  here,  soot  is  most  often 
generated  along  the  inner  cone  of  the  flame.  Not 
unexpectedly,  this  corresponds  to  the  intermittent  rich- 
premix  zone  discussed  in  the  previous  section.  This  is 
particularly  evident  in  Fig.  5(a),  where  soot  is  shown 
propagating  out  of  this  region  and  into  the  recirculation 
zone.  It  is  interesting  note  that  soot  is  seldom  observed 
within  intermittent  regions  of  low  OH  signal  in  the  central 
and  outer  cone.  This  is  not  surprising  since  there  are 
likely  to  be  higher  levels  of  oxygen  and  OH  available  for 
soot  oxidation  in  this  region. 

From  observation  of  simultaneous  OH  PLIF  and  LII 
data,  as  shown  in  Fig.  5,  it  is  evident  that  the  rate  of  soot 
production  increases  significantly  with  overall 
equivalence  ratio.  The  mechanisms  for  this  increased 
production  can  now  be  assessed  given  knowledge  of  how 
the  soot  is  formed  and  how  it  evolves.  As  noted  in  the 
previous  discussion,  large-scale  turbulent  motions 
increase  the  prominence  of  the  rich-premix  zones  as  the 
injection  pressure  is  increased.  In  addition,  the  secondary 
reaction  zone  is  weakened  as  the  equivalence  ratio  in  the 
recirculation  zone  increases.  Even  at  lower  overall 
equivalence  ratios  ~  0.8),  intermittency  can  result  in 
locally  rich  regions  within  the  recirculation  zone. 

Due  to  a  slight  asymmetry  in  the  conical  flame 
structure,  the  lower  spray  region  displays  a  weaker 


Fig.  5.  Overlay  of  OH  PLIF  and  LII  images  at  an 
equivalence  ratios  of  (a)  0.8,  (b)  1.0,  and  (c)  1.15.  OH 
PLIF  false-color  map  same  as  for  Fig.  3.  LII  shown  in 
false-color  contours  from  5%  to  100%  of  the  peak  signal 
in  each  image. 


secondary  reaction  zone  and,  by  inference,  locally  richer 
conditions.  In  the  lower  flame  of  Fig.  5(a),  for  example, 
there  is  very  little  in  the  way  of  a  secondary  reaction  zone. 
Correspondingly  in  Fig.  3(c),  large  droplets  are  shown 
entering  the  recirculation  zone  with  burning  wakes  in  the 
upper  half  while  droplets  entering  the  recirculation  zone 
in  the  lower  half  do  not.  Locally  rich  conditions  in  this 
lower  flame  region  allow  soot  produced  in  the  rich- 
premix  zone  to  escape  the  flame  layer  and  undergo  a 
much  slower  oxidation  process.  In  fact,  soot  production 
takes  place  almost  exclusively  in  the  lower  half  of  the 
combustor  for  all  equivalence  ratios,  as  shown  in  Fig.  5. 

These  observations  illustrate  the  impact  of  non- 
homogeneous  fuel-air  distributions  on  soot  production. 
Unsteady  motions  induced  by  large-scale  structures 
enhance  soot  production  to  the  extent  that  they  allow  rich 
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pockets  of  fuel  and  air  to  escape  the  primary  flame  layer 
and  enter  the  oxygen-  and  OH-starved  recirculation  zone. 

Conclusions 

A  simultaneous  OH  PLIF  and  planar  LII  system  was 
developed,  tested,  and  demonstrated  in  a  liquid- fuel  swirl- 
stabilized  combustor.  These  combined  diagnostics 
provide  phenomenological  evidence  of  soot-formation 
mechanisms  in  this  highly  turbulent  environment  by 
mapping  the  instantaneous  flame  zone  and  soot  volume 
fraction. 

It  was  found  that  large-scale  structures  play  a  key  role 
in  the  soot  formation  process.  Intermittent  regions  of  rich 
premixed  regions  of  fuel  and  air  develop  between  the 
primary  flame  layer  and  recirculation  zone  that  serve  as 
sites  for  soot  inception.  The  rate  of  soot  production  is 
dependent  upon  the  frequency  and  spatial  extent  of  these 
regions;  the  rate  of  soot  oxidation  is  dependent  upon  the 
presence  of  a  secondary  reaction  zone  as  well  as  the 
availability  of  oxygen  and  OH  in  this  zone.  Hence,  the 
overall  soot  volume  fraction  is  highly  sensitive  to  the 
dynamics  of  the  injection  process  as  well  as  to  the  local, 
unsteady  equivalence  ratio.  Experimental  and  numerical 
studies  in  gaseous  combustors  may  not  capture  these 
dynamics  properly. 
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Abstract 

Dynamic  flames  are  known  to  survive  at  strain  rates  that  are  much  higher  than  those  associated  with  steady-state 
flames.  A  numerical  and  experimental  investigation  is  performed  to  aid  the  understanding  of  the  extinction  process 
associated  with  unsteady  flames.  Spatially  locked  unsteady  flames  in  an  opposing -jet-flow  burner  are  established 
and  stretched  by  simultaneously  driving  one  vortex  from  the  air  side  and  another  from  the  fuel  side.  Changes  in 
the  structure  of  the  flame  during  its  interaction  with  the  incoming  vortices  and  with  the  instability-generated  sec¬ 
ondary  vortices  are  investigated  using  a  time-dependent  computational-fluid-dynamics-with-chemistry  (CFDC) 
code  known  as  UNICORN  (UNsteady  Ignition  and  COmbustion  with  ReactioNs).  The  combustion  process  is 
simulated  using  a  detailed-chemical-kinetics  model  that  incorporates  13  species  and  74  reactions.  Slow-moving 
vortices  produce  a  wrinkled  but  continuous  flame,  while  fast-moving  vortices  create  a  locally  quenched  flame 
with  its  edge  wrapped  around  the  merged  vortical  structures.  In  an  attempt  to  characterize  the  observed  quenching 
process,  five  variables — namely,  air-side,  fuel-side,  and  stoichiometric  strain  rates  and  maximum  and  stoichio¬ 
metric  scalar  dissipation  rates — are  investigated.  It  is  found  that  these  characteristic  parameters  cannot  be  used 
to  describe  the  quenching  process  associated  with  unsteady  flames.  The  flow  and  chemical  nonequilibrium  states 
associated  with  the  unsteady  flames  are  responsible  for  changes  in  the  extinction  values  of  these  traditional  char¬ 
acteristic  variables.  However,  even  though  the  quenching  values  of  the  scalar  dissipation  rates  increase  with  the 
velocity  of  the  incoming  vortices,  the  variations  are  much  smaller  than  those  observed  in  the  strain  rates.  It  is  pro¬ 
posed  that  a  variable  that  is  proportional  to  the  air-side  strain  rate  and  inversely  proportional  to  the  rate  of  change 
in  the  flame  temperature  can  be  used  to  characterize  the  unsteady  quenching  process  uniquely. 

©  2004  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Studies  of  the  structure  of  unsteady  flames  are  im¬ 
portant  for  gaining  an  understanding  of  fundamental 
combustion  processes.  Such  studies  provide  insight 
into  turbulent-combustion  phenomena  and  aid  the  de¬ 
velopment  and  evaluation  of  simplified  models  that 
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can  be  used  in  design  codes  for  practical  combus¬ 
tion  systems.  Unsteady  flames  associated  with  turbu¬ 
lent  combustion  are  subjected  to  stretching  that  varies 
with  time;  typically,  the  time  scale  for  the  changes 
in  strain  rate  is  comparable  to  those  of  the  chemical 
(e.g.,  reaction  time)  and  physical  (e.g.,  diffusion  time) 
responses  of  the  system.  Because  of  the  resulting  non¬ 
equilibrium  environment,  the  structure  of  a  stretched 
unsteady  flame  differs  from  that  of  a  stretched  steady- 
state  flame. 
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Numerous  experimental  and  numerical  investiga¬ 
tions  [1-3]  have  been  performed  to  quantify  the  scalar 
structure  of  steady- state,  aerodynamically  strained, 
planar,  counterflow  diffusion  flames.  Such  studies 
have  not  only  provided  benchmark  experimental  data 
but  also  yielded  valuable  insight  into  the  steady- 
state  behavior  of  the  planar  flame  that  is  subjected 
to  stretch  (or  strain)  rates  up  to  the  extinction  limits. 
In  practical  combustion  devices,  flames  are  subjected 
to  severe  unsteadiness  that  results  from  the  random 
motion  of  the  vortices  [4,5].  To  retain  the  analytical 
and  experimental  simplicity  offered  by  planar  diffu¬ 
sion  flames,  however,  the  unsteady  flame  structure  is 
also  investigated  in  counterflow  flames  by  fluctuating 
the  fuel  and  air  jets  simultaneously  and  sinusoidally 
[6-8].  Although  the  results  have  indicated  that  un¬ 
steady  flames  can  be  stretched  beyond  the  steady- 
state  extinction  limit  [9],  these  studies  are  mainly 
focused  on  understanding  the  behavior  of  the  flame 
when  subjected  to  moderate- amplitude  fluctuations  in 
strain  rate  [7],  reactant  composition  [7,10],  and  par¬ 
tial  premixing  [11].  Since  the  extinction  strain  rate, 
in  general,  is  higher  than  the  maximum  strain  rate  at 
which  ignition  can  occur,  temporal  flame  extinction  at 
any  time  within  the  fluctuation  cycle  in  a  periodically 
oscillating  counterflow  flame  could  lead  to  complete 
flame  extinction.  Consequently,  strain  rates  that  are 
lower  than  the  extinction  limit  are  often  used  in  the 
periodically  oscillating-flame  experiments. 

Using  numerical  simulations  Ghoniem  et  al.  [12] 
have  demonstrated  that  partial  extinction  and  reigni¬ 
tion  can  occur  in  a  periodically  oscillating  counter¬ 
flow  flame  when  it  is  subjected  to  a  high- amplitude, 
high-frequency  perturbation.  Recently,  Egolfopoulos 
[13]  provided  a  detailed  analysis  of  unsteady  coun¬ 
terflow  flames  and  concluded  that  even  though  the 
flame  response  to  strain-rate  perturbations  diminishes 
at  higher  frequencies,  the  substantial  transient  effects 
that  still  exist  in  the  flame  zone  lead  to  partial  extinc¬ 
tion  and  reignition.  Following  these  findings,  Cuenot 
et  al.  [14]  proposed  the  following  extinction  criterion: 
for  an  unsteady  flame  to  be  extinguished,  the  applied 
strain  rate  should  not  only  exceed  the  critical  steady- 
state  extinction  value  but  also  remain  higher  over  a 
characteristic  time. 

The  unsteady  extinction  criterion  proposed  by 
Cuenot  et  al.  [14]  uses  global  quantities  such  as  ap¬ 
plied  strain  rate,  crossover  temperature,  and  charac¬ 
teristic  time,  which  are  readily  available  for  period¬ 
ically  oscillating-counterflow-flame  configurations. 
However,  in  the  case  of  flames  stretched  by  vortices, 
such  global  quantities  cannot  easily  be  estimated 
since  the  local  strain  rate  and  characteristic-time  scale 
strongly  depend  on  the  evolution  of  the  vortex  (note 
that  entrainment  modifies  the  vortex-propagation  ve¬ 
locity)  in  the  given  flowfield.  Therefore,  an  unsteady 


extinction  criterion  based  on  local  quantities  is  also 
required  for  the  prediction  of  extinction  during  a  vor¬ 
tex/flame  interaction  process. 

During  vortex/flame  interactions,  which  are  often 
considered  to  be  the  building  blocks  of  statistical  the¬ 
ories  of  turbulence,  the  flame  surface  is  subjected  not 
only  to  unsteadiness  but  also  to  deformation.  To  in¬ 
vestigate  the  effects  of  curvature  on  unsteady  flames, 
both  theoretical  and  experimental  studies  have  been 
initiated  [15-18].  In  particular,  experiments  designed 
by  Roberts  et  al.  [19]  and  by  Rolon  et  al.  [20]  have 
generated  considerable  interest,  especially  because  of 
their  unique  ability  to  inject  a  well-characterized  vor¬ 
tex  toward  the  flame  surface.  Numerous  investiga¬ 
tions  have  been  performed  by  varying  the  size  and 
strength  of  the  vortex  in  opposing-jet  burners  [20]  in 
attempts  to  understand  global  features  such  as  scale 
[21,22]  and  origin  [23]  effects  and  localized  features 
such  as  annular-quenching  [24]  and  non-adiabatic- 
equilibrium- temperature  [25,26]  phenomena. 

Recent  studies  on  vortex/flame  interactions  by 
Katta  and  Roquemore  [23]  revealed  that  the  extinc¬ 
tion  strain  rate  of  an  unsteady  flame  is  dependent  on 
whether  the  flame  is  traveling  or  stationary.  By  issu¬ 
ing  vortices  from  the  fuel  and  air  sides  of  an  oppo sing- 
flow  jet  diffusion  flame,  they  simulated  traveling  and 
stationary  unsteady  flames.  In  the  traveling  unsteady 
flame,  not  only  the  strain  rate  on  the  flame  but  also  the 
flame  location  was  changed  with  time;  in  the  station¬ 
ary  unsteady  flame,  on  the  other  hand,  the  strain  rate 
was  varied  with  time  by  locking  its  position  spatially. 
The  latter  unsteady  flames,  established  by  issuing  vor¬ 
tices  simultaneously  from  the  air  and  fuel  sides,  of¬ 
fered  a  pathway  to  understanding  the  unsteady-flame 
structure  near  extinction. 

Several  investigators  have  developed  models  [17, 
27,28]  for  the  study  of  the  interaction  between  a 
planar  flame  and  an  induced  vortex.  In  all  of  these 
models,  it  was  assumed  that  an  artificially  created 
(by  specifying  the  vorticity  field)  vortex  pair  inter¬ 
acts  with  a  flat  flame  formed  in  a  parallel  flow.  Al¬ 
though  this  assumption  has  advantages  in  exploring 
interesting  aspects  of  vortex/flame  interactions,  inves¬ 
tigations  employing  these  synthesized  vortices  do  not 
represent  actual  interactions  in  opposing-jet  flames 
and,  hence,  cannot  facilitate  direct  comparisons  be¬ 
tween  predictions  and  measurements,  making  verifi¬ 
cation  of  the  former  very  difficult. 

Recent  advances  in  computer  hardware  and  the 
need  to  improve  the  understanding  of  combustion 
phenomena  under  complex  practical  situations  have 
led  to  the  development  of  two-  and  three-dimensional 
computational-fluid-dynamics  models  that  incorpo¬ 
rate  detailed  chemical  kinetics  (CFDC)  [29,30].  Com¬ 
plete  simulation  of  the  opposing-jet  flame  using  mul¬ 
tidimensional  models  not  only  eliminated  concerns 
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regarding  the  simplified  analyses  but  also  provided 
a  valuable  tool  for  studying  vortex/flame  interactions 
in  premixed  [19,31]  and  diffusion  [20,24]  flames.  In 
the  present  investigation,  a  well-tested  CFDC  model 
was  used  to  understand  the  unsteady  flame  struc¬ 
ture  near  extinction  and  to  characterize  the  extinction 
process. 


2.  Mathematical  model 

A  time-dependent  axisymmetric  model  known  as 
UNICORN  (UNsteady  Ignition  and  COmbustion  with 
ReactioNs)  [32]  was  used  for  the  simulation  of  un¬ 
steady  flames  associated  with  an  opposing-jet-flow 
burner.  This  model  solves  the  Navier-Stokes  and 
species-  and  energy-conservation  equations  written  in 
the  cylindrical-coordinate  (z-r)  system.  A  detailed- 
chemical-kinetics  model  is  employed  to  describe  the 
hydrogen-air  combustion  process.  This  model  con¬ 
sists  of  13  species — namely,  H2,  O2,  H,  O,  OH,  H2O, 
H02,  H202,  N,  NO,  N02,  N20,  and  N2— and  74 
elementary  reactions  among  the  constituent  species. 
The  rate  constants  for  this  H2-O2-N2  reaction  sys¬ 
tem  were  obtained  from  Ref.  [33]. 

Temperature-  and  species-dependent  property  cal¬ 
culations  are  incorporated  into  the  model.  The  gov¬ 
erning  equations  are  integrated  on  a  nonuniform 
staggered-grid  system.  An  orthogonal  grid  having 
rapidly  expanding  cell  sizes  in  both  the  axial  and  the 
radial  directions  is  employed.  The  finite-difference 
forms  of  the  momentum  equations  are  obtained  using 
an  implicit  QUICKEST  scheme  [34,35],  and  those  of 
the  species  and  energy  equations  are  obtained  using 
a  hybrid  scheme  of  upwind  and  central  differencing. 
At  every  time  step,  the  pressure  field  is  calculated 
by  solving  the  pressure  Poisson  equations  simulta¬ 
neously  and  utilizing  the  LU  (lower  and  upper  di¬ 
agonal)  matrix-decomposition  technique.  UNICORN 
has  been  validated  previously  by  simulating  vari¬ 
ous  steady  and  unsteady  counterflow  [23,24,27]  and 
coflow  [30,36]  jet  diffusion  flames. 


3.  Results  and  discussion 

3.1.  Burner  details 

The  opposing-jet-flow  burner  used  for  the  inves¬ 
tigations  of  unsteady-flame  structures  was  designed 
by  Rolon,  is  shown  in  Fig.  1,  and  is  described  in  de¬ 
tail  in  Ref.  [20] .  A  flat  flame  is  formed  between  fuel 
and  air  jets  having  velocities  of  0.69  and  0.5  m/s, 
respectively.  The  hydrogen-to-nitrogen  ratio  used  for 
the  fuel  jet  is  0.38.  Unsteady  flames  are  established 
by  injecting  vortices  simultaneously  from  the  fuel 


Fig.  1.  Schematic  diagram  of  the  opposing-jet-flow  burner 
used  for  investigations  of  double- vortex/flame  interactions. 
Nitrogen-diluted  hydrogen  fuel  and  air  were  introduced  from 
upper  and  lower  nozzles,  respectively.  The  structure  of  the 
steady-state  flame  is  also  shown  in  the  form  of  the  iso¬ 
temperature  distribution. 


and  air  sides.  The  collision  of  these  vortices  with  the 
flame  surface,  in  general,  imposes  unsteady  stretch 
on  the  flame.  Such  a  collision  involving  stronger  vor¬ 
tices  may  also  quench  the  flame  locally  and  generate 
multiple  vortices.  Studies  were  performed  to  inves¬ 
tigate  various  types  of  vortex-collision/flame  inter¬ 
actions  by  incorporating  different  sizes  of  fuel-  and 
air- side  injection  tubes  and  varying  the  injection  du¬ 
rations.  Air- side  vortices  were  generated  by  injecting 
a  specified  amount  of  air  through  the  syringe  tube 
(Fig.  1)  and  then  through  a  5.0-mm-diameter  injec¬ 
tion  tube.  On  the  other  hand,  fuel- side  vortices  were 
generated  by  injecting  a  specified  amount  of  fuel 
through  the  syringe  tube  and  then  through  either  a  2.0- 
mm-  or  a  5.0-mm-diameter  injection  tube.  Two  types 
of  interactions — namely,  unsteady  nonstationary  and 
unsteady  stationary — are  treated  in  the  present  pa¬ 
per.  The  z-r  coordinate  system  used  for  the  simu¬ 
lation  of  flames  associated  with  the  Rolon  burner  is 
shown  in  Fig.  1.  Calculations  for  these  axisymmet¬ 
ric  flames  were  made  using  a  nonuniform  601  x  301 
mesh  system  distributed  over  a  physical  domain  of 
40  x  40  mm,  which  yielded  a  mesh  spacing  of  0.05 
mm  in  both  the  axial  (z)  and  the  radial  (r)  directions 
in  the  region  between  the  two  nozzles. 
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Fig.  2.  Steady-state  flame  structures  along  the  centerline  for  the  reference  flame  (broken  lines)  and  “D/  =  Dh2”  flame  (solid 
lines).  Points  A-D  represent  mixture  fractions  at  stoichiometric  conditions. 


3.2.  Steady- state  flame  structure 

Prior  to  the  injection  of  vortices,  a  flat  flame  is 
simulated  for  the  experimental  conditions  described 
earlier.  The  computed  steady- state  flame  in  the  form 
of  isotemperature  distributions  is  shown  in  Fig.  1, 
along  with  the  schematic  diagram  of  the  burner.  Note 
that  the  gravitation  force  in  this  simulation  is  ne¬ 
glected.  The  slight  upward  curvature  of  the  flame 
surface  develops  as  a  result  of  the  lower  density  of 
the  hydrogen  fuel.  Apparently,  the  velocity  difference 
used  for  the  fuel  and  air  jets  (0.69  vs  0.5  m/s,  re¬ 
spectively)  did  not  provide  a  perfect  balance  of  mo¬ 
mentum  for  the  two  jets,  resulting  in  a  slight  shift 
in  the  flame  location  from  the  burner  mid-plane  to¬ 
ward  the  air  jet  (lower  nozzle).  The  flame  structure 
along  the  centerline  (also  known  as  the  stagnation  line 
in  this  opposing-jet-flow  configuration)  is  shown  in 
Figs.  2-4  and  is  referred  to  as  the  reference  flame.  The 
fuel,  oxygen,  and  mixture-fraction  (£)  distributions 
are  represented  in  Fig.  2  by  broken  lines  (reference 
flame).  As  a  result  of  nonequilibrium  chemistry,  hy¬ 
drogen  and  oxygen  coexist  in  an  overlap  region  that 
is  ~2  mm  thick.  Although  several  forms  of  mixture- 
fraction  definition  are  available  in  the  literature  [37], 
no  particular  form  has  an  advantage  over  the  others 
in  describing  the  flame  structure,  and  in  many  studies 
a  particular  form  of  mixture  fraction  is  selected  over 
others  as  a  matter  of  convenience  [38].  The  one  used 
in  the  present  study  is  based  on  the  mass  fraction  of 
fluid  that  originates  from  the  fuel  jet  at  a  given  lo¬ 


cation  [37].  In  hydrogen  flames  this  mixture  fraction 
(£h)  is  computed  from  the  following  equation: 


YH2  ^H2Q  *H202  \ 
WH2  wH20  "-H202  / 

1  (YU  |  >OH  |  lH02 

2  V  U.’H  W’OH  ,,!H02 


(1) 


Here,  7/  represents  the  mass  fraction  of  the  i th 
species,  iu/  represents  the  molecular  weight  of  the 
i  th  species,  and  the  superscript  0  represents  the  state 
in  the  fuel  jet.  The  stoichiometric  value  of  the  mixture 
fraction  (£stoichX  calculated  based  on  the  flow  condi¬ 
tions  used  in  this  study,  is  0.5264.  This  stoichiometric 
condition  is  established  (Location  A  in  Fig.  2)  on  the 
oxygen-rich  side  of  the  reaction  zone. 

Fig.  2  shows  that  the  mixture  fraction  for  the  ref¬ 
erence  flame  did  not  increase  monotonically  from 
zero  on  the  air  side  (z  =  0)  to  unity  on  the  fuel  side 
(z  =  40  mm).  Rather,  it  reached  a  peak  value  at  about 
z  =  19.5  mm  and  then  stayed  at  a  plateau  before  rising 
to  unity.  This  nonmonotonic  behavior  suggests  that 
the  laminar  flame  shown  in  Fig.  1  cannot  be  uniquely 
described  in  the  mixture-fraction  domain.  For  exam¬ 
ple,  several  locations  on  the  flame  along  the  centerline 
have  the  same  mixture-fraction  value  of  0.63  (Fig.  2), 
while  the  temperatures  at  these  locations  vary  be¬ 
tween  1195  and  1510  K. 

The  nonmonotonic  variation  in  mixture  fraction 
across  the  flame,  shown  in  Fig.  2,  is  specific  to  the  hy¬ 
drogen/air  opposing-jet  flow  considered  in  this  study. 
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Fig.  3.  Mixture  fraction  and  scalar  dissipation  rate  along  the  centerline  for  the  reference  flame  (broken  lines)  and  “£)/  =  Dh2” 
flame  (solid  lines). 


Fig.  4.  Velocity,  temperature,  and  strain  rate  along  the  centerline  for  the  steady-state  flame  shown  in  Fig.  1. 


To  investigate  whether  such  behavior  appears  in  other 
forms  of  mixture  fractions,  variations  of  mixture  frac¬ 
tions  obtained  from  the  elemental  mass  fractions  of 
the  oxygen  atom  (§q)  [37]  and  the  hydrogen  and  oxy¬ 
gen  atoms  (£h&o)  [39]  are  displayed  in  Fig.  2  using 
solid  and  open  symbols,  respectively.  Note  that  the 
latter  form  of  mixture  fraction  was  proposed  by  Bilger 
[39]  to  take  into  account  the  preferential-diffusion  ef¬ 


fects  associated  with  hydrogen  flames.  The  stoichio¬ 
metric  mixture  fraction  for  all  three  forms  is  0.5264. 
The  mixture  fraction  (£q)  obtained  using  the  ele¬ 
ment  originating  from  the  oxidizer  jet  (which  is  O) 
increases  smoothly  with  distance,  and  stoichiometry 
occurs  at  z  =  19.66  mm  (Location  C),  which  is  on 
the  fuel  side  of  the  reaction  zone.  As  expected,  the 
mixture  fraction  (£h&o)  calculated  based  on  elements 
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originating  from  both  the  fuel  and  the  oxidizer  jets 
falls  between  £h  and  and  stoichiometry  occurs  at 
z  =  19.45  mm  (Location  D). 

Since  the  mixture  fraction  is  extensively  used  in 
characterizing  the  structure  of  a  diffusion  flame,  it  is 
useful  to  identify  the  underlying  flame  properties  for 
the  nonmonotonic  behavior  of  the  mixture  fraction. 
In  laminar  nonpremixed  flames,  mixing  takes  place 
through  diffusion  only;  and  if  the  diffusivities  of  all 
species  are  equal,  then  the  mixture  fraction  becomes 
an  independent  variable  with  respect  to  the  choice 
of  species.  However,  in  hydrogen  flames  the  diffu- 
sivity  of  hydrogen  (into  nitrogen)  is  approximately 
three  times  that  of  oxygen,  and  the  mixture  frac¬ 
tion  does  not  become  an  independent  variable  (§h 
£o  7~  £h&oX  as  shown  in  Fig.  2.  To  demonstrate  the 
preferential-diffusion  effect  on  mixture  fraction,  cal¬ 
culation  of  the  steady  flame  in  Fig.  1  is  repeated  by 
assuming  that  the  diffusion  coefficients  of  all  of  the 
species  are  identical  to  that  of  hydrogen  and  by  en¬ 
forcing  the  Le  =  1  condition  for  heat  transport.  The 
distributions  of  fuel  and  oxygen  concentrations  and 
the  mixture  fraction  for  the  “£>z-  =  Dh2”  flame  are 
shown  in  Fig.  2  with  solid  lines.  The  flame  became 
thicker  than  the  reference  flame  as  a  result  of  in¬ 
creased  oxygen  diffusion.  In  this  “£>z  =  £>h2”  flame, 
the  mixture  fraction  was  monotonically  increased  to 
unity  from  zero,  and  the  stoichiometric  value  (0.5264) 
appeared  at  z  =  19.1  mm  (Location  B),  where  the 
mole  fraction  of  oxygen  is  nearly  twice  that  of  hy¬ 
drogen. 

In  the  reference  flame  oxygen  diffuses  much  more 
slowly  (~0.3  times)  than  hydrogen.  Because  of  this 
lower  diffusivity,  the  oxygen-concentration  profile  on 
the  air  side  is  steeper  (Fig.  2)  than  that  in  the  = 
DH2”  flame;  this,  in  turn,  causes  the  mixture-fraction 
(£h)  profile  to  be  steeper  on  the  air  side.  Similarly, 
water  diffuses  more  slowly  in  the  reference  flame  than 
in  the  “D;  =  £>h2”  flame.  This  increases  the  water 
concentration  in  the  flame  zone  (Fig.  3)  and,  thereby, 
the  local  value  of  the  mixture  fraction — leading  to  a 
peak  in  the  profile.  Note  that  the  stoichiometric  value 
of  the  mixture  fraction  in  the  reference  flame  appears 
at  a  location  that  is  slightly  shifted  from  the  stoichio¬ 
metric  condition  based  on  the  reactant  mole  fraction 
(i.e.,  Xq2  =  2Xh2)  toward  the  air  side.  In  fact,  none 
of  the  mixture-fraction  definitions  yielded  stoichio¬ 
metric  conditions  at  their  respective  stoichiometric 
values. 

The  scalar  dissipation  rate  x  is  often  used  to  char¬ 
acterize  a  stretched  diffusion  flame.  Based  on  the  mix¬ 
ture  fraction,  x  is  defined  as 


Here,  D  is  the  diffusion  coefficient  and,  for  simplic¬ 
ity,  may  be  considered  to  be  1  m/s2.  Variations  of  the 
scalar  dissipation  rate  and  the  mole  fractions  of  H2O 
along  the  centerline  are  shown  in  Fig.  3  for  both  the 
reference  and  the  “D;  =  Dh2”  flames.  The  steep  gra¬ 
dient  in  £h  m  the  former  flame  resulted  in  values  of  x 
that  were  significantly  higher  than  those  obtained  in 
the  latter  flame.  Furthermore,  the  reference  flame  ex¬ 
hibits  more  than  one  peak  in  the  /  distribution;  this  is 
true  for  all  of  the  scalar-dissipation-rate  profiles  that 
were  obtained  for  this  flame  by  employing  various 
mixture-fraction  definitions.  The  existence  of  double 
peaks  in  the  scalar  dissipation  rate  is  a  particular  char¬ 
acteristic  of  a  diffusion  flame  in  which  preferential- 
diffusion  and  non-unity-Lewis-number  effects  are 
significant.  The  stoichiometric  values  of  the  scalar 
dissipation  rates  for  both  reference  and  =  £>h2” 
flames  are  indicated  in  Fig.  3  by  solid  circles.  In  both 
flames  the  maximum  scalar  dissipation  rates  occur 
on  the  air  side  of  the  stoichiometric  location.  The 
peak  value  of  x  in  the  reference  flame  is  about  20% 
higher  than  that  at  stoichiometric  location  and  appears 
~1  mm  on  the  air  side.  Since  there  is  no  particular 
advantage  in  using  one  form  of  scalar  dissipation  rate 
over  the  other  for  characterizing  a  hydrogen  diffu¬ 
sion  flame,  the  scalar  dissipation  rate  calculated  from 
Eq.  (1)  is  used  in  the  present  study  for  convenience. 

The  velocity,  temperature,  and  strain-rate  distrib¬ 
utions  along  the  centerline  for  the  steady  flame  are 
shown  in  Fig.  4.  Several  investigators  have  used  strain 
rate  to  characterize  an  opposing-flow  jet  diffusion 
flame.  However,  as  seen  in  Fig.  4,  this  flame  has  no 
single  (or  unique)  strain  rate.  The  various  strain  rates 
that  can  be  defined  for  this  flame  are  as  follows: 

(1)  global  strain  rate  based  on  nozzle  separation  and 
exit  velocities  (&gi0b)  —  29.75  s-1, 

(2)  air-side  strain  rate  ( ka )  =  48.9  s-1, 

(3)  fuel-side  strain  rate  (kf)  =  59.6  s-1, 

(4)  strain  rate  at  the  stoichiometric  surface  (&stoich) 
=  68.9  s-1, 

(5)  peak  strain  rate  (&max)  =  112.5  s-1. 

The  air-  and  fuel- side  strain  rates  are  obtained  from 
the  locations  where  the  temperature  initially  begins  to 
increase  from  room  conditions  on  the  respective  sides. 
In  a  steady-state  flame,  as  shown  in  Fig.  4,  the  air-  and 
fuel- side  strain  rates  match  the  local  peak  values  on 
the  respective  sides  of  the  flame  zone.  However,  such 
a  criterion  does  not  necessarily  hold  in  the  case  of  un¬ 
steady  flames.  Therefore,  ka  and  k  f  are  obtained  from 
the  temperature  gradient  rather  than  the  peak  values 
for  all  of  the  unsteady  flames  discussed  in  the  present 
paper. 

The  steady-state  flame  shown  in  Fig.  2  represents 
a  weakly  strained  laminar  flame.  The  peak  strain  rate 
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on  the  fuel  side  is  greater  than  that  on  the  air  side  as  a 
result  of  the  difference  in  the  density  of  the  two  jets. 
Even  at  this  low  strain  rate,  the  fuel  and  oxidizer  are 
not  completely  consumed  simultaneously  in  the  flame 
zone.  In  an  overlap  region  of  ~2  mm,  both  H2  and  O2 
are  present  (cf.  Fig.  2).  The  flame  (peak- temperature 
region)  is  located  at  z  =  19.2  mm,  and  its  temperature 
of  1560  K  is  only  slightly  lower  than  the  correspond¬ 
ing  adiabatic  equilibrium  temperature  of  1598  K. 

The  steady- state  strain  rate  of  the  opposing-jet 
flame  can  be  increased  by  gradually  increasing  the 
velocities  of  the  fuel  and  air  jets.  Calculations  were 
repeated  with  the  jet  velocities  being  varied,  and  it 
was  found  that  a  stable  steady- state  flame  could  be 
obtained  for  fuel  and  air  jet  velocities  of  16  and 
14  m/s,  respectively.  These  velocities  yielded  an  air- 
side  strain  rate  ( ka ),  a  fuel-side  strain  rate  (£/),  and 
a  strain  rate  at  the  stoichiometric  surface  (kstoich)  of 
1410,  1678,  and  2460  s-1,  respectively.  The  max¬ 
imum  scalar  dissipation  rate  (Xmax)  and  the  scalar 
dissipation  rate  at  the  stoichiometric  surface  (Xstoich) 
for  this  extinction  condition  are  1.28  and  0.78,  re¬ 
spectively.  The  corresponding  peak  (flame)  tempera¬ 
ture  was  1130  K.  The  extinction  strain  rate  and  flame 
temperature  agree  favorably  with  calculations  made 
by  Gutheil  et  al.  [40].  A  small  increase  in  either 
air-  or  fuel-jet  velocity  from  these  extinction  limits 
first  caused  the  flame  temperature  to  decrease  below 
1 130  K  and  then  caused  the  flame  to  extinguish,  with 
its  temperature  reaching  300  K  in  <1  ms.  Based  on 
these  calculations  a  steady- state-extinction  criterion 
of  1130  K  has  been  established  and  was  used  in  the 
later  studies  on  unsteady  flame  extinction.  Analysis  of 
unsteady  flames  (shown  in  a  later  section)  suggested 
that  the  1130-K  criterion  for  defining  extinction  is 
valid  for  unsteady  flames  also. 

An  unsteady  strain  rate  was  imposed  on  the  flame 
shown  in  Fig.  1  by  issuing  vortices  simultaneously 
from  the  fuel  (top)  and  air  (bottom)  nozzles.  Various 
unsteady  flames  were  generated  by  injecting  air  and 
fuel  through  the  respective  syringe  tubes  in  such  a 
way  that  the  peak  values  of  the  exit  velocities  were  in 
the  range  of  2-19  m/s.  In  the  following  sections,  the 
dynamics  associated  with  these  vortices  is  discussed, 
followed  by  the  changes  to  the  flame  structure  caused 
by  the  impingement. 

3.3.  Interaction  with  colliding  vortices  of 
different  sizes 

Vortices  are  shot  toward  the  flame  surface  simulta¬ 
neously  from  the  air  and  fuel  sides  by  injecting  a  spec¬ 
ified  amount  (2.2  cm3)  of  air  and  fuel  through  the  re¬ 
spective  syringe  tubes.  The  flame-quenching  process 
with  colliding  vortices  of  different  sizes  is  studied 
by  injecting  air  through  a  5-mm-diameter  injection 


tube  and  fuel  through  a  2-mm-diameter  injection  tube. 
Evolution  of  the  vortices  and  their  interaction  with 
the  flame  surface  depend  on  the  injection  duration. 
In  general,  with  shorter  injection  durations,  the  gen¬ 
erated  vortices  travel  faster  toward  the  flame  surface 
and  affect  its  structure  as  the  local-flow  time  scales 
approach  the  chemical  time  scales.  Calculations  and 
measurements  are  performed  to  capture  the  colliding- 
vortex/flame-interaction  process  for  various  injection 
velocities. 

While  calculations  for  peak  injection  velocities 
of  <2  m/s  yielded  flames  that  were  stretched  and 
wrinkled  but  not  extinguished  anywhere,  calcula¬ 
tions  for  higher  velocities  resulted  in  flame  quench¬ 
ing  along  the  stagnation  line  and  propagation  of  the 
flame  edge  into  the  multivortex  flowfield.  Experi¬ 
ments  were  also  performed  for  some  of  the  injection 
conditions  in  an  attempt  to  understand  the  flame¬ 
quenching  pattern  during  the  vortex-flame-vortex 
interaction  process.  The  computed  and  experimental 
results  for  the  +  5/— 5-m/s  injection  case  at  different 
stages  of  the  interaction  process  are  shown  in  Fig.  5. 
The  computed  temperature  and  OH-concentration 
distributions  are  plotted  on  the  left  and  right  halves 
of  Figs.  5a-5c.  The  instantaneous  locations  of  the 
particles  that  were  released  from  the  air  and  fuel 
nozzles  are  also  shown  in  these  figures  to  aid  vi¬ 
sualization  of  the  flow  structures.  Air  injected  from 
the  5-mm-diameter  tube  generated  a  vortex,  and  it 
grew  to  12  mm  in  diameter  by  the  time  (8.1  ms)  it 
reached  the  flame  surface  (Fig.  5a).  Similarly,  dur¬ 
ing  the  same  time  period,  the  fuel  vortex  grew  to 
5  mm  from  its  initial  size  of  2  mm.  The  collision 
of  these  two  vortices  at  the  flame  surface  stretched 
the  flame.  The  temperature  of  the  flame  along  the 
stagnation  line  decreased  to  1140  K,  which  is  near 
the  quenching  limit  of  1130  K.  In  another  millisec¬ 
ond,  the  double-vortex/flame  interaction  completely 
quenched  the  flame  that  was  sandwiched  between  the 
vortices  in  the  region  around  the  centerline  (Fig.  5b). 
As  the  vortices  continued  to  push  against  each  other  in 
the  hole  formed  on  the  flame  surface,  the  edge  of  the 
flame  wrinkled  and  propagated  into  the  fuel  vortex,  as 
evident  in  Fig.  5c.  Similar  behavior  was  observed  in 
the  OH-concentration  distributions  obtained  in  the  ex¬ 
periment  through  the  use  of  the  planar  laser-induced- 
fluorescence  (PLIF)  technique  (Figs.  5d-5f).  Details 
of  the  PLIF  measurements  made  in  the  Rolon  burner 
are  given  in  Refs.  [41,42].  Considering  the  difficulties 
associated  with  the  alignment  of  the  small  tubes  that 
were  separated  by  40  mm,  the  symmetric  nature  of 
the  flowfield  obtained  in  the  experiments  during  the 
double-vortex/flame  interactions  is  reasonable.  The 
predictions  are  qualitatively  in  good  agreement  with 
the  measurement  results.  The  injection  velocities  for 
the  vortices  in  the  present  calculations  were  estimated 
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Fig.  5.  Comparison  of  simulated  ((a),  (b),  and  (c))  and  measured  ((d),  (e),  and  (f))  double- vortex/flame  interactions  at  various 
instants.  Particle  locations  are  superimposed  on  temperature  (left)  and  OH  (right)  fields  of  computed  data.  Raw  data  from  PLIF 
of  OH  shown  in  experimental  images,  (a)  and  (d)  at  tg  ms,  (b)  and  (e)  at  tg  +  1  ms,  and  (c)  and  (f)  tg  +  2  ms. 


from  the  total  amounts  of  fluid  used  for  injections 
in  the  experiment — not  from  the  actual  velocities — 
which  may  have  contributed  to  the  discrepancy  noted 
between  the  experiments  and  calculations  in  Fig.  5. 

The  collision  of  vortices  of  different  sizes  at  the 
flame  surface  not  only  generated  unsteady  stretching 
on  the  flame  but  also  shifted  the  flame  location  dur¬ 
ing  the  interaction  process.  As  discussed  earlier  and  in 
Ref.  [23],  the  translation  velocity  of  the  flame  during  a 
vortex/flame-interaction  process  alters  the  extinction 
strain  rate,  thereby  complicating  the  relationship  be¬ 
tween  the  unsteady  strain  rate  and  extinction.  To  alle¬ 
viate  this  problem,  investigations  were  performed  by 
injecting  vortices  of  the  same  size  from  the  fuel  and 
air  sides  simultaneously.  This  was  achieved  through 


the  utilization  of  5-mm-diameter  injection  tubes  on 
both  the  air  and  the  fuel  sides. 

3.4.  Interaction  with  colliding  vortices  of  the 
same  size 

A  wide  range  of  strain  rates  was  imposed  on  the 
flame  by  forcing  vortices  from  the  fuel-  and  air- 
injection  tubes  simultaneously  by  (1)  changing  the 
maximum  injection  velocity  and  (2)  changing  the  rise 
times,  as  shown  in  Fig.  6.  Here,  the  imposed  velocity 
with  respect  to  time  at  the  exit  of  the  air-injection  tube 
is  shown  for  different  injection  schemes.  Identical 
negative-velocity  profiles  were  superimposed  on  the 
steady  flow  emanating  from  the  fuel-injection  tube. 
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Fig.  6.  Imposed  velocity  profiles  at  exits  of  fuel  and  air  nozzles  for  generating  various  types  of  double- vortex/flame  interactions. 


In  the  case  where  the  maximum  velocity  (um ax)  was 
changed,  the  rate  of  increase  (ap)  for  the  imposed  ve¬ 
locity  was  set  at  2450  m/s2  (for  example,  1,  2,  and  3 
in  Fig.  6);  and  in  the  case  where  the  rise  times  were 
changed,  the  maximum  velocity  was  set  at  19  m/s  (for 
example,  3  and  4  in  Fig.  6).  Calculations  were  per¬ 
formed  for  each  case  until  the  interaction  reduced  the 
flame  temperature  to  1000  K,  which  was  well  below 
the  extinction  temperature  of  1130  K. 

Vortex  and  flame  structures  at  two  instants  for  two 
cases  with  different  maximum  velocities  are  shown  in 
Fig.  7.  In  both  cases,  the  rate  of  increase  for  the  super¬ 
imposed  velocity  was  set  at  2450  m/s2,  and  the  max¬ 
imum  velocities  were  set  equal  to  5  m/s  for  the  first 
case  (Figs.  7a  and  7b)  and  13  m/s  for  the  second  case 
(Figs.  7c  and  7d).  Temperature  is  shown  on  the  left 
side,  and  OH-concentration  distributions  are  shown 
on  the  right.  Instantaneous  locations  of  the  particles 
are  superimposed  on  the  temperature- OH  plots  to  dis¬ 
play  the  structures  of  the  fuel  and  air  vortices.  The  im¬ 
posed  velocity  functions  that  generate  these  vortices 
are  shown  as  Profiles  1  and  2  in  Fig.  6.  The  injec¬ 
tion  velocity  with  a  5-m/s  maximum  value,  failed  to 
cause  flame  extinction.  The  temperature  decreased  to 
1 190  K  in  8.35  ms  (Fig.  7b)  and  then  remained  at  this 
value  during  the  remainder  of  the  interaction  process. 
It  is  evident  from  Fig.  7  that  the  flame  did  not  travel 
axially  while  being  stretched  between  the  fuel-  and 
air- side  vortices  for  both  velocity  cases.  In  fact,  for 
all  of  the  velocity  cases  considered  for  colliding  vor¬ 
tices  of  the  same  size,  the  flame  did  not  travel  while 


being  dynamically  stretched;  this  established  a  sta¬ 
tionary  unsteady  (no  translational  component)  strain 
rate  on  the  flame.  The  flame  in  the  13-m/s-maximum- 
velocity  case  was  nearly  extinguished  at  the  centerline 
in  6.1  ms  (Fig.  7d),  and  the  temperature  decreased  to 
1190  K. 

3.5.  Unsteady  flame  structure 

The  flame  structures  along  the  centerline  at  three 
instants  for  the  +13/— 13-m/s  interaction  case  are 
shown  in  Fig.  8.  As  the  flame  was  being  stretched, 
its  thickness  and  temperature  decreased,  while  the 
peak-temperature  location  remained  nearly  the  same 
(z  ~  19.2  mm).  Also,  the  reactant  fluxes  (gradients) 
near  the  flame  zone  increased  with  flame  stretch. 
The  amounts  of  fuel  and  oxygen  crossing  the  flame 
(Fig.  8)  due  to  nonequilibrium  chemistry  increased 
with  flame  stretch.  The  variations  in  strain  rate,  mix¬ 
ture  fraction,  and  scalar  dissipation  rate  along  the  cen¬ 
terline  at  5.7  and  6.1  ms  are  shown  in  Figs.  9  and  10, 
respectively.  The  important  quantities  ka,kf,  &stoich> 
Xstoich>  and  Xmax  are  represented  in  these  figures  by 
filled  circles.  While  the  strain-rate  distributions  in  the 
flame  that  is  sandwiched  between  the  two  vortices  are 
quite  different  from  that  of  the  steady- state  flame,  the 
scalar-dissipation-rate  distributions  in  unsteady  and 
steady- state  flames  remain  similar.  Even  though  the 
strain  rate  has  increased  significantly  (~2000  s-1)  on 
both  sides  of  the  flame  at  5.7  ms  (Fig.  9),  this  high 
strain  rate  has  not  yet  applied  on  the  flame  surface. 
Air-  and  fuel- side  strain  rates  have  increased  only  to 
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Fig.  7.  Interaction  of  equal-sized  counter-traveling  vortices  with  flame  at  different  instants:  (a)  and  (b)  for  5-m/s  and  (c)  and  (d) 
for  13-m/s  peak-injection- velocity  cases.  Isotemperature  and  OH-mole-fraction  contours  are  plotted  on  the  left  and  right  sides, 
respectively. 


1120  and  1416  s_1,  respectively,  while  the  maximum 
scalar-dissipation  rate  has  increased  to  1.03  s_1. 

At  t  =  6.1  ms  the  flame  temperature  decreased 
to  1150  K,  and  quenching  of  the  flame  was  not  ob¬ 
served.  However,  the  air-  and  fuel- side  strain  rates 
increased  to  values  that  were  well  above  the  corre¬ 
sponding  steady- state  strain  rates  for  extinction.  In¬ 
terestingly,  the  stoichiometric  value  of  the  scalar- 
dissipation  rate  deviated  significantly  from  its  maxi¬ 
mum  value  (Fig.  10). 

3.6.  Extinction  criterion  for  unsteady  flames 

The  unsteady  hydrogen  flame  is  considered  to 
be  extinguished  when  its  temperature  falls  below 
1130  K,  based  on  the  steady-state-extinction  crite¬ 
rion  discussed  earlier.  Defining  an  extinction  criterion 
for  unsteady  flames  based  on  a  critical  temperature 


seems  appropriate  since  the  chemical  kinetics  and  the 
heat-release  rate  (or  temperature)  are  closely  associ¬ 
ated  and  such  a  criterion  is  often  used  in  determining 
the  extinction  concentrations  for  fire-extinguishing 
agents  [43,44].  The  accuracy  of  this  approach  is  eval¬ 
uated  in  this  section  by  investigating  several  unsteady 
flames  under  near-extinction  conditions.  Variations  of 
flame  temperature  and  heat-release  rate  with  time  dur¬ 
ing  a  slow,  a  moderate,  and  a  fast  vortex/flame  interac¬ 
tion  are  shown  in  Fig.  11a.  Similarly,  the  variations  in 
peak  production  and  destruction  rates  of  the  OH  rad¬ 
ical  are  shown  in  Fig.  lib,  and  those  of  the  H  radical 
are  shown  in  Fig.  lie. 

As  the  stretch  on  the  flame  is  increased,  increas¬ 
ingly  more  reactants  are  forced  into  the  flame  zone. 
As  a  result,  (1)  consumption  of  reactants  in  the  flame 
zone  increases — yielding  an  increase  in  the  heat- 
release  rate — and  (2)  the  temperature  decreases  as 


737 


208 


V.R.  Katta  et  al.  /  Combustion  and  Flame  137  (2004)  198-221 


Fig.  8.  Instantaneous  structures  of  flame  during  double- vortex/flame  interaction  produced  using  13-m/s  injection  velocity. 


Fig.  9.  Mixture  fraction,  scalar  dissipation  rate,  and  strain  rate  along  the  centerline  at  t  =  6  ms  during  double-vortex/flame 
interaction  produced  using  a  13-m/s  injection  velocity. 


a  result  of  the  inability  of  the  flame  to  consume 
(burn)  all  of  the  reactants.  An  increase  in  reactant 
consumption  also  increases  the  production  and  de¬ 
struction  rates  for  all  of  the  species,  with  the  excep¬ 
tion  of  the  OH  radical.  The  production  rate  of  OH 
decreases  monotonically,  as  shown  in  Fig.  lib,  to 
zero  as  the  flame  is  stretched.  In  any  case,  once  the 


flame  begins  to  extinguish,  all  the  quantities  in  Fig.  1 1 
decrease  rapidly.  It  is  important  to  note  that  extinc¬ 
tion  of  a  flame  is  not  an  instantaneous  event  but  a 
process  which  takes  place  over  a  period  of  time.  In 
flame  studies,  however,  the  instant  at  which  the  ex¬ 
tinction  process  begins  is  of  most  interest  and  is  the 
one  investigated  in  the  present  study.  In  steady- state 


738 


V.R.  Katta  et  al.  /  Combustion  and  Flame  137  (2004)  198-221 


209 


Fig.  10.  Mixture  fraction,  scalar  dissipation  rate,  and  strain  rate  along  the  centerline  at  t  =  7  ms  during  double- vortex/flame 
interaction  produced  using  13-m/s  injection  velocity. 


Fig.  11.  Changes  in  characteristic  flame  quantities  in  the  neighborhood  of  extinction  when  the  flame  is  subjected  to  slow-, 
moderate-,  and  fast-changing  strain  rates,  (a)  Temperature  and  heat  release  rate,  (b)  OH  production  and  destruction  rates,  (c)  H 
production  and  destruction  rates. 
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Fig.  12.  Variations  of  flame  temperature  and  strain  rates  with  time  during  two  double- vortex/flame  interactions. 


flames  it  was  observed  that  the  temperature  and  heat- 
release  rate  increase  with  stretch  rate  and  that  the 
extinction  process  begins  when  the  flame  tempera¬ 
ture  decreases  to  1130  K.  As  evident  from  Fig.  11a, 
the  heat-release  rate  in  unsteady  flames  also  reaches 
a  maximum  value  when  the  temperature  decreases 
to  1130  K,  and  any  further  decrease  in  temperature 
is  associated  with  a  sharp  decrease  in  heat-release 
rate.  This  temperature/heat-release-rate  behavior  is 
the  same  in  all  of  the  unsteady  flames  simulated  using 
a  wide  range  of  vortex  velocities  (or  vortex/flame- 
interaction  times)  and  strongly  correlates  with  the  be¬ 
havior  observed  in  steady- state  flames.  Consequently, 
the  1130-K  criterion  found  in  steady-state  flames  is 
extended  to  unsteady  flames  for  determining  the  time 
at  which  extinction  begins.  Interestingly,  OH  and  H 
destruction  rates  (Figs,  lib  and  lie)  reach  their  peak 
values  slightly  before  the  temperature  decreases  to 
1 130  K,  and  production  of  OH  ceases  ~1  ms  prior  to 
this  event.  For  the  fast  vortex/flame  interaction,  OH 
production  ceased  at  t  =  3.6  ms  and  was  not  apparent 
in  Fig.  lib. 

3.7.  Characterization  of  extinction  in 
unsteady  flames 

Simulations  made  for  various  double- vortex/flame 
interactions  resulted  in  local  flame  extinction  along 
the  centerline.  Traditionally,  extinction  is  character¬ 
ized  by  the  strain  rate  imposed  on  the  flames  [1,3]. 
However,  it  has  been  shown  by  several  authors  that 
the  strain  rates  at  which  unsteady  flames  are  extin¬ 


guished  are  significantly  higher  than  those  at  which 
steady-state  flames  are  extinguished  [9,23].  Since  the 
strain  rate  has  been  found  to  be  an  inadequate  quantity 
for  describing  the  extinction  behavior  of  an  unsteady 
flame,  several  researchers  have  examined  other  vari¬ 
ables  that  might  be  used  for  this  purpose.  The  variable 
often  used  is  the  scalar  dissipation  rate  [45].  The  re¬ 
sults  obtained  for  double-vortex/flame  interactions  in 
the  present  study  were  used  to  investigate  the  ade¬ 
quacy  of  the  strain  rate  and  scalar-dissipation  rate  for 
describing  the  quenching  process  associated  with  un¬ 
steady  flames. 

3.8.  Vortices  with  different  injection  masses 

The  double-vortex/flame  interaction  shown  in 
Figs.  7a  and  7b  stretched  the  flame  significantly  but 
did  not  cause  flame  extinction.  On  the  other  hand,  the 
interaction  shown  in  Figs.  7c  and  7d  caused  local  ex¬ 
tinction.  These  two  interactions  were  obtained  by  in¬ 
jecting  fluids  at  different  peak  velocities.  The  changes 
in  temperature  and  various  strain  rates  during  these 
interaction  processes  are  shown  in  Fig.  12.  When  the 
injection  peak  velocity  was  3  m/s,  the  flame  temper¬ 
ature  gradually  decreased  to  ~1300  K  and  then  re¬ 
mained  at  that  level,  accompanied  by  some  weak  os¬ 
cillations  (~20  K  in  magnitude).  Typically,  soon  after 
the  collision  at  the  flame  surface,  the  double  vortices 
generate  secondary  vortices;  this,  in  turn,  creates  os¬ 
cillations  in  the  flame  temperature.  Nevertheless,  for 
this  injection  the  flame  was  not  extinguished.  The  air- 
side  strain  rate  increased,  as  expected,  with  time  dur- 
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ing  the  double-vortex/flame  interaction  and  reached  a 
maximum  value  of  1080  s_1.  This  value  is  well  be¬ 
low  the  steady- state  extinction  strain  rate  of  1410  s-1 ; 
hence,  flame  quenching  would  not  be  expected  for 
this  injection  condition.  The  fuel- side  strain  rate  and 
that  at  the  stoichiometric  location  also  increased  with 
time  during  the  interaction  process.  Interestingly,  the 
stoichiometric  strain  rate  began  to  deviate  increas¬ 
ingly  from  ka  and  kf  as  the  flame  was  stretched. 

Similar  plots  for  the  13-m/s  peak-injection- velo¬ 
city  case  are  also  shown  in  Fig.  12.  In  this  case  the 
flame  temperature  decreased  rapidly  to  room  temper¬ 
ature,  with  flame  quenching  occurring  at  ~1130  K. 
As  discussed  earlier,  this  temperature  limit  was  ob¬ 
tained  from  the  steady- state  quenching  study.  The 
temperature  and  various  strain  rates  at  the  instant 
of  flame  extinction  are  indicated  by  solid  circles  in 
Fig.  12  for  the  13-m/s  peak-injection  case.  It  should 
be  noted  that  the  air- side  strain  rate  at  the  time  of 
extinction  is  ~2600  s-1,  which  is  nearly  twice  that 
required  to  quench  the  flame  in  a  steady- state  man¬ 
ner.  The  air-  and  fuel-side  strain  rates  seem  to  in¬ 
crease  at  the  same  rate  during  the  interaction  process; 
the  stoichiometric  strain  rate,  on  the  other  hand,  in¬ 
creases  much  more  rapidly,  and  the  value  at  extinction 
(~5750  s-1)  is  nearly  2.3  times  that  obtained  for  a 
steady- state  flame. 

To  aid  the  understanding  of  the  extinction  behavior 
of  an  unsteady  flame,  the  temperature  and  strain-rate 
behavior  for  all  of  the  peak-injection- velocity  cases 
are  plotted  in  Figs.  13  and  14,  respectively.  Flame  ex¬ 
tinction  is  observed  only  for  the  cases  with  peak  injec¬ 
tion  velocities  greater  than  5  m/s.  As  the  peak  injec¬ 
tion  velocity  is  increased  above  this  value,  the  flame 
temperature  decreases  rapidly.  However,  the  response 
of  the  flame  to  the  changes  in  peak  injection  veloc¬ 
ity  diminishes  at  higher  peak  values.  For  example,  the 
decrease  in  temperature  remains  nearly  the  same  for 
the  12-  and  13-m/s  peak-injection  cases.  Note  that 
all  of  the  double-vortex/flame  interactions  shown  in 
Figs.  13  and  14  were  obtained  by  imposing  the  same 
rate  of  increase  for  different  peak-injection- velocity 
cases,  as  shown  in  Fig.  6.  This  suggests  that  in  the 
higher  peak-injection- velocity  cases,  the  primary  vor¬ 
tex  growth — and,  thereby,  flame  extinction — occurs 
prior  to  the  injection  velocity  actually  reaching  the 
peak  value,  which  renders  a  further  increase  in  the 
maximum  velocity  trivial  with  regard  to  the  flame- 
extinction  process. 

The  increases  in  air- side  strain  rate  ( ka )  during 
various  double-vortex/flame  interactions  are  shown 
in  Fig.  14.  The  extinction  conditions  for  cases  with 
peak  injection  velocity  >5  m/s,  determined  based  on 
the  1 130-K  temperature  limit,  are  indicated  by  filled- 
circles.  The  envelope  passing  through  these  circles 
separates  the  flame  from  its  extinction  state.  In  gen¬ 


eral,  the  strain  rate  at  which  extinction  takes  place 
increases  with  applied  maximum  injection  velocity. 
It  is  also  evident  from  this  figure  that  an  opposing -jet 
flame  survives  at  a  strain  rate  that  is  much  higher  than 
the  steady- state  extinction  limit  (1410  s-1) — if  the 
flame  is  subjected  to  that  strain  rate  rapidly.  In  other 
words,  the  faster  the  flame  stretches,  the  higher  the 
strain  rate  it  can  withstand  without  being  quenched. 
Similar  behavior  was  observed  in  other  characteristic 
parameters  such  as  kf,  £stoich>  Xmax,  and  Xstoich- 

Vortices  generated  using  a  fixed  rate  of  increase 
(ao  =  2450  m/s2)  in  injection  velocity  traveled  to¬ 
ward  the  flame  surface  and  caused  the  flame  to  stretch. 
However,  as  evident  in  Figs.  13  and  14,  the  stretch 
applied  on  the  flame  surface  did  not  increase  in  pro¬ 
portion  to  the  peak  value  of  the  injection  velocity,  and 
the  maximum  imposed  air- side  strain  rate  was  limited 
to  ~2635  s-1  because  of  the  apparent  saturation  in 
vortex-penetration  velocity.  Vortices  generated  with 
peak  values  >10  m/s  caused  extinction  prior  to  the 
injection  velocity  reaching  its  specified  peak  value; 
thus,  the  peak  value  became  trivial  with  regard  to 
the  quenching  process.  To  circumvent  this  saturation 
problem,  vortices  were  generated  by  injecting  fluid 
at  different  rates  of  increase  in  the  injection  velocity 
(2450-4900  m/s2)  and  by  maintaining  the  peak  in¬ 
jection  velocity  at  19  m/s,  as  shown  in  Fig.  6.  Such  a 
high  peak  value  was  chosen  to  ensure  that  extinction 
would  occur  prior  to  the  injection  velocity  reaching 
the  peak  value  even  at  the  slowest  rate  of  injection 
(2450  m/s2). 

3. 9.  Vortices  with  the  same  injection  mass 

Calculations  for  the  double-vortex/flame  interac¬ 
tions  were  made  using  the  above-mentioned  constant- 
peak- velocity  injection  scheme.  The  changes  in  flame 
temperature  along  the  centerline  during  the  interac¬ 
tion  process  for  all  of  the  cases  are  plotted  in  Fig.  15. 
The  extinction  process  in  the  flame  was  considered  to 
begin  when  the  temperature  decreased  to  1 130  K.  Fur¬ 
ther  decrease  in  temperature  after  the  flame  is  locally 
extinguished  results  from  the  diffusion  and  conduc¬ 
tion  of  products  and  heat,  respectively,  from  the  flame 
zone.  As  expected,  the  flame  responds  uniquely  to 
changes  in  the  acceleration  of  fluid  injection.  The  time 
at  which  extinction  occurs  is  inversely  proportional  to 
the  rate  of  increase  (aq)  in  the  injection  velocity. 

The  changes  in  air- side  strain  rate  during  the 
vortex/flame-interaction  process  are  shown  in  Fig.  16 
for  various  a$  cases.  The  stain  rates  at  which  extinc¬ 
tion  took  place  were  obtained  from  the  1 130-K-cutoff 
criterion  and  are  indicated  by  filled  circles  in  this  fig¬ 
ure.  A  linear  decrease  in  extinction  strain  rate  with 
time  can  be  observed.  All  of  the  interactions  in  Fig.  16 
occur  more  rapidly  than  those  in  Fig.  14  and  are 
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Fig.  13.  Variations  of  flame  temperature  with  time  for  double- vortex/flame  interactions  simulated  using  various  peak  injection 
velocities. 


t(ms) 


Fig.  14.  Variations  of  air-side  strain  rate  with  time  for  double- vortex/flame  interactions  simulated  using  various  peak  injection 
velocities. 


sustained  to  much  higher  air- side  strain  rates.  The  ex¬ 
tinction  strain  rate  increased  from  2600  to  3200  s-1 
when  the  injection-fluid  accelerations  were  increased 
from  2450  to  4900  m/s2.  The  data  in  Figs.  14  and  16 
clearly  indicate  that  using  a  unique  value  of  air- side 
strain  rate,  one  cannot  predict  the  quenching  condi¬ 


tion  of  an  unsteady  flame.  In  other  words,  the  value  of 
the  air- side  strain  rate  at  which  extinction  occurs  in  an 
unsteady  flame  depends  on  the  rate  at  which  the  flame 
was  strained.  Changes  in  fuel- side  and  stoichiometric 
strain  rates  with  time  for  various  double-vortex/flame 
interactions  (for  um ax  =  19  m/s  cases)  are  plotted 
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Fig.  15.  Variations  of  flame  temperature  with  time  for  double- vortex/flame  interactions  simulated  using  various  rates  of  increase 
in  injection  velocity. 


Fig.  16.  Variations  of  air-side  strain  rate  with  time  for  double- vortex/flame  interactions  simulated  using  various  rates  of  increase 
in  injection  velocity.  Extinction  values  based  on  the  1130-K-temperature  criterion  are  indicated  by  solid  circles. 


in  Figs.  17  and  18,  respectively.  Similar  to  the  be¬ 
havior  of  the  air- side  strain  rate,  both  the  fuel- side 
and  the  stoichiometric  strain  rates  increase  with  time. 
It  is  important  to  note  that  these  extinction- strain- 
rate  values  (obtained  from  the  1 130-K-cutoff  criterion 
and  indicated  by  solid  circles)  also  decrease  with 
time — similar  to  the  behavior  of  the  air- side  strain- 


rate  values.  Figs.  15-17  suggest  that  none  of  these 
strain  rates  can  characterize  an  unsteady  extinction 
process  uniquely.  However,  among  the  three  strain 
rates,  the  air- side  one  is  the  least  sensitive  to  unsteadi¬ 
ness.  It  decreased  by  only  585  s-1  when  the  vortex 
interaction  time  was  increased  by  1.77  ms,  while  the 
fuel- side  and  stoichiometric  strain  rates  decreased  by 
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Fig.  17.  Variations  of  fuel-side  strain  rate  with  time  for  double- vortex/flame  interactions  simulated  using  various  rates  of  increase 
in  injection  velocity.  Extinction  values  based  on  the  1130-K-temperature  criterion  are  indicated  by  solid  circles. 


Fig.  18.  Variations  in  strain  rate  at  the  stoichiometric  location  with  time  for  double- vortex/flame  interactions  simulated  using 
various  rates  of  increase  in  injection  velocity.  Extinction  values  based  on  the  1130-K-temperature  criterion  are  indicated  by  solid 


circles. 

860  and  2000  s-1,  respectively.  The  reason  for  the 
dependence  of  extinction  strain  rate  on  vortex-flame 
interaction  time  is  explained  below. 

The  structures  along  the  centerline  of  a  slowly 
strained  flame  (ao  =  2450  m/s2)  and  a  rapidly 


strained  flame  (oq  =  4099  m/s2)  just  prior  to  extinc¬ 
tion  are  compared  in  Fig.  19.  The  fuel  and  oxygen 
fluxes  (gradients)  into  the  flame  zone,  the  temperature 
distributions,  and  the  widths  are  nearly  identical  for 
both  flames  (Fig.  19a).  The  mixture-fraction  (£h)  dis- 
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(b) 

Fig.  19.  Comparison  of  structures  along  the  centerlines  of 
slowly  and  rapidly  strained  flames  at  time  of  extinction, 
(a)  Temperature  and  reactant  mole  fractions;  (b)  velocity  and 
mixture  fraction. 


Fig.  20.  Comparison  of  structures  along  the  centerline  at  two 
instants  near  extinction  for  a  rapidly  strained  flame,  (a)  Tem¬ 
perature  and  reactant  mole  fractions;  (b)  velocity  and  mix¬ 
ture  fraction. 


tributions  are  also  quite  similar,  as  shown  in  Fig.  19b. 
For  all  practical  purposes,  based  on  the  temperature 
and  species  distributions,  one  might  consider  these 
two  flames  to  be  chemically  identical.  However,  as 
shown  in  Fig.  19b,  their  flow  structures  are  quite 
different.  The  rapidly  strained  flame  is  subjected  to 
higher  velocity  gradients  (solid  line)  across  the  re¬ 
action  zone  than  the  slowly  strained  flame  (broken 
line).  Since  strain  rate  describes  the  flow  structure, 
the  air-side,  fuel-side,  and  stoichiometric  strain  rates 
are  all  higher  for  the  former  flame.  That  means  that 
even  though  the  chemical  structures  of  the  two  flames 
are  identical,  the  strain  rates  acting  on  them  can  be 
different  if  the  flow  structures  are  different. 

In  a  diffusion  flame,  fuel  and  oxygen  consumed  in 
the  reaction  zone  enter  through  convection  and  diffu¬ 
sion.  On  the  other  hand,  convective  flow  also  influ¬ 
ences  the  fuel  (or  oxygen)  distribution  and,  thereby, 
modifies  the  diffusion  flux.  For  example,  an  increase 
in  convective  flow  in  the  z  direction  in  Fig.  19a  brings 
more  fresh  oxygen  into  the  flame  zone;  this,  in  turn, 
increases  the  oxygen-concentration  gradient,  even¬ 
tually  increasing  the  diffusive  flux  of  oxygen  into 
the  flame  zone.  When  a  vortex  travels  toward  the 
flame  surface,  it  induces  convective  flow  upstream 


of  the  vortex  through  a  pressure  wave.  Consequently, 
through  diffusion,  the  fluid  in  the  vortex  will  be  dis¬ 
tributed  in  the  region  surrounding  the  vortex.  How¬ 
ever,  since  diffusion  velocities  are  only  on  the  order  of 
0.4  m/s  (in  a  0.8-mm-thick  flame),  a  considerable  de¬ 
lay  will  occur  between  the  fluid  diffusion  and  the  ve¬ 
locity  imposition — leading  to  a  flow-nonequilibrium 
situation.  The  delay  between  the  imposed  velocity 
and  the  resulting  diffusion  was  also  observed  by  Egol- 
fopoulos  and  Campbell  [7]  and  Takahashi  and  Katta 
[46]  in  moderately  strained  flames. 

The  two  flames  shown  in  Fig.  19  are  in  a  flow- 
nonequilibrium  state,  with  diffusion  not  yet  fully  ad¬ 
justed  to  the  imposed  velocity.  As  the  delay  between 
the  diffusion  and  the  imposed  velocity  increases  with 
vortex-convection  speed,  the  rapidly  strained  flame 
requires  a  longer  period  of  time  to  achieve  equilib¬ 
rium  than  the  slowly  strained  flame;  the  result  is  iden¬ 
tical  chemical  but  different  flow  structures. 

To  further  verify  the  hypothesis  concerning  the 
flow-nonequilibrium  situation  in  unsteady  flames,  the 
structures  along  the  centerline  for  the  rapidly  strained 
flame  (aq  =  4900  m/s2)  at  two  instants  are  shown 
in  Fig.  20.  While  the  data  represented  by  solid  lines 
at  t  —  4.35  ms  are  those  shown  in  Fig.  19  for  this 
flame,  those  represented  by  broken  lines  were  ob- 
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Fig.  21.  Changes  in  scalar  dissipation  rates  at  stoichiometry  in  the  neighborhood  of  extinction  when  flame  is  subjected  to 
slow-,  moderate-,  and  fast-changing  strain  rates.  Scalar  dissipation  rates  are  calculated  using  mixture  fractions  defined  based  on 
(a)  Bilger’s  formula  [39]  and  (b)  Eq.  (1). 


tained  0.05  ms  earlier  in  the  double- vortex/flame- 
interaction  process.  Although  the  vortices  on  the  fuel 
and  air  sides  of  the  flame  have  moved  very  near  each 
other  by  t  =  4.3  ms,  the  velocity  has  not  changed 
appreciably  during  the  following  0.05  ms  (Fig.  20b) 
of  interaction.  However,  as  observed  in  Fig.  20a,  the 
diffusion  layer  moved  ~0.02  mm  toward  the  peak- 
temperature  location.  This  movement  is  consistent 
with  that  estimated  based  on  a  diffusion  velocity  of 
0.4  m/s.  The  increased  fuel  and  oxygen  flux  into  the 
reaction  zone  cooled  the  flame  (decrease  in  T)  and 
reduced  the  reactant  consumption  (increased  amounts 
of  fuel  and  oxygen  at  the  stoichiometric  surface). 

Since  the  strain  rate  computed  at  a  flame  loca¬ 
tion  represents  the  flow  structure  at  that  location  and 
because  of  the  flow  nonequilibrium  discussed  pre¬ 
viously,  an  accurate  description  of  the  quenching 
process  using  strain  rate  alone  is  not  possible,  as 
demonstrated  in  Figs.  14,  16,  17,  and  18.  In  contrast, 
however,  since  the  scalar  dissipation  rate  (defined  in 
Eq.  (2))  represents  the  overall  diffusion  process,  this 
rate  calculated  at  a  flame  location  could  be  used  to 
describe  the  quenching  process. 

As  described  previously,  Eq.  (2)  yields  different 
forms  of  the  scalar  dissipation  rate,  depending  on  the 


mixture-fraction  definition  used.  The  sensitivities  of 
the  three  scalar  dissipation  rates  (obtained  based  on 
and  £h&o)  t0  the  stretching  time  period  of 
an  unsteady  flame  are  compared  by  computing  these 
rates  for  the  three  vortex/flame  interactions  (slow, 
moderate,  and  fast)  described  in  Fig.  11.  In  general, 
all  of  the  four  scalar-dissipation-rate  profiles  along  the 
stagnation  line  during  these  three  vortex/flame  inter¬ 
actions  are  similar  to  the  ones  shown  in  Figs.  9  and  10, 
with  two  peaks  occurring  in  the  flame  zone — one  near 
the  stoichiometric  location  and  the  other  on  the  fuel 
side  of  the  flame  zone.  The  variations  of  scalar  dis¬ 
sipation  rate  at  stoichiometry  with  time  during  the 
three  vortex/flame  interactions  are  shown  in  Fig.  21. 
Only  scalar  dissipation  rates  obtained  with  Bilger’s 
mixture  fraction  (£h&o)  and  H-element-based  mix¬ 
ture  fraction  (£h)  are  shown  here  (Figs.  21a  and 
21b,  respectively).  It  should  be  recalled  from  Fig.  2 
that  the  stoichiometric  location  of  the  Bilger’s  mix¬ 
ture  fraction  is  nearest  to  the  peak-reactivity  location 
(2Xh2  =  Xq2  location),  while  that  of  the  H-element- 
based  mixture  fraction  is  farthest  from  it.  Extinction 
values  determined  based  on  the  1130-K  criterion  are 
also  shown  in  Fig.  21.  It  is  evident  from  this  fig¬ 
ure  that  the  extinction  scalar  dissipation  rates  ob- 
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Fig.  22.  Variations  of  the  peak  scalar  dissipation  rate  with  time  for  double- vortex/flame  interactions  simulated  using  different 
rates  of  increase  in  injection  velocity.  Extinction  values  based  on  the  1130-K-temperature  criterion  are  indicated  by  solid  circles. 


tained  with  £h&0  (Fig-  21a)  are  more  sensitive  to 
the  vortex/flame-interaction  time  than  those  obtained 
with  £h-  In  fact,  based  on  sensitivity  to  interaction 
time  (or  vortex  speed),  the  scalar  dissipation  rate 
obtained  using  £h  was  least  sensitive,  followed  by 
that  obtained  with  £h&0>  and,  finally,  that  obtained 
with  £q-  Because  of  the  lowest  sensitivity,  the  scalar 
dissipation  rate  obtained  with  £h  is  used  for  the  eval¬ 
uation  of  the  scalar  dissipation  rate  for  describing  the 
extinction  of  unsteady  flames. 

Variations  in  the  maximum  value  of  the  scalar 
dissipation  rate  and  the  local  value  at  the  stoichio¬ 
metric  surface  with  time  are  plotted  for  each  double¬ 
vortex/flame-interaction  case  in  Figs.  22  and  23,  re¬ 
spectively.  The  respective  values  at  extinction  for 
all  of  the  unsteady  flames,  determined  based  on  the 
1130-K  criterion,  are  represented  by  filled  circles. 
From  Figs.  22  and  23,  it  is  apparent  that  the  scalar 
dissipation  rates  Xmax  and  Xstoich  also  failed  to  char¬ 
acterize  the  extinction  process  in  unsteady  flames 
uniquely,  which  means  that  extinction  in  unsteady 
flames  cannot  be  predicted  using  scalar  dissipation 
rates.  However,  the  variations  in  extinction  values 
with  respect  to  the  changes  in  fluid-injection  velocity 
seem  to  be  smaller  for  scalar  dissipation  rates  than  for 
strain  rates.  The  ranges  in  unsteady  extinction  values 
of  various  characteristic  variables  used  in  the  present 
study  are  shown  in  Table  1,  along  with  the  percentage 
increases  from  the  respective  steady- state  limits.  The 
extinction  values  for  Xmax  in  unsteady  flames  range 
from  1.85  to  2.215  s-1  and  are  higher  only  by  45 


to  73%  than  the  limit  obtained  in  steady- state  flames 
(1.28  s_1).  Among  all  of  the  characterizing  variables, 
Xstoich  most  nearly  represents  the  unsteady  extinction 
process,  with  only  a  variation  of  30  to  53%  from  the 
steady- state  limit. 

3.10.  Unified  characterization  of  extinction  in 
unsteady  flames 

The  fact  that  the  scalar  dissipation  rate  describes 
unsteady  flame  extinction  more  closely  than  the  strain 
rate  can  be  understood  by  considering  the  chemi¬ 
cal  and  flow  nonequilibrium  processes  that  develop 
in  these  flames.  As  the  strain  rate  on  the  flame  is 
increased,  through  diffusion,  increasingly  more  reac¬ 
tants  are  transported  into  the  reaction  zone.  At  lower 
strain  rates,  the  chemical  kinetics  can  consume  all 
of  the  entering  reactants.  However,  at  higher  rates 
of  strain,  the  chemistry  cannot  cope  with  the  large 
reactant  fluxes  and,  therefore,  flame  cooling  occurs. 
As  discussed  previously,  the  strain  rate  represents  re¬ 
actant  fluxes  transported  into  the  reaction  zone  only 
in  the  case  of  steady- state  flames.  When  flow  non¬ 
equilibrium  occurs,  the  strain  rate  does  not  take  into 
account  the  time  lag  between  the  diffusion  and  con¬ 
vection  processes  and,  hence,  cannot  represent  the 
extinction  process.  Since  the  scalar  dissipation  rate 
describes  the  diffusion  process,  it  is  less  sensitive  to 
the  flow  nonequilibrium  that  develops  in  unsteady 
flames.  However,  the  scalar  dissipation  rate  can  rep¬ 
resent  the  chemical  kinetics  in  the  flame  zone  only 
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Fig.  23.  Variations  of  the  scalar  dissipation  rate  at  stoichiometry  with  time  for  double- vortex/flame  interactions  simulated  using 
various  rates  of  increase  in  injection  velocity. 


Table  1 

Values  of  various  characteristic  variables  at  extinction  in  unsteady  flames 

Characteristic  Steady-state  Values  at  extinction  in  unsteady  flames 


variable  extinction  limit  (s  1 )  Actual  variation  (s  1 )  Percent  variation  above 

steady-state  limit 


ka 

1410 

2610-3195 

85-127 

kf 

1678 

3240-4000 

93-138 

^stoich 

2460 

5950-7950 

142-223 

Xmax 

1.28 

1.85-2.215 

45-73 

Xstoich 

0.78 

1.02-1.193 

30-53 

when  the  diffusion  time  scale  is  far  greater  than  the 
chemical  (reaction)  time  scale — which  exists  in  un¬ 
stretched  flames  where  the  reactions  are  limited  by 
the  diffusion  process.  When  chemical  nonequilibrium 
occurs  (chemistry-limited  situation),  the  scalar  dissi¬ 
pation  rate  does  not  take  into  account  the  time  lag  be¬ 
tween  the  diffusion  and  chemical  kinetics  and,  hence, 
fails  to  represent  the  extinction  process.  Nevertheless, 
since  the  scalar-dissipation  rate  reflects  changes  in 
diffusion  more  accurately  than  the  strain  rate,  the  for¬ 
mer  describes  the  unsteady  extinction  process  more 
accurately. 

To  represent  the  unsteady-extinction  process  uniq¬ 
uely,  one  must  consider  a  variable  that  takes  into  ac¬ 
count  both  the  flow-  and  the  chemical-nonequilibrium 
processes.  Since  the  strain  rate  or  scalar-dissipation 
rate  can  be  used  to  estimate  the  former,  a  parame¬ 
ter  that  can  be  used  to  estimate  the  latter  is  required. 
If  one  assumes  that  no  delay  exists  between  chemi¬ 


cal  kinetics  and  heat-release  rate,  then  dTf  /dt  (rate 
of  decrease  in  flame  temperature)  represents  the  rate 
of  change  in  chemical  kinetics  and,  in  other  words, 
the  rate  of  change  in  the  chemical-nonequilibrium 
state.  Vortices  that  move  more  rapidly  result  in  higher 
dTf/dt  values  at  extinction,  and  those  that  move 
more  slowly  result  in  lower  dTf/dt  values.  There¬ 
fore,  by  defining  a  variable  that  is  proportional  to  the 
air- side  strain  rate  and  inversely  proportional  to  the 
temperature-decrease  rate  ( dTf  /dt),  one  can  obtain  a 
universal  value  for  identifying  the  quenching  process 
in  unsteady  flames. 

By  considering  both  the  chemical  and  flow  non¬ 
equilibrium  states  of  an  unsteady  flame,  a  new  vari¬ 
able  (a)  is  defined  as  the  ratio  of  the  strain  rate  to  the 
rate  of  change  in  flame  temperature  as  follows: 


<7  = 


T  kg  kgQ 
00  dTf/dt  ' 


(3) 
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Fig.  24.  Variations  of  the  new  variable  cr  with  time  for  dou¬ 
ble- vortex/flame  interactions  simulated  using  various  rates 
of  increase  in  injection  velocity. 

Here,  Tf  is  the  flame  (peak)  temperature,  and  kaQ  is 
the  steady- state  air- side  extinction  strain  rate.  Values 
of  o  computed  at  several  instants  during  various  vor¬ 
tex/flame  interactions  are  plotted  in  Fig.  24.  In  each 
case  as  the  vortices  issued  from  the  fuel  and  air  sides 
approach  the  flame  surface,  cr  decreases  with  interac¬ 
tion  time,  crosses  zero  when  the  instantaneous  strain 
rate  reaches  the  steady-state  extinction  limit,  reaches 
a  minimum  value,  and  then  begins  to  increase.  In¬ 
terestingly,  the  minimum  values  of  a  for  all  of  the 
double-vortex/flame-interaction  cases  are  the  same — 
0.39.  The  striking  feature  of  a  became  evident  when 
the  extinction  condition  for  each  interaction  case  was 
plotted  in  Fig.  24  (filled  circles).  The  extinction  con¬ 
ditions  coincided  with  the  minima  in  cr . 

The  behavior  of  cr  in  Fig.  24  can  be  interpreted  as 
follows:  (1)  the  value  of  cr  at  extinction  (0.39)  is  in¬ 
dependent  of  the  interaction  time  scales,  and  (2)  the 
extinction  condition  represents  the  minima  in  the  t- 
vs -cr  profile.  The  first  observation  suggests  that  the 
new  variable  o  can  be  used  to  characterize  the  extinc¬ 
tion  process  in  unsteady  flames — extinction  occurs 
when  g  =0.39  in  any  unsteady  flame  considered  in 
this  study.  The  second  observation  suggests  that  ex¬ 
tinction  in  a  flame  occurs  when  the  behavior  of  cr 
with  respect  to  t  becomes  reversed  (changing  from 
decreasing  to  increasing).  Since  no  extinction  crite¬ 
rion  was  used  when  plotting  variations  of  cr  with  re¬ 
spect  to  t ,  the  natural  development  of  minima  at  the 
extinction  point  suggests  that  the  1 130-K- temperature 
criterion  used  in  this  study  for  defining  the  extinc¬ 
tion  state  is  fairly  accurate.  Any  extinction  criterion 
based  on  a  flame  temperature  other  than  1130  K 


would  shift  the  filled  circles  in  Fig.  24  from  the  min¬ 
ima  locations.  The  values  of  g  calculated  for  the 
double-vortex/flame  interactions  simulated  with  dif¬ 
ferent  peak-injection  velocities  (Figs.  13  and  14)  are 
in  the  range  0.39-0.4.  However,  cr  calculated  for  the 
case  of  the  traveling  unsteady  flame  (Fig.  5)  is  ~0.3, 
suggesting  the  need  to  consider  flame  movement  in 
the  quenching  criterion.  Interestingly,  a  variable  sim¬ 
ilar  to  cr  obtained  using  the  scalar  dissipation  rate  in 
the  numerator  for  representing  flow  nonequilibrium 
failed  to  predict  the  extinction  process  of  the  unsteady 
flames;  in  other  words,  its  extinction  value  depends  on 
the  interaction  time. 


4.  Conclusions 

Unsteady  flames  are  often  studied  to  gain  a  bet¬ 
ter  understanding  of  turbulent-flame  structures;  such 
studies  facilitate  the  development  of  accurate  turbu¬ 
lence-chemistry  interaction  models.  An  experimental 
and  numerical  study  has  been  performed  to  identify 
the  time-dependent  flame  structure  that  develops  dur¬ 
ing  an  interaction  between  multiple  vortices  and  the 
flame  surface.  A  time-dependent  model,  known  as 
UNICORN,  that  incorporates  13  species  and  74  re¬ 
actions  among  the  constituent  species  has  been  used 
for  the  simulation  of  unsteady  flames  resulting  from 
multivortex/flame  interactions  in  opposing-flow  hy¬ 
drogen  jet  diffusion  flames.  In  the  past  this  model 
has  been  validated  by  direct  simulation  of  several 
steady- state  and  unsteady  axisymmetric  counterflow 
and  coflow  jet  diffusion  flames.  Phase-locked  exper¬ 
iments  were  conducted,  and  OH-concentration  mea¬ 
surements  were  made  using  the  PLIF  technique. 

A  steady- state  opposing-flow  jet  flame  was  first 
established  using  the  Rolon-burner  geometry.  Sev¬ 
eral  unsteady  flames  were  then  obtained  by  forcing 
vortices  toward  the  flame  surface  from  both  sides  si¬ 
multaneously  using  injection  tubes  placed  in  the  fuel 
and  air  nozzles.  When  the  fuel-  and  air- side  vortices 
were  of  different  sizes,  the  double- vortex/flame  inter¬ 
action  yielded  a  traveling  unsteady  flame.  The  com¬ 
puted  flame-extinction  process  and  the  propagation 
of  flame  edge  into  the  fuel-side  vortex  compared  fa¬ 
vorably  with  the  experimental  results.  To  investigate 
the  differences  between  the  steady- state  and  dynamic 
extinction  processes,  stationary  unsteady  flames  were 
established  by  forcing  equal- sized  vortices  from  the 
fuel  and  air  nozzles. 

It  was  found  that  the  air- side  strain  rate,  fuel- side 
strain  rate,  strain  rate  at  stoichiometric  location  peak 
scalar  dissipation  rate,  and  scalar  dissipation  rate  at 
stoichiometric  location  cannot  be  used  to  character¬ 
ize  the  quenching  process  associated  with  unsteady 
flames.  In  general,  the  extinction  values  of  these  vari- 
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ables  in  unsteady  flames  are  higher  than  the  respec¬ 
tive  ones  in  steady-state  flames,  and  the  differences 
increase  with  vortex  speed.  Analysis  of  flame  struc¬ 
tures  just  prior  to  extinction  revealed  that  dynamic 
flames  encounter  flow  and  chemical  nonequilibrium 
environments.  The  former  arises  as  a  result  of  the  time 
lag  between  the  diffusion  and  convection  processes, 
while  the  latter  develops  as  a  result  of  the  time  lag 
between  the  chemical  kinetics  and  diffusion.  Since 
strain  rates  represent  neither  of  these  nonequilibrium 
processes,  the  values  of  these  characteristic  parame¬ 
ters  at  flame  extinction  are  found  to  vary  significantly 
with  vortex/flame  interaction  time.  Even  though  the 
scalar  dissipation  rates  represent  the  flow  nonequi¬ 
librium  accurately,  the  values  of  these  characteristic 
parameters  at  flame  extinction  also  increase  with  vor¬ 
tex/flame  interaction  time;  however,  their  variations 
are  much  smaller  than  those  observed  in  strain  rates. 
A  new  variable  (cr)  that  is  proportional  to  the  air- 
side  strain  rate  and  inversely  proportional  to  the  rate 
of  change  in  the  flame  temperature  is  proposed  to 
characterize  the  unsteady  extinction  process.  During  a 
double- vortex/flame  interaction,  it  is  found  that  cr  de¬ 
creases  with  time,  reaches  a  minimum  value  at  extinc¬ 
tion,  and  then  increases  again.  All  of  the  stationary 
unsteady  flames  investigated  in  the  present  study  were 
found  to  be  extinguished  when  the  value  of  cr ,  inde¬ 
pendent  of  the  vortex/flame  interaction  time,  reached 
0.39.  On  the  other  hand,  traveling  unsteady  flames  ap¬ 
pear  to  be  extinguished  at  a  lower  cr  value. 
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ABSTRACT 

Simultaneous  measurements  of  OH  planar  laser-induced 
fluorescence  (PLIF)  and  laser-induced  incandescence  (LII)  are 
used  to  characterize  the  flame  structure  and  soot  formation 
process  in  the  reaction  zone  of  a  swirl-stabilized,  JP-8-fueled 
model  gas-turbine  combustor.  Studies  are  performed  at 
atmospheric  pressure  with  heated  inlet  air  and  primary-zone 
equivalence  ratios  from  0.55  to  1.3.  At  low  equivalence  ratios 
<  0.9),  large-scale  structures  entrain  rich  pockets  of  fuel  and 
air  deep  into  the  flame  layer;  at  higher  equivalence  ratios,  these 
pockets  grow  in  size  and  prominence,  escape  the  OH-oxidation 
zone,  and  serve  as  sites  for  soot  inception.  Data  are  used  to 
visualize  soot  development  as  well  as  to  qualitatively  track 
changes  in  overall  soot  volume  fraction  as  a  function  of  fuel-air 
ratio  and  fuel  composition.  The  utility  of  the  OH-PLIF  and  LII 
measurement  system  for  test  rig  diagnostics  is  further 
demonstrated  for  the  study  of  soot-mitigating  additives. 

Keywords:  Gas-Turbine  Combustor,  Swirl-Stabilized,  Spray 
Flame,  Soot  Volume  Fraction,  LII,  PLIF. 

INTRODUCTION 

Swirl-stabilized  liquid-spray  injectors  are  commonly  used 
in  gas-turbine  engines  to  achieve  compact,  stable,  and  efficient 
combustion.  The  flowfield  in  the  primary  zone  of  such  a  spray 
flame  is  characterized  by  high  shear  stresses  and  turbulent 
intensities  that  result  in  vortex  breakdown  and  large-scale 
unsteady  motions.1,2  These  unsteady  motions  are  known  to  play 
a  key  role  in  the  formation  of  pollutant  emissions  such  as 
carbon  monoxide  (CO),  nitric  oxide  (NO),  and  unburned 
hydrocarbons  (UHC).3"5  Considerably  less  is  known,  however, 
about  the  mechanisms  that  lead  to  soot  formation  in  swirl- 
stabilized  liquid- fueled  combustors.  Previous  investigations 


have  relied  on  exhaust-gas  measurements  and  parametric 
studies  to  gain  insight  into  the  effects  of  various  input 
conditions  on  soot  loading.6"10  Much  of  the  fundamental 
knowledge  concerning  soot  formation  is  derived  from 
investigations  of  laminar  diffusion  flames,11,12  with  only  a 
limited  number  of  studies  having  focused  on  unsteady 
effects.13,14  The  importance  of  considering  unsteadiness  and 
fluid- flame  interactions  was  demonstrated  by  Shaddix  et  al.,14 
who  found  that  a  forced  methane/air  diffusion  flame  produced  a 
four-fold  increase  in  soot  volume  fraction  (as  a  result  of 
increased  particle  size)  as  compared  with  a  steady  flame  having 
the  same  mean  fuel-flow  velocity. 

The  goal  of  the  current  work  is  to  study  soot  formation  in 
the  highly  dynamic  environment  of  a  swirl-stabilized  JP-8- 
fueled  model  combustor.  This  is  accomplished  by  simultaneous 
imaging  of  the  soot  volume  fraction  and  hydroxyl-radical  (OH) 
distribution  using  laser-induced  incandescence  (LII)  and  OH 
planar  laser-induced  fluorescence  (PLIF),  respectively. 
Residual  Mie  scattering  from  large  droplets,  which  appears  in 
the  OH  images  but  does  not  preclude  signal  interpretation,  is 
used  to  a  limited  extent  as  a  spray  diagnostic. 

The  utility  of  LII  for  two-dimensional  imaging  of  soot 
volume  fraction  has  been  demonstrated  in  a  number  of 
investigations15,16  and  has  been  implemented  in  aircraft  engine 
exhaust  streams.9,10  Brown  et  al.17  performed  planar  LII  for 
soot-volume-fraction  imaging  in  the  reaction  zone  of  a  model 
gas-turbine  combustor;  their  measurements  demonstrated  LII  in 
the  primary  reaction  zone  but  did  not  image  the  turbulent  flame 
structure  near  the  exit  of  the  swirl  cup.  In  the  current  work,  we 
extend  the  work  of  Brown  et  al.17  by  performing  LII  at  the  exit 
of  the  swirl  cup  and  by  the  addition  of  OH  PLIF. 

The  use  of  OH  as  a  flame  marker  is  typical  in  studies  of 
soot  formation  in  diffusion  flames  because  of  its  close 
correlation  with  flame  temperature.18,19  It  has  also  been 
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employed  in  a  number  of  investigations  of  swirl-stabilized 
combustors.20,21  The  use  of  laser-saturated  OH  LIF  for 
quantitative  measurements  has  also  been  demonstrated,22,23 
although  saturation  is  quite  difficult  in  the  case  of  planar 
measurements.  In  the  current  investigation  we  demonstrate 
semi-quantitative  measurements  in  the  recirculation  region 
using  excitation  levels  well  below  saturation.  OH-PLIF 
measurements  in  the  liquid- spray  region  are  more  qualitative 
because  of  simultaneous  droplet  scattering  and  non-equilibrium 
conditions. 

The  performance  and  accuracy  of  the  planar  LII  and  OH- 
PLIF  systems  are  characterized  in  the  current  work  and 
described  below.  Instantaneous,  averaged,  and  statistical  data 
from  OH  PLIF  are  then  employed  to  provide  insight  into  the 
turbulent  nature  of  the  swirl- stabilized  spray  flame  at  various 
equivalence  ratios.  The  physical  processes  that  govern  the  soot 
formation  process  are  visualized  using  simultaneous  OH  PLIF, 
LII,  and  droplet  Mie  scattering.  Finally,  the  overall  soot  volume 
fraction  in  the  primary  zone  is  tracked  as  a  function  of  fuel 
composition. 


NOMENCLATURE 

Aoh~  Rate  of  spontaneous  emission  (s'1) 

Fb  -  Boltzmann  fraction 

Noh  ~  Number  density  of  OH  molecules  (m-3) 

Qoh~  Collisional  quenching  rate  (s'1) 

Son  -  relative  OH-PLIF  signal 
77  -  fluorescence  efficiency 
§  -  Equivalence  ratio 

EXPERIMENTAL  SET  UP 

A.  Swirl-Stabilized  Combustor 

The  near-field  structure  of  swirl-stabilized  flames  is  highly 
dependent  upon  the  characteristics  of  the  fuel  injector  and  the 
geometry  of  the  surrounding  flame  tube.  The  injector 
configuration  shown  in  Fig.  1  is  a  generic  swirl-cup  liquid-fuel 
injector  used  in  ongoing  fuel  studies  at  the  Atmospheric- 
Pressure  Combustor-Research  Complex  of  the  Air  Force 
Research  Laboratory’s  Propulsion  Directorate.24  It  employs  a 
pressure-swirl  atomizer  (Delavan  model  27710-8)  with  a 
nominal  flow  number  of  1.6.  The  4-cm  exit  diameter  nozzle  is 
centrally  located  in  a  15.25  cm  x  15.25  cm  square  cross-section 
dome-type  combustor.  The  spray  impinges  upon  a  filming 
surface  and  is  surrounded  by  dual-radial,  counter-swirling-air 
co-flows  to  entrain  the  fuel,  promote  droplet  break-up,  and 
enhance  mixing.  The  resulting  three-dimensional  conical  flame, 
shown  in  Fig.  1(b),  is  composed  of  several  zones  including  an 
outer  droplet-vaporization/preheat  region,  an  inner  turbulent 
flame  brush  region,  and  a  recirculation  zone  that  brings  hot 
combustion  products  upstream  along  the  centerline.25  After 
exiting  the  primary  flame  zone,  the  combustion  products  are 
allowed  to  mix  thoroughly  along  the  48-cm  long  flame  tube 
before  entering  a  43-cm-long,  5.7-cm  exit-diameter  exhaust 
nozzle  that  is  designed  to  create  a  uniform  exhaust-gas 
temperature  and  concentration  profile. 

Changes  in  overall  equivalence  ratio  from  4>  =  0.5  to  1.15 
(primary  zone  equivalence  ratio  from  §  =  0.55  to  1.3)  were 
achieved  in  the  current  study  by  varying  the  pressure  drop 
across  the  fuel-spray  nozzle  from  about  1.5  to  10  atm,  which 


Fig.  1.  (a)  Dual-radial  swirl-injector  geometry  used  in  the  current 
study  (b)  photograph  of  near-field  flame  structure,  and  (c) 
photograph  of  the  test  rig. 


resulted  in  fuel  mass  flow  rates  of  1.0  to  2.2  g/s,  respectively. 
The  fuel  flow  rate  is  measured  using  a  Max  Machinery 
positive-displacement  flow  meter  with  ±0.5%  full-scale 
accuracy.  The  air-flow  system  consists  of  three  Sierra  5600 
SLPM  mass  flow  controllers  with  ±1%  full-scale  accuracy.  The 
inlet  air  is  heated  to  450  K  with  a  constant  flow  rate  of  ~  0.028 
kg/s.  The  air-pressure  drop  across  the  combustor  dome  was  ~ 
4.8  to  5.2%  of  the  main  supply.  Most  of  the  air  flow  enters  the 
combustor  through  the  swirl-cup  injector,  but  a  small 
percentage  enters  through  aspiration  holes  along  the  aft  wall. 
No  liner  air  jets  are  used  in  the  secondary  zone;  therefore,  the 
fuel-air  ratio  depends  almost  entirely  on  the  flow  rates  through 
the  injector  cup. 

The  combustor  is  optically  accessible  via  75 -mm- wide 
quartz  windows  along  the  top  and  sides  for  in-situ  laser-based 
diagnostics.  In  addition,  particulate  emissions  at  the  exit  of  the 
exhaust  nozzle  are  characterized  using  a  TSI  Model  3 022 A 
Condensation  Nuclei  Counter  (CNC)  to  provide  a  count  of 
particles  per  unit  volume  (particle  number  density),  and  a  TSI 
Model  3936  Scanning  Mobility  Particle  Sizer  (SMPS)  to  obtain 
the  particle  size  distribution.  Particulate  emissions  are  captured 
and  transported  to  the  analytical  instruments  via  an  oil-cooled 
probe,  which  consists  of  three  concentric  tubes  with  three  fluid 
passages.  The  outermost  passage  flows  recirculating  cooling 
oil,  which  is  kept  at  150°C  for  all  tests.  The  middle  annulus 
provides  particle-free  dry  dilution  air,  and  the  center  passage 
transports  the  diluted  sample  to  the  instruments.  The  probe  is 
installed  facing  the  flow  in  the  center  and  near  the  exit  of  the 
combustor  to  help  capture  a  “representative”  sample  of  the 
exhaust  and  avoid  diluting  or  contaminating  with  surrounding 
air.  The  sample  line  is  heated  to  75 °C,  and  the  sample  is 
diluted  at  the  probe  tip  to  help  prevent  water  condensation  and 
particulate  loss  to  the  wall  due  to  high  wall-sample  temperature 
gradients.  Sharp  bends  in  the  sample  line  were  avoided  to 
reduce  particle  loss. 
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Fig.  2.  Experimental  setup  for  simultaneous  OH  PLIF  and  LII  in  an  atmospheric-pressure,  swirl-stabilized,  liquid  fueled, 
model  gas-turbine  combustor. 


B.  OH-PLIF  System 

A  review  of  PLIF  fundamentals  can  be  found  in  Eckbreth 
(1996).26  As  shown  in  the  optical  set-up  in  Fig.  2,  50%  of  the 
laser  energy  from  a  frequency-doubled,  Q-switched  Nd:YAG 
laser  (Spectra-Physics  Pro290)  is  used  to  pump  a  dye  laser 
(Sirah  Precision  Scan),  the  output  of  which  is  frequency 
doubled  to  obtain  wavelenghts  in  the  (1,0)  band  of  the  OH  A-X 
system.  The  dye  laser  is  tuned  to  the  Qi(9)  transition  at  283.922 
nm  (in  air),  which  has  less  than  a  ±2.5%  variation  in  the 
ground-level  Boltzmann  fraction,  FB,  from  1600  to  2400K.  This 
range  of  temperatures  coincides  with  the  equilibrium  conditions 
one  would  expect  for  JP-8  fuel  at  equivalence  ratios  used  in  this 
study  (primary  zone  §  =  0.55  -  1.3). 27  Considering  the  full 
range  of  possible  temperatures  from  1100  to  2400K  within 
typical  lean  and  rich  flammability  limits,28  the  Boltzmann 
fraction  for  this  transition  varies  by  up  to  ±12.5%.  The 
maximum  laser  energy  available  for  OH  PLIF  was  24  mJ.  A 
1. 5 -m- focal-length  spherical  plano-convex  lens  and  a  -75-mm- 
focal-length  plano-concave  lens  are  used  to  form  a  laser  sheet 
that  enters  the  combustor  through  the  top  window.  The  laser- 
sheet  thickness  is  330  pm  at  full- width-half-max  (FWHM)  as 
measured  by  translating  a  knife-edge  across  the  beam.  The 
sheet  width  is  ~  7  cm,  with  a  3°  full-angle  divergence.  A  near 
top-hat  sheet-width  profile  that  drops  to  zero  laser  energy 
within  about  1  mm  is  obtained  by  clipping  the  wings  of  the 
laser  sheet  at  the  last  turning  mirror  above  the  combustor. 

Fluorescence  is  collected  from  about  306  to  320  nm  via  the 
(1,1)  and  (0,0)  bands  of  OH  using  an  intensified  charge-coupled 
device  (ICCD)  camera  (Princeton  Instruments  PI-MAX  SB) 
oriented  approximately  along  the  normal  to  the  sheet.  Two  1- 
mm  thick  WG295  Schott  Glass  filters  are  used  in  front  of  the 
camera  lens  to  reduce  scattering  from  droplets  at  283.922  nm, 
and  a  UG11  filter  is  employed  to  nearly  eliminate  flame 
emission,  scattering  from  the  LII  laser  wavelength  of  532nm, 
and  fluorescence  from  polycyclic-aromatic-hydrocarbon  (PAH) 
compounds.  A  105 -mm- focal-length  f/4.5  UV  lens  is  employed 
to  collect  the  OH  fluorescence,  and  an  intensifier  gate  width  of 
20  ns  is  used  to  capture  the  OH  signal.  Images  are  typically 
collected  with  2x2  binning  to  obtain  adequate  resolution 
(512x512)  and  framing  rate  (1.4  Hz).  The  pixel  viewing  area  in 
each  2x2  superpixel  is  200x200  pm2. 


Based  on  the  dimensions  of  the  OH-PLIF  laser  sheet  and 
total  laser  energy  of  24  mJ,  it  is  estimated  that  the  laser 
irradiance  of  1.36xl07  W/cm2  is  two  to  three  orders  of 
magnitude  lower  than  the  90-95%  saturation  level.22,23  The  OH- 
PLIF  signal  is,  therefore,  linearly  related  to  laser-energy 
variations.  OH-PLIF  signal  corrections  (typ.  ±15%)  in  the  axial 
direction  are  performed  in  post-processing  based  on 
measurements  of  the  laser-sheet  profile  after  each  run.  Signal 
variation  (typ.  ±3%)  due  to  the  3°  laser-sheet  expansion  in  the 
cross-stream  direction  is  also  corrected  in  post-processing. 
Corrections  are  not  made  for  laser-energy  attenuation  due  to 
OH  absorption  and  droplet  scattering;  this  leads  to  signal 
uncertainties  of  ±10%  in  the  lower  region  of  each  image.  The 
effect  of  this  error  is  substantially  reduced  in  the  upper  half  of 
the  combustor  where  most  of  the  data  in  this  study  is  extracted. 
Shot- to-shot  fluctuations  in  laser  energy  add  an  estimated  ±5% 
uncertainty,  as  determined  from  data  collected  in  a  laminar 
diffusion  flame  with  the  same  OH-PLIF  system. 

For  measurements  with  low  laser  irradiance,  the  effect  of 
collisional  quenching  on  fluorescence  efficiency  must  also  be 
considered.  For  a  given  imaging  system  and  laser  irradiance, 
the  OH-PLIF  signal,  S0h?  from  each  pixel  volume  is 
proportional  to  the  number  density  of  OH,  N0h,  and  the 
fluorescence  efficiency,  rj ,26 


OH7!  —  N0 


An 


Aqh  +  Qo 


(1) 


The  fluorescence  efficiency  is  proportional  to  the  rate  of 
spontaneous  emission,  A0h>  from  molecules  in  the  excited  state 
and  inversely  proportional  to  the  rate  at  which  excited 
molecules  are  depleted  via  spontaneous  emission  and 
collisional  quenching,  Q0h-  Collisional  quenching  is  a  function 
of  the  temperature-,  pressure-,  and  species-dependent 
quenching  coefficient  as  well  as  the  number  density  of  the 
species.29  As  a  result  of  offsetting  effects  in  the  equilibrium 
combustion  products  of  JP-8,  the  rate  of  collisional  quenching 
is  found  to  be  fairly  constant  for  equivalence  ratios  of  less  than 
unity.  Under  rich  conditions  the  conversion  of  CO  to  C02 
decreases  substantially  and  leads  to  an  increase  in  collisional 
quenching  and  a  decrease  in  fluorescence  efficiency.  In  regions 
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(a)  (b) 


Fig.  3.  Raw  signal  from  (a)  OH  PLIF  and  droplet  Mie  scattering 
while  on  Qi(9)  line  of  (1,0)  band  in  A-X  system  and  (b)  droplet 
Mie  scattering  while  off  the  OH  line.  Overall  (|)  =  0.7. 


where  equilibrium  assumptions  are  valid,  the  LIF  signal  can  be 
used  along  with  Eqn.  1  and  the  Boltzmann  fraction,  FIh  to 
determine  the  relative  OH  number  density;  this  will  be 
discussed  further  in  the  results  section.  In  the  liquid-spray 
region  where  lean  and  rich  pockets  of  fuel  can  co-exist, 
qualitative  signal  interpretation  is  problematic  since  the 
fluorescence  efficiency  could  vary  by  more  than  ±30%  based 
on  local  conditions. 

C.  Mie-Scattering 

Mie  scattering  was  obtained  using  the  same  setup  as  for  the 
OH-PLIF  system.  It  was  found  that  two  WG295  color-glass 
filters  (CVI  Laser)  and  parallel-polarization  detection  would 
provide  optimal  OH  LIF  sensitivity  while  minimizing  the 
likelihood  of  damaging  the  ICCD  because  of  intense  levels  of 
droplet  scattering.  When  tuned  off  the  OH  absorption  line,  as 
shown  in  Fig.  3(b),  the  intense,  highly  localized  droplet  scatter 
can  be  distinguished  from  the  large,  more  uniformly  distributed 
OH  layers.  Large  droplet  clusters  appear  primarily  near  the 
injector  exit,  and  single  droplets  with  trailing  flames  are  often 
observed  traveling  into  the  recirculation  region,  as  shown  in 
Fig.  3(a).  The  trailing  flames  of  these  droplets  do  not  appear  in 
the  off-line  images  nor  at  higher  equivalence  ratios  and, 
therefore,  are  not  attributable  to  scattering  off  of  fuel  vapor  or 
fluorescence  from  broadband  sources  such  as  PAH  compounds. 
The  droplet- scattering  signal  intensity  is  about  one  order  of 
magnitude  higher  than  that  of  the  OH  PLIF,  but  it  occurs 
primarily  at  isolated  points.  The  OH-PLIF  signal  levels 
(determined  from  probability  density  functions)  are  assigned  to 
a  false-color  table  from  black  to  red,  while  the  Mie  scattering 
signals  are  above  this  range  and  appear  in  white. 

D.  LII  System 

Some  of  the  first  two-dimensional  visualizations  of  soot 
volume  fraction  using  LII  were  performed  by  Santoro  and  co¬ 
workers15  and  by  Vander  Wal  and  Weiland.16  The  effects  of 
various  parameters  such  as  laser  fluence,  laser-sheet  profile, 
detection  wavelength,  camera  gate  width,  and  camera  gate 
delay  have  been  explored  in  a  number  of  follow-up 
investigations.30"32  A  list  of  reviews  on  the  subject  is  provided 
by  Urban  and  Faeth.12  The  LII  optical  layout  employed  in  the 
current  study  is  shown  schematically  in  Fig.  2,  where  50%  of 
the  energy  from  a  frequency-doubled  Nd:YAG  is  formed  into  a 
sheet  using  a  2-m  plano-convex  spherical  lens  and  a  -50-mm 
plano-concave  cylindrical  lens.  The  FWHM  thickness  of  the 


laser  sheet  is  about  700  pm  within  the  measurement  volume,  as 
measured  by  traversing  a  knife-edge  across  the  sheet.  As  is  the 
case  for  the  OH  LIF  laser  sheet,  the  long  2-m-focal-length  lens 
is  used  to  minimize  variations  in  laser-sheet  thickness  within 
the  measured  region.  The  sheet  width  is  ~  14  cm,  with  a  full 
angle  divergence  of  6°  within  the  test  section.  An  overall  tilt  of 
5°  is  used  to  overlap  the  LII  and  PLIF  laser  sheets.  The  wings 
of  the  LII  sheet  are  clipped  prior  to  the  last  turning  mirror  to 
generate  a  near  top-hat  profile  that  drops  to  zero  laser  energy 
within  about  2  mm.  To  reduce  systematic  errors  due  to  intensity 
variations  in  the  laser  sheet  and  due  to  laser  extinction  in  the 
measurement  volume,  the  LII  system  is  operated  in  the 
saturated  regime,  measured  in  the  current  system  to  be  above 
200  mJ/cm2.  This  saturation  regime,  found  at  similar  fluence 
levels  in  the  literature,30,32  reduces  the  uncertainty  in  the 
relative  soot  volume  fraction  measurements  to  about  ±10%  for 
the  full  width  of  the  laser  sheet. 

The  LII  signal  is  detected  using  a  1024x1024  ICCD 
camera  (Princeton  Instruments  PI-MAX  SB-MG)  and  an  f/1.2, 
5 8-mm- focal-length  glass  lens.  After  4x4  pixel  binning,  the 
measurement  resolution  is  about  575x575  pm2.  A  500  nm 
short-pass  filter  (CVI  Laser)  is  used  for  detection  from  415  to 
500  nm,  which  reduces  contributions  from  nascent  soot 
particles,  OH  fluorescence/chemiluminescence,  and  red-shifted 
fluorescence  from  PAH  compounds.  The  relatively  short-lived 
PAH  fluorescence  is  also  minimized  by  employing  a  time- 
delayed  detection  scheme.  Scattering  from  the  532-nm  laser 
source  is  eliminated  through  the  use  of  a  532-nm  zero-degree 
reflective  mirror  in  addition  to  the  500-nm  short-pass  filter  and 
delayed  detection.  Light  leakage  from  flame  luminosity  while 
the  ICCD  intensifier  is  gated  off  is  minimized  through  the  use 
of  a  25-ms-gate  Uniblitz  shutter.  During  post-processing  the 
residual  background  signal  from  flame  luminosity  is  subtracted 
from  each  image.  A  color  scale  is  chosen  with  a  minimum 
value  corresponding  to  5%  above  the  background  and  a 
maximum  value  of  100%  of  the  peak  in  each  image. 

To  optimize  the  timing  of  LII  detection,  data  were 
collected  in  the  swirl-stabilized  flame  for  a  number  of  camera- 
intensifier-gate  delays  and  widths.  A  camera  delay  of  20  ns 
after  the  laser  pulse  was  found  to  reduce  laser  scatter  to  nearly 
the  background  level  while  maintaining  LII  signal-to-noise 
ratios  greater  than  20:1.  The  LII  signal  decayed  quickly  within 
the  first  200  ns  after  the  laser  pulse.  The  long  decay  in  signal 
after  200  ns  is  dominated  by  larger,  slow-cooling  particles. 
Using  a  gate  width  of  50  ns,  errors  due  to  particle  size  effects 
are  estimated  to  be  on  the  order  of  5-10%.30 

E.  Combined  LIF/LII  System 

The  OH-PLIF  and  LII  cameras  are  synchronized  using  an 
external  delay  generator  driven  by  the  advanced  Q- switch  TTL 
output  of  the  Nd:YAG  laser.  The  precise  camera  delay  required 
to  capture  each  image  is  imposed  using  an  onboard  timing 
generator  in  each  ICCD  controller.  The  laser  pulses  are 
coincident  to  within  several  nanoseconds  so  that  no  fluid 
movement  occurs  between  LIF  and  LII  detection.  Because  of 
spatial  constraints  within  the  test  cell,  both  cameras  are 
positioned  on  the  same  side  of  the  combustor  at  slight  3.5° 
angles  to  overlap  the  two  imaged  regions.  The  PLIF  image  area 
overlaps  the  left  half  of  the  LII  image  nearest  the  injector  cup  in 
order  to  minimize  off-axis  defocusing.  After  camera  alignment, 
registration  images  are  collected  for  use  in  post-processing. 
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RESULTS  AND  DISCUSSION 


A.  Average  and  Instantaneous  Flame  Structure 

The  average  and  instantaneous  OH  distributions  at  overall 
equivalence  ratios  (<|))  ranging  from  0.5  to  1.15  are  shown  in 
Figs.  4(a)  to  4(f).  All  images  are  background  subtracted  and 
corrected  for  laser-sheet  intensity  variations  and  laser-sheet 
divergence.  The  effect  of  laser  attenuation  is  evident  in  the 
lower  flame  region,  with  signal  levels  that  are  1 0%  less  than  the 
upper  flame  region.  The  false  color  scale  is  common  for  all 
images  and  varies  from  5%  to  100%  of  the  maximum  OH 
signal  as  determined  by  probability  density  functions  at  4)  =  0.5. 

Two  main  features  of  the  flame  structure  become  apparent 
when  analyzing  the  series  of  images  in  Fig.  4.  The  first  is  that 
the  flame  structure  evolves  from  a  single-  to  multi-layer 
reaction  zone.  The  second  is  the  prominent  role  that  turbulence 
plays  in  determining  this  structure. 

A  classical  five-zone  description  of  pressure-jet  hollow- 
cone  spray  combustion33  consists  of  a  dense  spray,  primary 
flame  zone,  rich-premix  zone,  rich  secondary  combustion  zone, 
and  a  recirculation  zone.  The  dense  spray  region  in  the  near 
field  is  dominated  by  fuel  vapor  and  cannot  support 
combustion.  The  primary  zone  is  formed  by  the  combustion  of 
fuel  vapor  from  small  droplets.  A  rich-premix  zone  is  then 
formed  along  the  spray  direction  due  to  evaporation  of  larger 
droplets.  This  is  followed  by  rich  combustion  and  product 
recirculation. 

For  the  current  injector  geometry,  the  primary  reaction 
zone  is  highly  perturbed  by  large-scale  structures  that  entrain 
reactants  across  the  entire  width  of  the  flame  layer,  as  shown  in 
the  instantaneous  image  of  Fig.  4(a).  At  higher  overall  4>,  these 
turbulent  motions  become  more  prominent  and  the  primary 
flame  zone,  labeled  in  Fig.  4(c),  becomes  more  intermittent. 
Also,  an  intermittent  rich-premix  region  is  formed  along  the 
inner  cone  of  the  spray,  as  labeled  in  Fig.  4(c).  This  region 
comes  into  direct  contact  with  the  recirculation  zone  and  reacts 
with  any  available  oxygen,  thereby  establishing  a  secondary 
flame  zone  as  labeled  in  Fig.  4(c).  At  overall  §  =  0.5,  the 
primary  and  secondary  reaction  zones  are  essentially  merged, 
and  a  gradual  separation  in  the  flame  layers  takes  place  at 
higher  equivalence  ratios.  This  phenomenon  is  most  visible  in 
the  lower  half  of  the  average  image  in  Fig.  4(d),  where  the 
primary  and  secondary  reaction  zones  are  completely  separated 
by  the  rich-premix  zone.  Since  the  air-flow  rate  is  held  constant 
for  all  test  conditions  in  this  study,  these  dynamics  may  be 
attributable  to  the  behavior  of  the  liquid  spray  as  the  injection 
pressure  is  increased,  as  well  as  to  changes  in  local  equivalence 
ratio.  Experiments  and  computations  based  on  gaseous-fuel 
injection,  therefore,  may  not  capture  this  behavior. 

To  further  elucidate  the  role  of  intermittency  and  the 
character  of  the  rich-premix  region,  it  is  useful  to  present 
probability  density  functions  (PDFs)  of  the  OH-PLIF  signal. 
PDFs  are  mathematically  defined  as  histograms  with  areas 
normalized  to  unity.  They  are  helpful  in  highly  intermittent 
flames  for  which  the  ensemble  average  does  not  accurately 
represent  the  instantaneous  field.  For  example,  they  can  be  used 
to  detect  whether  an  increase  in  OH  signal  results  from  an 
increase  in  OH  within  large-scale  structures  or  from  an  increase 
in  their  frequency  of  occurrence.  They  can  also  be  used  to 
discriminate  against  Mie  scattering,  which  occurs  with  much 
higher  camera  counts  than  the  OH  PLIF. 


OH  PLIF 

Fig.  4.  200-shot  average  (left)  and  instantaneous  (right)  OH-PLIF 
images  at  overall  4>  of  (a)  0.5,  (b)  0.6,  (c)  0.7,  (d)  0.8,  (e)  1.0,  and  (f) 
1.15.  False-color  scale  from  5%  to  100%  of  the  peak  average 
(4100)  and  instantaneous  (5250)  counts  at  4>  =  0.5. 
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Figures  5(a)  and  5(b)  show  PDF  data  for  overall  4>  =  0.5 
and  0.7,  respectively,  across  the  upper  flame  zone  just  above 
the  dense  spray,  as  shown  in  Fig.  4.  Each  profile  in  Fig.  5 
represents  a  different  downstream  position,  as  noted  in  the 
legend.  At  each  point,  signals  from  0  to  6000  counts  from  200 
images  are  tabulated  into  bins  of  200  counts.  The  contribution 
from  droplet  scattering,  which  typically  occurs  with  tens  of 
thousands  of  counts  per  pixel,  is  not  significant  at  these 
locations  since  the  PDFs  drop  to  zero  by  5000-6000  counts. 

The  PDF  profiles  for  overall  §  =  0.5  in  Fig.  5(a)  change 
significantly  from  12  -  34.8  mm  because  of  changes  in  large- 
scale  structure  dynamics  across  the  flame.  The  PDFs  at  12  and 
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Fig.  5.  Probability  density  functions  of  OH  PLIF  at  (a)  Line  A,  (b) 
Line  B,  and  (c)  Line  C  as  marked  in  Fig.  4. 


19.6  mm  are  bimodal  in  character,  with  the  low-signal  peak 
representing  cases  when  the  measurement  point  is  outside  of  a 
flame  structure  and  the  high-signal  peak  representing  cases 
when  the  measurement  point  is  within  a  flame  structure.  As  one 
crosses  the  center  of  the  flame  layer,  the  PDFs  are  increasingly 
weighted  toward  the  high-signal  peak  such  that  the  low  signal 
peak  is  almost  not  visible  at  27.2  mm.  Note  that  both  the  low 
and  high  signal  peaks  remain  “stationary”  from  12  mm  to  27.2 
mm,  indicating  that  the  fluid  composition  within  the  large 
scale- structures  is  nearly  constant  in  this  region.  Beyond  this 
point,  the  PDFs  take  on  a  “marching”  character.  Specifically, 
the  PDF  profiles  are  shifting  to  lower  signal  levels.  This 
indicates  that  the  influence  of  large-scale  entrainment  of 
unburned  reactant  is  reduced  in  this  region.  Strikingly  similar 
behavior  is  found  in  the  PDFs  of  non-reacting  turbulent  jets, 
with  stationary  PDFs  in  regions  dominated  by  large-scale 
structures  and  marching  PDFs  in  regions  dominated  by  gradient 
mixing.34,35 

The  PDF  profiles  for  the  upper  flame  at  overall  4>  =  0.7 
follow  the  same  trends  as  for  those  at  overall  §  =  0.5.  This  is 
evident  in  Fig.  5(b)  in  which  the  PDFs  from  x  =  12-27.2  mm 
are  weighted  more  and  more  to  the  high-signal  peak.  The  PDFs 
for  the  lower  flame  in  Fig.  5(c),  however,  mark  the  emergence 
of  the  rich-premix  zone  at  27.2  mm.  Rather  than  shifting  to  the 
high-signal  peak,  the  PDF  profile  at  this  location  shifts  back  to 
the  low  signal  peak  and  is  similar  to  the  profile  shown  at  12 
mm.  This  indicates  that  the  rich-premix  region  between  the 
primary  and  secondary  zones  is  similar  in  in  terms  of  large- 
scale  structure  dynamics  to  the  unbumed  reactant  layer  along 
the  outer  cone  of  the  spray  flame. 

B.  Soot  Formation  Process 

While  understanding  the  average  and  instantaneous  flame 
structure  is  important  for  the  purpose  of  validating  turbulent 
models  of  gas  turbine  combustion,  another  main  goal  of  the 
current  analysis  is  to  determine  how  soot  is  formed  in  swirl- 
stabilized  liquid- spray  flames.  In  particular,  it  is  of  interest  to 
determine  the  location  of  soot  inception,  how  it  evolves,  and 
the  dynamic  behavior  that  controls  the  rate  of  soot  production. 
Based  on  the  results  reported  by  Shaddix  et  al.14  in  forced 
flames,  it  is  likely  that  the  turbulent  flow  structure  reported  in 
the  previous  section  will  have  a  significant  impact  on  soot 
production. 

Figures  6(a)  -  6(c)  show  simultaneous  images  of  OH  PLIF 
and  soot  volume  fraction  from  LII  at  overall  <|>=  0.8,  1.0,  and 
1.15.  The  OH-PLIF  images  have  the  same  false  color  scale 
shown  in  Fig.  4,  while  the  LII  signal  is  plotted  using  color 
contours  defined  by  a  reverse  color  scale  shown  in  Fig.  6. 
Analysis  of  these  images  reveals  an  inverse  correlation  between 
soot  volume  fraction  and  OH-PLIF  signal.  An  exception  is  in 
the  dense  spray  region  where  low  levels  of  LII  interference  are 
detected  due  to  residual  droplet  scattering.  Increasing  the  time 
delay  for  LII  detection  reduces  this  scatter  but  also  significantly 
reduces  the  detection  of  soot  incandescence.  Instead  it  is 
sufficient  to  note  that  most  of  the  LII  signal  is  detected  in 
regions  that  are  free  of  droplet  Mie  scattering  (as  detected  with 
the  OH-PLIF  camera)  and  is  attributable  to  the  presence  of 
soot.  The  LII  signal  is  also  not  likely  to  come  from  PAH 
fluorescence,  which  would  appear  more  consistently  and  have 
peak  signals  near  the  spray  region.  Background  images 
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Fig.  6.  Overlay  of  OH-PLIF  and  LII  images  at  overall  of 
(a)  0.8,  (b)  1.0,  and  (c)  1.15.  OH-PLIF  false-color  map  same 
as  for  Fig.  4.  LII  shown  in  false-color  contours  from  5%  to 
100%  of  the  peak  signal  in  each  image. 


collected  without  the  laser  sheet  show  that  the  contribution 
from  nascent  soot  incandescence  is  less  than  5%. 

For  all  flow  conditions  studied  here,  soot  is  most  often 
generated  along  the  inner  cone  of  the  flame.  Not  unexpectedly, 
this  corresponds  to  the  intermittent  rich-premix  zone  discussed 
in  the  previous  section.  This  is  particularly  evident  in  Fig.  6(a), 
where  soot  is  shown  propagating  out  of  this  region  and  into  the 
recirculation  zone.  It  is  interesting  to  note  that  soot  is  seldom 
observed  within  intermittent  regions  of  low  OH  signal  in  the 
primary  zone.  This  is  not  surprising  since  there  are  likely  to  be 
higher  levels  of  oxygen  and  OH  available  for  soot  oxidation  in 
this  region. 

From  observation  of  simultaneous  OH-PLIF  and  LII  data, 
as  shown  in  Fig.  6,  it  is  evident  that  the  rate  of  soot  production 
increases  significantly  with  overall  equivalence  ratio.  The 
mechanisms  for  this  increased  production  can  now  be  assessed 
given  knowledge  of  how  the  soot  is  formed  and  how  it  evolves. 
As  noted  in  the  previous  discussion,  large-scale  turbulent 
motions  increase  the  prominence  of  the  rich-premix  zones  as 
the  injection  pressure  is  increased.  In  addition,  the  secondary 
reaction  zone  is  weakened  as  the  equivalence  ratio  in  the 


recirculation  zone  increases.  Even  at  lower  overall  equivalence 
ratios,  intermittency  can  result  in  locally  rich  regions  within  the 
recirculation  zone,  particularly  in  the  lower  spray  region  of  the 
current  set  up.  In  the  lower  flame  of  Fig.  6(a),  for  example, 
there  is  very  little  in  the  way  of  a  secondary  reaction  zone.  In 
Fig.  4(d),  large  droplets  are  shown  entering  the  recirculation 
zone  with  burning  wakes  in  the  upper  half  while  droplets 
entering  the  recirculation  zone  in  the  lower  half  do  not.  Locally 
rich  conditions  allow  soot  produced  in  the  rich-premix  zone  to 
escape  the  flame  layer  and  undergo  a  much  slower  oxidation 
process. 

The  sensitivity  of  the  rate  of  soot  production  to  the  local 
flame  structure  is  illustrated  serendipitously  in  the  current  work 
by  the  asymmetry  in  the  upper  and  lower  halves  of  the  spray 
flame.  As  noted  earlier,  the  rich-premix  region  is  much  more 
prominent  in  frequency  and  spatial  extent  in  the  lower  spray 
region.  In  fact,  soot  production  takes  place  almost  exclusively 
in  the  lower  half  of  the  combustor  for  all  equivalence  ratios,  as 
shown  in  Fig.  6.  This  asymmetry,  which  could  result  from 
misalignment  of  the  injector  nozzle,  is  also  detected  in  time- 
averaged  images  of  flame  emission  and  is  not  due  to 
uncertainties  in  the  current  measurement  system. 

C.  Applications 

The  combined  use  of  planar  LII  and  OH  PLIF  has  been 
shown  in  the  previous  discussion  to  provide  valuable  physical 
insight  into  soot  formation  in  the  current  flame  environment.  It 
is  also  of  interest  to  determine  whether  the  simultaneous  OH- 
PLIF  and  LII  diagnostic  can  be  useful  for  tracking  changes  in 
flame  composition  and  soot  production  with  various  combustor 
inlet  conditions  -  namely,  equivalence  ratio  and  fuel 
composition.  In  studies  of  soot  mitigating  additives,  for 
example,  it  is  important  to  determine  whether  changes  in  soot 
production  result  from  changes  in  the  chemical  or  physical 
properties  of  the  fuel. 

Figures.  7  and  8  demonstrate  the  ability  of  the  OH-PLIF 
and  LII  systems  to  track  local  equivalence  ratio  and  soot 
production,  respectively.  Using  a  region  in  the  recirculation 
zone  that  is  free  of  droplet  scatter,  the  time-  and  spatially 
averaged  OH-PLIF  signal  is  computed  with  respect  to 
equivalence  ratio.  This  provides  a  calibration  for  JP-8  that  can 
be  used  to  qualitatively  track  changes  in  equivalence  ratio.  Fig. 
7  is  not  plotted  versus  overall  equivalence  ratio,  but  with 
respect  to  an  equilibrium  calculation27  for  JP-8  fuel.  The 
validity  of  equilibrium  assumptions  in  this  region  have  been 
proposed  in  previous  investigations  of  can-type  gas  turbine 
combustors.3.  The  temperatures  and  species  concentrations 
from  this  equilibrium  calculation  were  then  used  to  calculate 
the  effect  of  LIF  efficiency  and  Boltzmann  fraction  on  OH- 
PLIF  signals.  Encouragingly,  the  fit  to  the  equilibrium 
calculation  is  quite  good,  even  under  rich  conditions  for  which 
quenching  corrections  are  most  uncertain. 

The  fit  of  OH-PLIF  signals  to  equilibrium  calculations, 
shown  in  Fig.  7,  indicates  that  the  local  equivalence  ratio  is 
13.5%  higher  than  the  overall  equivalence  ratio.  In  other  words, 
stoichiometric  conditions  in  the  recirculation  zone  are  expected 
for  overall  equivalence  ratios  of  4>  =  0.88.  This  is  not  surprising 
since  images  collected  at  these  equivalence  ratios  show  a 
transition  from  burning  to  non-burning  wakes  behind  droplets 
that  enter  the  recirculation  zone.  Differences  in  local  and 
overall  equivalence  ratio  may  be  partially  due  to  air  from  the 
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Fig.  7.  Equivalence-ratio  dependence  of  equilibrium  OH 
number  density  compared  with  OH-PLIF  data  in  the 
recirculation  zone.  Confidence  intervals  set  to  ±5%  of  the 
peak  value. 


Fig.  8  Effect  of  overall  §  on  normalized  soot  volume 
fraction.  LII  measurements  using  a  camera  gate  of  50  ns 
are  fit  with  an  exponential  function.  Data  from  sampling 
probe  acquired  at  exit  of  exhaust  nozzle. 


aspiration  holes  of  the  aft  wall  escaping  the  primary  flame  zone 
or  due  to  incomplete  mixing  in  the  primary  flame-recirculation 
region. 

In  Fig.  8,  the  temporally  and  spatially  averaged  relative 
soot  volume  fraction  is  plotted  as  a  function  of  overall 
equivalence  ratio  for  the  current  spray  flame.  The  LII  data  show 
an  exponential  rise  in  soot  volume  fraction  with  equivalence 
ratio.  The  sampling  probe  displays  a  threshold  effect  at  about  § 
=  1.0,  below  which  soot  in  the  exhaust  is  effectively  oxidized 
due  to  long  residence  times  and  the  presence  of  excess  air.  In 
the  primary  zone  of  the  combustor,  there  is  less  time  to  oxidize 
the  soot.  In  addition,  the  primary  zone  is  locally  higher  in 
equivalence  ratio  than  in  the  exhaust. 

Fig.  8  also  shows  the  results  of  an  LII  experiment 
performed  with  a  longer  gate  width  of  200ns  as  opposed  to 
50ns.  This  was  performed  to  assess  the  sensitivity  of  the  data  to 
particle-size  effects  —  a  bias  toward  higher  particle  sizes  would 
be  expected  for  the  longer  gate  duration  of  200  ns.  Because  of 
normalization,  this  bias  appears  as  a  slight  decrease  in  signal  at 
lower  equivalence  ratios  for  which  particle  sizes  are  expected  to 
be  smaller.  The  effect  appears  to  be  minimal,  indicating  that 
detection  with  a  50  ns  gate  is  also  free  of  particle-size  effects. 

Since  the  dependence  of  soot  on  equivalence  ratio  is 
exponential,  slight  changes  in  equivalence  ratio  could  easily  be 
mistaken  for  changes  in  soot  particle  counts  in  the  exhaust 
stream.  This  highlights  the  importance  of  tracking  equivalence 
ratio  while  performing  studies  of  soot-mitigating  additives.  An 
example  is  shown  in  Fig.  9  where  methyl  acetate  is  added  to  the 
fuel  during  a  test.  Note  the  large  decrease  in  soot  volume 
fraction  during  methyl-acetate  addition,  as  measured  by  LII; 
this  corresponded  to  a  large  decrease  in  particle  counts  from  the 
sampling  probe.  Note  also  the  increase  in  OH-PLIF  signal; 
according  to  the  results  of  Fig.  7,  this  indicates  that  the  fuel 
mixture  which  initially  had  an  overall  §  =  1.05  (local  <|>  =  1.19) 
is  becoming  leaner.  A  certain  ambiguity  exists,  however, 
because  the  final  equivalence  ratio  could  lie  on  either  side  of 
the  peak  OH  signal.  Using  the  exponential  fit  to  the  data  in  Fig. 
8,  however,  the  change  in  LII  signal  corresponds  to  an 


Fig.  9.  Effect  of  methyl  acetate  (C3H602)  addition  to  JP-8 
fuel  on  LII  and  OH-PLIF  signals  in  primary  flame  zone  of 
swirl-stabilized  combustor.  Signals  averaged  for  100  shots. 

equivalence  ratio  that  is  slightly  on  the  rich  side  of  the  OH 
peak.  An  overall  equivalence-ratio  decrease  of  0.123  due  to 
methyl-acetate  addition  is  measured  to  within  1%  for  both  the 
OH-PLIF  and  LII  data,  and  to  within  10%  of  flow  calculations. 
The  agreement  between  OH-PLIF  and  LII  data  indicates  that 
methyl  acetate  in  the  current  work  did  not  have  an  effect  on 
soot  production,  except  for  its  effect  on  equivalence  ratio.  One 
can  envision,  therefore,  the  use  of  a  combined  LIF  and  LII 
system  to  track  the  performance  of  soot-mitigating  additives 
without  uncertainties  in  equivalence  ratio. 

SUMMARY 

A  simultaneous  OH-PLIF  and  planar  LII  system  was 
developed,  tested,  and  demonstrated  in  a  JP-8 -fueled,  liquid- 
spray  swirl-stabilized  combustor.  These  combined  diagnostics 
provide  phenomenological  evidence  of  soot-formation 
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mechanisms  in  this  highly  turbulent  environment  by  mapping 
the  instantaneous  flame  zone  and  soot  volume  fraction. 

It  was  found  that  large-scale  structures  play  a  key  role  in 
the  soot  formation  process.  Intermittent  regions  of  rich 
premixed  regions  of  fuel  and  air  develop  between  the  primary 
flame  layer  and  recirculation  zone  that  serve  as  sites  for  soot 
inception.  The  rate  of  soot  production  is  dependent  upon  the 
frequency  and  spatial  extent  of  these  regions;  the  rate  of  soot 
oxidation  is  dependent  upon  the  presence  of  a  secondary 
reaction  zone  as  well  as  the  availability  of  oxygen  and  OH  in 
this  zone.  Hence,  the  overall  soot  volume  fraction  may  be 
highly  sensitive  to  the  dynamics  of  the  injection  process  as  well 
as  to  the  local,  unsteady  equivalence  ratio.  Experimental  and 
numerical  studies  in  gaseous  combustors  may  not  capture  these 
dynamics  properly. 

The  utility  of  the  OH-PLIF  and  LII  system  was  also 
demonstrated  for  studies  of  soot  formation  with  fuel-mitigating 
additives.  OH  PLIF  is  used  to  assess  changes  in  flame  structure 
and  to  track  qualitative  changes  in  local  equivalence  ratio.  FII 
is  used  to  track  the  time-  and  spatially  averaged  soot  volume 
fraction. 

The  use  of  these  combined  diagnostics  provides  unique 
information  on  the  soot  formation  process  in  highly  turbulent 
two-phase  flows  and  represents  a  unique  application  to 
practical  combustors.  To  permit  more  definitive  conclusions 
concerning  the  initiation  of  soot  formation,  future  effort  will 
include  the  use  of  double-pulse  laser  operation  to  image  soot 
evolution. 
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Abstract 

Single-shot,  dual-pump  coherent  anti-Stokes  Raman  scattering  (CARS)  measurements  of  N2  and  CO2  were 
performed  in  the  exhaust  stream  of  a  swirl- stabilized  JP-8-fueled  combustor  under  sooting  conditions.  The  com¬ 
bustor  is  designed  to  study  particulate  formation  and  particle- size  distributions  for  different  flame  conditions  and 
therefore  is  operated  at  near- stoichiometric  overall  fuel-air  ratios.  Various  jet  fuels  and  additive  concentrations 
were  studied.  These  conditions  pose  a  significant  challenge  for  temperature  measurements  using  standard  N2 
CARS  due  to  strong  flame  emission  and  absorption  of  the  CARS  signal  by  the  C2  Swan  band.  With  the  dual¬ 
pump  CARS  technique  employed  in  this  study,  the  N2  CARS  signal  is  generated  at  a  wavelength  (496  nm)  that 
is  not  absorbed  by  C2,  and  concentration  measurements  of  CO2  can  be  performed.  The  standard  deviations  of 
the  single- shot  temperature  measurements  were  approximately  3-4%  of  the  mean  values  for  equivalence  ratios 
ranging  from  0.4  to  1.1,  whereas  those  of  the  single-shot  CO2  concentration  measurements  were  between  9  and 
20%  of  the  mean  values.  Previous  single-shot  temperature  and  CO2  concentration  measurements  using  dual-pump 
CARS  in  this  liquid-fueled  combustor  were  limited  to  an  equivalence  ratio  of  0.45,  with  standard  deviations  in 
temperature  of  about  5-6%  of  the  mean  value  of  1143  K  (Lucht  et  al.,  AIAA  J.  41  (4)  (2003)  679-686).  The 
current  study  demonstrates  a  significant  improvement  in  the  applicability  of  single- shot  CARS  temperature  and 
CO2  concentration  measurements  to  practical,  swirl- stabilized  combustors  under  sooting  conditions. 

©  2004  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Coherent  anti-Stokes  Raman  scattering  (CARS) 
spectroscopy  has  been  widely  used  for  measuring  the 
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temperature  and  concentration  of  major  species  in  re¬ 
acting  flows  [1].  Measurements  have  also  been  per¬ 
formed  using  CARS  to  determine  the  temperature  in 
practical  combustors  and  internal-combustion  engines 
[2-8].  Measurements  of  temperature  using  N2  CARS 
in  practical  combustors  have  the  advantage  that  N2 
is  present  almost  everywhere  at  high  concentrations. 
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However,  applying  the  N2  CARS  technique  to  the 
measurement  of  temperature  in  practical  combustors 
is  always  challenging,  mainly  due  to  the  following: 

(1)  interference  from  highly  luminous  environments, 

(2)  steering  of  the  laser  beams  due  to  density  gradi¬ 
ents,  and  (3)  absorption  of  the  CARS  signal  by  the 
strong  C2  Swan  bands  [1,9].  Interference  from  flame 
luminosity  can  be  minimized  using  either  a  mechan¬ 
ical  shutter  in  front  of  the  spectrometer  [10]  or  an 
interline-transfer  charge-coupled-device  (CCD)  cam¬ 
era  for  data  acquisition  [11].  In  practical  combus¬ 
tors  with  highly  sooting  environments,  the  effect  of 
beam  steering  can  be  greatly  reduced  by  arranging 
the  CARS  beams  in  a  collinear  fashion  rather  than  in 
a  folded  BOXCARS  geometry  [1].  The  absorption  of 
the  CARS  signal  by  the  strong  C2  Swan  band  can  be 
avoided  by  shifting  the  CARS  signal  generation  to  a 
different  wavelength  region. 

Dual-pump  CARS,  first  proposed  by  Lucht  [12], 
allows  one  to  shift  the  N2  CARS  signal  output  away 
from  473  nm  by  shifting  one  of  the  pump  frequen¬ 
cies  away  from  532  nm.  This  technique  also  allows 
simultaneous  concentration  measurements  of  a  sec¬ 
ond  species,  such  as  O2,  CO2,  H2,  or  CO,  in  addition 
to  the  temperature  measurements.  The  wavelength  of 
the  second  pump  beam  is  selected  so  that  the  CARS 
spectra  for  the  two  species  under  study  are  observed 
at  nearly  the  same  frequency,  enabling  detection  with 
a  single  spectrometer  and  CCD  camera  and  eliminat¬ 
ing  systematic  errors  due  to  the  wavelength  depen¬ 
dence  of  the  detection- system  efficiency.  The  dual¬ 
pump  CARS  technique  has  been  applied  to  the  simul¬ 
taneous  measurement  of  N2-O2  [12,13],  N2-H2  [14], 
N2-CH4  [15],  and  N2-C02  [16]. 

The  dual-pump  CARS  technique  was  applied  by 
Lucht  et  al.  [17]  in  the  exhaust  stream  of  a  practical 
combustor  to  measure  temperature  and  CO2  concen¬ 
tration  from  a  single  laser  shot.  However,  those  mea¬ 
surements  were  limited  to  an  overall  equivalence  ratio 
(0)  of  less  than  0.5.  Several  other  CARS  techniques, 
such  as  triple-pump  CARS  [18],  dual-broadband  ro¬ 
tational  CARS  [19-21],  and  simultaneous  vibrational 
and  rotational  CARS  [22-25],  have  also  been  used  for 
temperature  and  multiple- species  concentration  mea¬ 
surements. 

The  current  N2-CO2  dual-pump  CARS  system 
exhibited  excellent  accuracy  for  single- shot  temper¬ 
ature  and  CO2  concentration  measurements  in  an 
atmospheric-pressure,  near- adiabatic  hydrogen-air 
flame  seeded  with  CO2  and  stabilized  on  a  Hencken 
burner  [18].  The  standard  deviations  of  the  measured 
single-shot  temperatures  and  the  CO2  concentrations 
in  this  calibration  flame  were  approximately  2.3  and 
6%  of  the  mean  values,  respectively,  for  a  wide  range 
of  equivalence  ratios  (0  =  0.25  to  0  =  1.2).  The  ob¬ 
jectives  of  this  investigation  were  to  use  the  same 


system  as  in  Ref.  [18]  to  perform  single-shot  tem¬ 
perature  and  CO2  concentration  measurements  in  the 
exhaust  stream  of  a  liquid-fueled  practical  combustor 
under  sooting  conditions.  Measurements  were  per¬ 
formed  for  a  number  of  different  jet  fuels  and  additive 
concentrations  over  a  wide  range  of  equivalence  ratios 
(0  =  0.4  to  0  =  1.1).  These  measurements  are  used 
to  provide  benchmark  temperature  and  CO2  statisti¬ 
cal  distributions  in  the  exit  plane  of  the  combustor 
and  to  evaluate  the  effects  of  particulate-mitigating 
additives  on  flame  chemistry.  These  measurements 
are  also  used  to  assess  the  viability  of  future  dual¬ 
pump  CARS  measurements  in  the  reaction  zone  of  the 
combustor  under  sooting  conditions.  These  data  com¬ 
plement  laser-induced  incandescence  (LII)  and  planar 
laser-induced  fluorescence  (PLIF)  measurements  of 
soot  volume  fraction  and  OH-radical  concentrations, 
respectively,  which  are  ongoing  in  the  current  com¬ 
bustor. 


2.  Experimental  setup 

2.1.  Atmospheric -pres  sure,  swirl- stabilized 
combustor 

The  planar  sector  rig,  shown  in  Fig.  la,  is  used  in 
the  Atmospheric-Pressure  Combustor  Research  Com¬ 
plex  of  the  U.S.  Air  Force  Research  Laboratory  to 
study  the  performance  characteristics  of  model  gas- 
turbine-engine  combustors.  In  addition  to  conven¬ 
tional  temperature  and  sampling  probes,  it  has  opti¬ 
cal  access  on  three  sides  for  in  situ  laser-based  diag¬ 
nostics.  The  air-flow  system  consists  of  three  Sierra 
5600  SLPM  mass-flow  controllers  with  ±1%  full- 
scale  accuracy  and  is  capable  of  supplying  up  to 
14,200  SLPM  of  heated  air  at  530  K.  In  this  inves¬ 
tigation  air  to  the  combustor  was  heated  to  450  K, 
and  the  flow  rate  was  held  constant  at  approximately 
0.0283  kg/s.  The  air-pressure  drop  across  the  com¬ 
bustor  dome  was  approximately  5%  of  the  main  sup¬ 
ply.  The  fuel  system  is  capable  of  supplying  both 
liquid  and  gaseous  fuels  and  is  configured  for  the 
current  effort  to  study  the  performance  characteris¬ 
tics  of  jet-fuel  variants  and  particulate-mitigating  ad¬ 
ditives  using  a  single  swirl-cup  injector  similar  to  a 
General  Electric  CFM56.  The  fuel  flow  rate  is  mea¬ 
sured  using  a  Max  Machinery  positive-displacement 
flow  meter  with  ±0.5%  full-scale  accuracy.  Changes 
in  equivalence  ratio  from  0.4  to  1.1  are  achieved 
by  varying  the  pressure  drop  across  the  fuel-spray 
nozzle  from  0.9  to  8.2  atm,  resulting  in  fuel  mass- 
flow  rates  of  0.8  to  2.1  g/s.  The  injector  and  the 
(15.25  x  15.25)-cm  cross-section  flame  tube  are  de¬ 
signed  to  simulate  the  swirl- stabilized  flame  struc¬ 
ture  and  residence  time  of  a  conventional  gas-turbine- 
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Fig.  1.  (a)  Illustration  of  the  atmospheric-pressure,  swirl- stabilized  combustor  used  for  studies  of  jet-fuel  variants  and  particu¬ 
late-mitigating  additives.  The  dual-pump  CARS  probe  volume  for  measurements  of  temperature  and  CO2  concentration  is  placed 
at  the  exit  plane  of  the  exhaust  nozzle  just  upstream  of  the  particle-sampling  probe,  (b)  Schematic  diagram  of  the  swirl-injector 
geometry  used  in  this  study. 


engine  combustor.  A  schematic  diagram  of  the  swirl 
injector  used  in  this  study  is  shown  in  Fig.  lb.  The 
swirl-cup  liquid-fueled  injector  used  in  the  current 
study  employs  pressure  atomization  and  dual-radial 
counter- swirling- air  co-flows  to  entrain  the  fuel,  pro¬ 
mote  droplet  break-up,  and  enhance  mixing.  After  ex¬ 
iting  the  primary  flame  zone,  the  combustion  products 
are  allowed  to  mix  thoroughly  along  the  48-cm-long 
flame  tube  before  entering  a  43 -cm  long,  5.7-cm  exit- 
diameter  exhaust  nozzle  designed  to  create  a  uniform 
exhaust-gas  temperature  and  concentration  profile. 

The  performance  characteristics  of  three  jet- fuel 
variants  were  studied,  including  JP-8,  JP-8X45,  and  a 
semi- synthetic  jet  fuel.  Each  has  a  different  hydrogen- 
to-carbon  ratio  and  aromatic  content,  as  discussed 
further  below.  In  addition,  data  were  collected  for 
various  additive  candidates  consisting  of  organophos- 
phates,  organometallics,  and  other  compounds  used 
for  particulate  mitigation.  A  particle- sampling  probe 
was  placed  at  the  exit  of  the  convergent  exhaust  noz¬ 
zle  to  extract  and  transport  the  sample  to  the  particu¬ 
lates  instrumentation  for  measuring  the  number  den¬ 
sity,  mass,  and  size  distribution  of  soot  compounds 
simultaneously  with  the  CARS  temperature  and  con¬ 
centration  data. 

In  Fig.  la  flow  is  from  left  to  right,  and  the  injector 
swirl  cup  can  be  seen  in  the  back  wall  of  the  combus¬ 
tor.  Chemiluminescence  from  CH  (light  blue)  appears 
near  the  cup,  along  with  soot  luminescence  (light  red). 
The  dual-pump  CARS  measurement  volume,  defined 
by  the  focal  point  and  laser-beam  crossing  location, 
was  placed  at  the  center  of  the  exhaust-nozzle  exit 
plane,  just  upstream  of  the  particle- sampling  probe. 
At  higher  equivalence  ratios  (>0.7),  thermal  loading 
from  flame  radiation  becomes  significant,  and  it  is 
necessary  to  thermally  isolate  the  CARS  optics  and 
detection  system.  Failure  to  do  so  results  in  progres¬ 
sive  deterioration  of  the  CARS  signal-to-noise  ratio. 


After  final  beam- alignment  procedures  and  thermal 
isolation,  dual-pump  CARS  data  were  typically  col¬ 
lected  for  several  hours  with  minimal  adjustments  to 
the  optical  system. 

2.2.  Dual-pump  CARS  system 

The  experimental  schematic  and  energy-level  di¬ 
agrams  of  the  dual-pump  CARS  system  for  the  si¬ 
multaneous  detection  of  N2  and  CO2  molecules  are 
shown  in  Figs.  2a  and  2b,  respectively.  An  injection- 
seeded  Nd:YAG  laser  (Spectra  Physics  Pro  290)  is 
used  to  pump  a  narrowband  dye  laser  and  a  broadband 
dye  laser  while  also  providing  a  532-nm  CARS  pump 
beam.  The  repetition  rate  of  the  Nd:YAG  laser  is 
10  Hz  with  a  pulse  width  (FWHM)  of  approximately 
10  ns.  The  frequency  spectrum  is  single-longitudinal- 
mode  due  to  injection  seeding,  and  the  linewidth 
(FWHM)  of  the  532-nm  output  is  0.001  cm-1.  The 
frequency  spectrum  of  the  broadband  dye  laser  that 
serves  as  the  Stokes  beam  for  each  of  the  generated 
CARS  signals  is  centered  at  approximately  608  nm 
with  an  approximate  bandwidth  of  200  cm-1.  The 
narrowband  dye  laser  provides  laser  radiation  at  ap¬ 
proximately  560  nm.  The  bandwidth  of  the  narrow- 
band  dye  laser  beam  is  ~0.06  cm-1.  The  combi¬ 
nation  of  the  532-nm  pump  beam  with  the  607-nm 
Stokes  beam  produces  rovibrational  N2  Raman  po¬ 
larization  that  coherently  scatters  the  560-nm  pump 
beam,  yielding  an  N2  CARS  signal  near  496  nm. 
At  the  same  time,  the  560-nm  pump  beam  and  the 
607-nm  Stokes  beam  produce  CO2  Raman  polariza¬ 
tion  that  scatters  the  532-nm  pump  beam,  yielding  a 
CO2  CARS  signal  that  also  appears  near  496  nm.  The 
narrowband  dye  laser  is  tuned  slightly  to  spectrally 
separate  the  N2  and  CO2  CARS  signals.  The  energy 
in  each  pump  beam  at  the  CARS  probe  volume  is 
approximately  25  mJ,  and  the  energy  in  the  Stokes 
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Fig.  2.  (a)  Schematic  diagram  of  the  dual-pump  CARS  system  for  the  simultaneous  measurement  of  temperature  and  the  concen¬ 
trations  of  N2  and  CO2  at  the  exhaust  stream  of  a  liquid-fueled  combustor,  (b)  Energy-level  diagram  for  the  N2-CO2  dual-pump 
CARS  system. 


Fig.  3.  Typical  nonresonant  spectrum  for  the  CARS  setup. 
The  spectrum  was  acquired  by  placing  the  CARS  probe  vol¬ 
ume  within  an  open  argon  flow  tube.  The  spectrum  shown 
above  was  averaged  over  200  laser  shots. 

beam  is  approximately  15  mJ.  The  pump  and  Stokes 
beams  are  arranged  in  a  folded  BOXCARS  geom¬ 
etry.  The  laser  beams  are  focused  and  recollimated 
using  500-mm  focal-length  lenses.  The  estimated  spa¬ 
tial  resolution  of  the  measurements  is  ~30  pm  normal 
to  the  beam  direction  and  ~1.5  mm  in  the  phase¬ 
matching  direction. 

The  CARS  signals  are  dispersed  by  a  1.0-m 
spectrometer  (SPEX  1000M)  equipped  with  a  2400- 
groove/mm  grating.  An  Andor  back-illuminated,  un¬ 
intensified  CCD  camera  (Model  DU  440BU)  with  a 
(2000  x  512)-pixel  array  is  used  to  acquire  the  CARS 
signals.  The  spectral  dispersion  of  the  CARS  sig¬ 
nals  is  0.17  cm-1/pixel>  and  the  resolution  of  the 
CARS  detection  system  is  approximately  0.54  cm-1. 


Fig.  4.  Single-shot  N2-CO2  dual-pump  CARS  spectrum  ac¬ 
quired  in  the  exhaust  stream  of  a  JP-8-fueled  combustor  for 
an  equivalence  ratio  of  0.6.  The  solid  line  represents  the 
experimental  spectrum,  and  the  dotted  line  represents  the 
theoretical  spectrum  calculated  using  the  Sandia  CARSFT 
code. 

The  resolution  of  the  CARS  system  was  evaluated  by 
fitting  the  experimental  CARS  spectrum  from  room 
air  with  that  of  a  theoretical  one  using  the  Sandia 
CARSFT  code  [26]. 

The  CARS  spectra  are  normalized  using  a  nonres¬ 
onant  spectrum  to  account  for  the  effects  of  spectral 
variations  in  dye  power  [1].  The  nonresonant  spec¬ 
trum  is  recorded  by  placing  the  beam-overlap  region 
within  an  open  argon  flow  tube.  A  typical  nonreso¬ 
nant  spectrum  for  the  current  setup  is  shown  in  Fig.  3. 
The  dye-laser  spectrum  is  very  stable  over  the  course 
of  the  experiment;  the  nonresonant  spectra  acquired 
on  different  days  are  essentially  identical. 
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Fig.  5.  N2-CO2  dual-pump  CARS  spectra  for  three  jet  fuels  for  an  equivalence  ratio  of  0.7.  Each  spectrum  was  averaged  over 
100  laser  shots. 


3.  Results  and  discussion 

Temperature  and  CO2  concentration  measure¬ 
ments  were  performed  in  the  exhaust  stream  of  the 
swirl- stabilized  liquid-fueled  combustor  (see  Fig.  1) 
over  a  wide  range  of  equivalence  ratios  for  the  three 
jet  fuels  using  N2-CO2  dual-pump  CARS  spec¬ 
troscopy.  This  CARS  system  exhibited  excellent  ac¬ 
curacy,  as  determined  from  temperature  and  CO2  con¬ 
centration  measurements  in  a  calibrated  flame  [18]. 
The  calibrated  flame  was  a  laminar,  premixed  near- 
adiabatic  hydrogen-air  flame  seeded  with  CO2  and 
stabilized  on  a  Hencken  burner.  Measurements  were 
performed  at  atmospheric  pressure.  The  standard  de¬ 
viations  of  the  measured  single- shot  temperatures  and 
CO2  concentrations  in  the  calibrated  flame  were  2.3 
and  6%  of  the  mean  values,  respectively,  for  a  wide 
range  of  equivalence  ratios  [18].  Measurements  in  the 
liquid- fueled  combustor  were  performed  immediately 


after  measurements  in  the  calibrated  flame  without 
altering  the  CARS  system.  The  day-to-day  repeata¬ 
bility  of  the  dual-pump  CARS  system  for  the  same 
combustor-flow  conditions  was  found  to  be  approxi¬ 
mately  ±1%  for  measured  temperatures  and  ±2%  for 
measured  CO2  concentrations. 

The  jet  fuels  used  for  this  experiment  were  JP-8, 
JP-8X45,  and  semisynthetic  fuel.  The  semisynthetic 
fuel  consists  of  50%  JET-A  and  50%  coal-derived 
compounds.  JP-8X45  is  a  high-energy-density  fuel 
that  is  high  in  aromatics  and  cycloparaffins.  JP-8  is 
standard  military  jet  fuel,  which  consists  of  com¬ 
mercial  JET-A  fuel  with  additives.  The  carbon- to- 
hydrogen  ratios  for  JP-8,  JP-8X45,  and  semisynthetic 
fuels  are  0.52,  0.6,  and  0.5,  respectively.  The  aromatic 
content  of  the  JP-8,  JP-8X45,  and  semisynthetic  fuels 
is  15.9, 40.8,  and  10.0%,  respectively,  measured  using 
a  standard  ASTM  D3343-95  method  (Annual  Book  of 
ASTM  Standards,  Vol.  05.02,  Sect.  5,  1998). 
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Fig.  6.  Probability  density  functions  (PDFs)  of  temperature  determined  from  single-shot  N2-CO2  dual-pump  CARS  spectra  in 
the  exhaust  stream  of  the  combustor  for  three  jet  fuels  for  an  equivalence  ratio  of  0.7. 


The  objectives  of  this  study  were  to  perform 
single- shot  temperature  and  CO2  concentration  mea¬ 
surements  at  high  equivalence  ratios  under  sooting 
conditions.  Previous  single- shot  temperature  and  CO2 
concentration  measurements  using  dual-pump  CARS 
in  the  exhaust  stream  of  this  combustor  were  lim¬ 
ited  to  an  equivalence  ratio  of  0.45  [17].  Based  on 
the  current  work,  it  is  concluded  that  this  limitation 
was  primarily  due  to  misalignment  of  the  CARS  sys¬ 
tem  at  high  equivalence  ratios  due  to  increased  heat 
loading.  This  misalignment  decreased  CARS  signal 
levels,  significantly  reducing  the  signal-to-noise  ratio. 
In  addition  to  the  work  of  Lucht  et  al.  [17],  conven¬ 
tional  coherent  anti-Stokes  Raman  scattering  of  N2 
has  previously  been  used  to  measure  single- shot  tem¬ 
peratures  in  the  reaction  zone  of  a  JP-8-fueled  com¬ 
bustor  under  lean  conditions  [2].  The  success  of  the 


current  measurements  under  stoichiometric  and  even 
rich  conditions  was  achieved  by  using  high-quality 
optical  mounts  and  by  minimizing  heat  loading  of 
the  optical  system.  Use  of  ultra-high-resolution  mir¬ 
ror  mounts  (Newport  Model  610)  for  all  of  the  CARS 
beams  helped  to  increase  the  signal-to-noise  ratio 
of  the  N2-CO2  dual-pump  CARS  signal  by  at  least 
one  order  of  magnitude.  Heat  loading  to  the  optics 
and  mounts  was  minimized  significantly  by  careful 
heat  shielding  and  also  by  use  of  cooling  fans  at 
strategic  locations.  In  addition  to  thermal  isolation 
of  the  CARS  system,  increased  spatial  filtering  of  the 
CARS  signal  beam  was  necessary  to  reduce  contri¬ 
butions  from  luminous  combustion  products  at  high 
equivalence  ratios.  Following  these  procedures,  it 
was  found  after  combustor  shut-down  that  the  room- 
temperature  dual-pump  CARS  signal  was  reduced  by 
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Fig.  7.  Probability  density  functions  (PDFs)  of  temperature  determined  from  single-shot  N2-CO2  dual-pump  CARS  spectra 
acquired  at  the  exhaust  of  the  JP-8-fueled  combustor  for  three  equivalence  ratios. 


only  20%  after  approximately  7  h  of  combustor  oper¬ 
ation. 

A  typical  single-shot  dual-pump  N2-CO2  CARS 
spectrum  acquired  in  the  exhaust  stream  of  the  JP- 
8 -fueled  combustor  for  an  equivalence  ratio  of  0.6  is 
shown  in  Fig.  4.  The  solid  line  represents  the  exper¬ 
imental  CARS  signal,  and  the  dotted  line  represents 
the  theoretical  CARS  spectrum  calculated  using  the 
Sandia  CARSFT  code  [26].  The  temperature  and  rel¬ 
ative  CO2  concentration  were  evaluated  by  compar¬ 
ing  the  experimental  spectrum  with  a  theoretical  one. 
Fig.  5  shows  the  N2-CO2  CARS  spectra  for  the  three 
jet  fuels  for  an  equivalence  ratio  of  0.7.  Each  spec¬ 
trum  was  averaged  over  100  laser  shots.  As  is  evident 
from  Fig.  5,  JP-8X45  produces  the  highest  temper¬ 
ature,  likely  due  to  the  fuel’s  high  aromatic/carbon 
content.  Semisynthetic  fuel,  which  consists  of  50% 


coal-derived  compounds  and  50%  JP-8  fuel,  is  the 
least  sooting  among  the  three  (due  to  its  lower  aro¬ 
matic  content)  and  displays  the  lowest  temperature. 
Temperatures  were  obtained  by  fitting  only  the  N2 
part  of  the  spectrum.  Probability  density  functions 
(PDFs)  of  the  single- shot  temperature  measurements 
for  the  three  jet  fuels  are  shown  in  Fig.  6.  The  over¬ 
all  equivalence  ratio  for  these  measurements  was  0.7. 
The  standard  deviations  of  these  temperature  mea¬ 
surements  were  within  3-4%  of  the  mean  values. 

PDFs  of  temperature  and  CO2  and  N2  concentra¬ 
tion  ratios  for  the  JP-8-fueled  combustor  derived  from 
single- shot  data  for  three  equivalence  ratios  are  shown 
in  Figs.  7  and  8,  respectively.  CO2  concentrations 
are  presented  with  respect  to  the  N2  concentrations. 
In  CARS,  in  order  to  determine  the  exact  concentra¬ 
tions  of  the  interested  species  one  has  to  know  the 
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Fig.  8.  Probability-density  functions  (PDFs)  of  the  ratio  of  CO2  and  N2  concentrations  determined  from  single-shot  N2-CO2 
dual-pump  CARS  spectra  acquired  at  the  exhaust  of  the  JP-8-fueled  combustor  for  three  equivalence  ratios. 


nonresonant  susceptibility  of  the  medium,  which  is 
possible  only  if  most  of  the  major  combustion  prod¬ 
ucts  are  known.  In  practical  liquid-fueled  combustor, 
it  is  almost  impossible  to  know  the  concentrations  of 
various  hydrocarbons  and  other  species,  all  of  which 
will  contribute  to  the  generation  of  nonresonant  sig¬ 
nal.  That  is  why  in  dual-pump  CARS  the  ratio  of  the 
concentrations  of  the  two  major  species  is  shown,  as 
both  species  concentrations  are  determined  with  re¬ 
spect  to  the  same  nonresonant  background.  One  also 
can  get  an  approximate  idea  about  the  mole  fraction 
of  the  second  species  if  the  nitrogen  concentration  is 
assumed.  In  Ref.  [17],  the  authors  assumed  the  ni¬ 
trogen  concentration  to  be  74%  and  calculated  the 
CO2  mole  fraction  from  the  evaluated  ratio  of  CO2 
and  N2  concentrations.  The  liquid-fueled  combustor 


data  shown  in  Ref.  [17]  were  limited  to  very  low 
equivalence  ratios  for  which  this  assumption  might  be 
reasonable.  The  results  of  near- stoichiometric  equiv¬ 
alence  ratios  presented  here  are  significantly  higher 
than  the  equivalence  ratios  of  any  previous  measure¬ 
ments  performed  in  this  combustor,  single- shot  or 
time-averaged  [2,17].  These  figures  show  that  the 
current  setup  can  also  be  used  to  acquire  flow-field 
statistics  at  high  equivalence  ratios  under  unsteady 
sooting  conditions.  The  standard  deviations  for  the 
measured  temperatures  and  CO2  and  N2  concentra¬ 
tion  ratios  as  determined  from  single- shot,  dual-pump 
N2-CO2  CARS  spectra  are  approximately  3-4  and 
9-20%  of  the  mean  values,  respectively.  These  stan¬ 
dard  deviations  are  larger  than  those  measured  in  the 
calibration  flame  (2.3  and  6%,  respectively)  due  in 
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Fig.  9.  Correlations  of  temperature  and  CO2  and  N2  concentration  ratios  for  the  single- shot  CARS  data  for  three  equivalence 
ratios  in  the  exhaust  stream  of  the  JP-8-fueled  combustor. 


part  to  reduced  signal-to-noise  ratios,  as  well  as  to 
increased  unsteadiness  and  spatial  variations  in  the 
swirl- stabilized  combustor.  The  increase  in  combus¬ 
tor  unsteadiness  is  verified  in  Fig.  9,  which  shows 
correlation  diagrams  for  the  measured  CO2  concen¬ 
trations  and  gas-phase  temperatures  determined  from 
the  single-shot,  dual-pump  N2-CO2  spectra  for  three 
equivalence  ratios.  A  least-squares  fit  through  the  data 
points  shows  a  correlated  increase  in  CO2  concen¬ 
tration  with  temperature,  indicating  that  temperature 
fluctuations  are  accompanied  by  shot- to- shot  fluctua¬ 
tions  in  equivalence  ratio. 

The  temperature  and  the  ratio  of  CO2  and  N2 
concentration  measurements  for  all  three  fuels  are 
summarized  in  Figs.  10a  and  10b,  respectively.  The 
increase  in  the  standard  deviation  of  the  CO2  mole 
fraction  with  equivalence  ratio  could  be  attributed  to 
combustor  unsteadiness  or  CARS  system  uncertainty, 


as  discussed  above.  As  discussed  before,  the  CARS 
system  has  an  inherent  temperature  uncertainty  of 
~2%  determined  from  the  measurements  in  a  cali¬ 
brated  flame.  The  rest  of  the  uncertainty  in  temper¬ 
ature  measurements  will  be  due  to  the  combustor  un¬ 
steadiness.  Both  the  temperature  and  the  CO2  concen¬ 
tration  increase  monotonically  with  equivalence  ratio 
(0)  before  reaching  a  maximum  near  an  equivalence 
ratio  of  1.0,  as  expected.  The  temperature  and  the 
CO2  concentration  begin  to  decrease  beyond  0  =  1.0. 
Based  on  C/H  ratio,  CO2  concentrations  for  JP-8X 
should  be  higher  than  JP-8  or  the  semisynthetic  fuel, 
as  confirmed  in  Fig.  10b,  while  the  semisynthetic  fuel 
should  be  slightly  lower  than  JP-8,  contrary  to  the 
results  shown  in  Fig.  10b.  The  CO2  concentrations 
were  evaluated  by  fitting  the  experimental  N2-CO2 
dual-pump  spectra  to  theoretical  spectra.  The  fitting 
results  depend  on  the  quality  of  the  acquired  spectra. 
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Fig.  10.  (a)  Temperature  profiles  and  (b)  ratio  of  CO2  and  N2  concentration  profiles  in  the  exhaust  stream  of  a  liquid-fueled, 
swirl-stabilized  combustor  for  different  jet  fuels.  The  uncertainties  were  calculated  based  on  the  analysis  of  single-shot,  N2-CO2 
dual-pump  CARS  spectra. 
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Fig.  11.  Comparison  of  the  experimental  results  with  the  equilibrium  calculations  for  JP-8  fuel  (a)  temperature  profiles  and 
(b)  ratios  of  CO2  and  N2  concentration  profiles. 


The  baselines  of  the  spectra  acquired  for  the  semisyn¬ 
thetic  fuel  were  very  noisy  due  to  strong  background 
scattered  light.  Because  of  the  limited  stock  of  the 
semisynthetic  fuel,  we  did  not  get  a  chance  to  repeat 
the  experiments  with  this  fuel.  However,  we  were  able 
to  reduce  the  background  scattered  light  and  the  flame 
luminosity  at  high  equivalence  ratios  significantly  by 
placing  apertures  at  strategic  locations  during  the  ex¬ 
periments  with  JP-8  fuel.  Due  to  this  added  spatial 
filtering,  the  quality  of  the  spectra  acquired  for  the 
JP-8  fuel  is  excellent. 

A  comparison  with  theoretical  JP-8  temperature 
and  CO2/N2  data  from  an  equilibrium  combustion 
code  [27]  is  shown  in  Figs.  11a  and  lib,  respectively. 


The  molecular  formula  of  JP-8  fuel  is  C10.9H20.9  and 
the  heat  of  formation  is  —2.48  x  105  kJ/K  (private 
communication,  T.  Edwards,  U.S.  Air  Force  Research 
Laboratory,  Wright-Patterson  Air  Force  Base,  2001). 
The  measured  temperatures  are  lower  than  the  adia¬ 
batic  flame  temperatures  by  21%  during  lean  combus¬ 
tor  operation  and  by  28%  under  the  richest  conditions 
(0  =  1.1).  The  increase  in  this  discrepancy  at  higher 
equivalence  ratios  is  expected,  due  to  increased  heat 
losses  at  higher  temperatures  via  heat  conduction  and 
soot  radiation.  The  unsteadiness  of  the  flame  and  the 
spatial  averaging  during  the  measurements  also  con¬ 
tribute  to  the  discrepancy  between  the  measured  and 
the  calculated  temperatures  shown  in  Fig.  11a.  The 
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Table  1 

Summary  of  the  additive  study  results  with  JP-8  fuel  at  two  different  equivalence  ratios 


Additive  cone. 
(mg/L) 

0  =  0.7 

Fuel:  JP-8,  additive:  KLEEN 

0=  1.1 

Fuel:  JP-8,  additive:  KLEEN 

Exhaust  temp. 
(K) 

CO2/N2 

Particle  count 
change (%) 

Exhaust  temp. 
(K) 

CO2/N2 

Particle  count 
change  (%) 

0 

1540  ±49 

0.135  ±0.020 

- 

1699  ±64 

0.144  ±0.025 

- 

7800 

1549  ±51 

0.142  ±0.022 

11.1 

1709  ±62 

0.130  ±0.028 

- 

15,600 

1560  ±48 

0.128  ±0.020 

28.3 

1708  ±72 

0.150  ±0.022 

-19.1 

31,200 

1558  ±51 

0.144  ±0.018 

44.0 

1724  ±70 

0.134  ±0.032 

-31.3 

measured  CO2/N2  concentrations  follow  the  correct 
trend  with  equivalence  ratio,  but  are  about  15%  too 
high  under  lean  conditions.  Under  stoichiometric  to 
rich  conditions,  the  difference  between  measured  and 
theoretical  CO2/N2  concentrations  decreases  to  about 
7-9%.  These  discrepancies  are  mostly  due  to  issues 
related  to  the  spectral  modeling  of  the  CO2  CARS 
spectra  [17,18].  These  modeling  issues  are  the  subject 
of  ongoing  investigation  and  are  beyond  the  scope  of 
the  current  work. 

As  stated  earlier,  the  effects  of  particulate-mitiga¬ 
ting  additives  on  temperature  and  CO2  concentrations 
were  also  studied.  It  was  hypothesized  that  these  ad¬ 
ditives  might  alter  the  flame  temperature  via  soot  re¬ 
duction  or  changes  in  flame  chemistry.  The  additive 
used  with  JP-8  fuel  is  known  as  “KLEEN.”  The  re¬ 
sults  of  the  additive  study  with  JP-8  fuel  using  dual¬ 
pump  N2-CO2  CARS  are  summarized  in  Table  1. 
The  current  dual-pump  CARS  data  show  no  signifi¬ 
cant  change  in  the  exhaust  temperature  or  CO2  con¬ 
centration  for  various  levels  of  additive  concentra¬ 
tions  with  JP-8  fuel.  These  additives  affect  the  particle 
count  significantly,  but  seem  to  do  so  through  a  mech¬ 
anism  that  does  not  alter  the  final  state  of  the  com¬ 
bustion  products  (i.e.,  temperature  and  CO2).  This 
implies  that  other  parameters,  such  as  combustion  ef¬ 
ficiency  and  CO  emissions,  might  also  remain  rela¬ 
tively  unchanged  with  additive  concentration.  A  more 
careful  study  in  the  primary  flame  zone  where  soot 
production  takes  place  is  necessary  for  more  defini¬ 
tive  conclusions  regarding  the  effects  of  additives  on 
flame  chemistry,  and  is  the  subject  of  ongoing  inves¬ 
tigation.  These  measurements  show  that  the  precision 
of  the  current  CARS  system  is  ideally  suited  for  fuel 
and  additive  studies  in  the  exhaust  stream  (as  in  the 
current  work)  or  in  the  primary  flame  zone  (for  future 
work). 


4.  Conclusions 

Single- shot  temperature  and  CO2  concentration 
measurements  were  performed  in  the  exhaust  stream 


of  a  swirl- stabilized,  liquid-fueled  combustor  using 
dual-pump  N2-CO2  CARS  spectroscopy.  Experi¬ 
ments  were  performed  with  three  different  jet  fuels 
for  equivalence  ratios  ranging  from  0.4  to  1.1  under 
low  to  high  sooting  conditions.  Dual-pump  CARS  al¬ 
lows  the  measurement  of  temperature,  along  with  the 
concentration  of  a  second  species  (in  the  present  case, 
CO2)  with  respect  to  the  N2  concentration.  The  stan¬ 
dard  deviations  of  the  measured  temperature  and  CO2 
mole  fraction  as  determined  from  single- shot,  dual¬ 
pump  N2-CO2  CARS  spectra  are  approximately  3-4 
and  9-20%  of  the  mean  values,  respectively,  for  a 
wide  range  of  equivalence  ratios.  The  wide  variation 
in  the  single- shot  CO2  concentration  is  due,  in  part, 
to  the  variation  in  temperature,  as  shown  in  Fig.  9. 
For  a  fixed  equivalence  ratio,  the  CO2  mole  fraction 
clearly  shows  an  upward  trend  with  temperature,  as 
expected.  Both  the  temperature  and  the  CO2  concen¬ 
tration  increase  with  equivalence  ratio  and  reach  a 
maximum  value  near  an  equivalence  ratio  of  1.0  be¬ 
fore  beginning  to  decrease  because  of  excess  fuel. 
Measurements  of  temperature  and  CO2  concentra¬ 
tion  for  a  variety  of  particulate-mitigating  additives 
show  no  significant  changes  within  the  experimen¬ 
tal  error  of  the  current  CARS  system.  The  dual-pump 
approach  will  allow  us  to  pursue  future  CARS  mea¬ 
surements  in  the  reaction  zone  of  the  combustor  under 
sooting  conditions  along  with  laser-induced  incan¬ 
descence  (LII)  and  planar  laser-induced  fluorescence 
(PLIF)  measurements  to  quantify  soot  formation  and 
to  study  unsteady  flame  characteristics. 
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Abstract 

A  measurement  system  that  combines  several  laser-based  imaging  techniques  is  developed  for  characterizing  the 
instantaneous  flame  structure  and  soot-formation  mechanisms  in  an  atmospheric-pressure,  swirl-stabilized,  liquid- 
fueled,  model  gas-turbine  combustor.  Planar  laser-induced  incandescence  (LII)  is  used  to  map  the  soot  volume 
fraction  and  planar  laser- induced  fluorescence  (PLIF)  of  the  hydroxyl  radical  (OH)  is  used  to  image  the  flame  zone. 
Mie  scattering,  which  appears  as  an  interference  in  the  OH  PLIF  signal,  is  used  to  a  limited  extent  as  a  spray 
diagnostic.  Optimal  excitation  and  detection  parameters  to  enable  the  simultaneous  use  of  these  techniques  in 
turbulent  spray  flames  are  discussed,  along  with  analyses  of  potential  sources  of  error.  The  data  indicate  that  the 
flame  in  the  near  field  of  the  swirl-stabilized  injector  is  highly  perturbed  by  large-scale  structures  and  that  fluid- 
flame  interactions  have  a  significant  impact  on  soot  formation.  Rich  pockets  of  fuel  and  air  along  the  interface 
between  the  spray  flame  and  recirculation  zone  serve  as  locations  for  soot  inception,  as  shown  below  (left).  The 
effect  of  local  equivalence  ratio  is  determined  from  qualitative  analysis  of  the  OH-PLIF  data  and  comparison  with 
equilibrium  calculations  in  the  recirculation  region.  Spatially  averaged  LII  measurements  demonstrate  that  soot 
volume  fraction  in  the  primary  flame  zone  increases  exponentially  with  equivalence  ratio.  This  is  illustrated  in  the 
semi-log  plot  shown  below  (right)  for  two  different  jet  fuels.  Preliminary  results  suggest  that  soot  formation  in  the 
primary  zone  is  strongly  dependent  on  fuel  aromatic  content. 


Simultaneous  OH-PLIF  (left  half)  and  laser-induced 
incandescence  (full  image)  at  overall  equivalence  ratio  of 
1.0  for  JP-8-fueled,  swirl-stabilized  spray  flame. 


Comparison  of  relative  soot-volume 
fraction  as  a  function  of  equivalence  ratio 
for  two  different  jet  fuels. 
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1.  Introduction 


Swirl-stabilized,  liquid-spray  injectors  are  commonly  used  in  gas-turbine  engines  to  achieve  compact,  stable,  and 
efficient  combustion.  The  flowfield  in  the  primary  zone  of  such  a  spray  flame  is  characterized  by  high  shear  stresses 
and  turbulent  intensities  that  result  in  vortex  breakdown  and  large-scale  unsteady  motions.1,2  These  unsteady 
motions  are  known  to  play  a  key  role  in  the  formation  of  pollutant  emissions  such  as  carbon  monoxide  (CO),  nitric 
oxide  (NO),  and  unburned  hydrocarbons  (UHC).3"5  Considerably  less  is  known,  however,  about  the  mechanisms  that 
lead  to  soot  formation  in  swirl-stabilized,  liquid- fueled  combustors.  Previous  investigations  have  relied  on  exhaust- 
gas  measurements  and  parametric  studies  to  gain  insight  into  the  effects  of  various  input  conditions  on  soot 
loading.6"10  Much  of  the  fundamental  knowledge  concerning  soot  formation  is  derived  from  investigations  of 
laminar  diffusion  flames,11’12  with  only  a  limited  number  of  studies  having  focused  on  unsteady  effects.13,14  The 
importance  of  considering  unsteadiness  and  fluid-flame  interactions  was  demonstrated  by  Shaddix  et  al.,14  who 
found  that  a  forced  methane/air  diffusion  flame  produced  a  four-fold  increase  in  soot  volume  fraction  (as  a  result  of 
increased  particle  size)  as  compared  with  a  steady  flame  having  the  same  mean  fuel-flow  velocity. 

The  goal  of  the  current  investigation  is  to  study  soot  formation  in  the  highly  dynamic  environment  of  a  swirl- 
stabilized,  liquid-fueled  combustor.  This  is  accomplished  using  simultaneous  imaging  of  the  soot  volume  fraction, 
hydroxyl-radical  (OH)  distribution,  and  droplet  pattern  in  the  primary  reaction  zone  using  laser-induced 
incandescence  (LII),  OH  planar  laser-induced  fluorescence  (PLIF),  and  droplet  Mie  scattering,  respectively.  The 
utility  of  LII  for  two-dimensional  imaging  of  soot  volume  fraction  has  been  demonstrated  in  laboratory 
investigations15,16  as  well  as  in  aircraft-engine  exhausts.9,10  Brown  et  al.17  performed  planar  LII  for  soot- volume- 
fraction  imaging  in  the  reaction  zone  of  a  gas-turbine  combustor;  their  preliminary  measurements  employed  LII 
alone  for  demonstration  purposes  and  did  not  image  the  turbulent  flame  structure  near  the  exit  of  the  swirl  cup.  In 
the  current  work,  we  extend  the  work  of  Brown  et  al.17  by  performing  LII  at  the  exit  of  the  swirl  cup  and  by  adding 
OH-PLIF  and  Mie  scattering  diagnostics. 

The  use  of  OH  as  a  flame  marker  is  typical  in  studies  of  soot  formation  in  diffusion  flames  because  of  its  close 
correlation  with  flame  temperature.18,19  It  has  also  been  employed  in  a  number  of  investigations  of  swirl- stabilized 
combustors.  ’  The  use  of  laser-saturated  OH  LIF  for  quantitative  measurements  has  also  been  demonstrated,  ’ 
although  saturation  is  quite  difficult  in  the  case  of  planar  measurements.  In  the  current  investigation,  we  demonstrate 
qualitative  measurements  in  the  recirculation  region  using  excitation  levels  well  below  saturation.  OH-PLIF 
measurements  in  the  liquid-spray  region  are  more  uncertain  because  of  simultaneous  droplet  scattering  and  non¬ 
equilibrium  conditions,  although  meaningful  measurements  are  possible  with  careful  consideration  of  potential 
errors. 

The  performance  and  accuracy  of  the  planar  LII,  OH-PLIF,  and  Mie  scattering  systems  are  characterized  in  the 
current  work  and  described  below.  The  combined  use  of  LII,  OH  PLIF,  and  droplet  Mie  scattering  is  then  shown  to 
provide  insight  into  the  unsteady  physical  processes  that  govern  soot  formation  in  gas  turbine  engines.  OH  PLIF  is 
employed  to  track  local  equivalence  ratio  and  the  effects  of  flame  chemistry.  Finally,  the  current  measurement 
system  is  demonstrated  to  be  useful  in  assessing  the  performance  soot-mitigating  additives. 


2.  Experimental  Setup 

2.1  Swirl-Stabilized  Combustor 

The  near-field  structure  of  swirl-stabilized  flames  is  determined  by  the  characteristics  of  the  fuel  injector  and  the 
geometry  of  the  surrounding  flame  tube.  As  shown  in  Fig.  1,  the  swirl-cup,  liquid- fuel  injector  used  in  the  current 
study  employs  pressure  atomization  and  dual-radial,  counter-swirling-air  co-flows  to  entrain  the  fuel,  promote 
droplet  break-up,  and  enhance  mixing.  The  4.3-cm-exit-diameter  swirl  cup  is  installed  at  the  entrance  of  a  15.25-cm 
x  15.25-cm  square-cross-section  flame  tube,  as  shown  in  Fig.  2.  After  exiting  the  primary  flame  zone,  the 
combustion  products  are  allowed  to  mix  thoroughly  along  the  48-cm  long  flame  tube  before  entering  a  43-cm-long, 
5.7-cm-exit-diameter  exhaust  nozzle  that  is  designed  to  create  uniform  exhaust-gas-temperature  and  concentration 
profiles. 
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The  combustor  shown  in  Fig.  2  is  used  in  the  Atmospheric-Pressure 
Combustor-Research  Complex  of  the  Air  Force  Research  Laboratory’s 
Propulsion  Directorate  to  study  the  performance  characteristics  of  model 
gas-turbine-engine  fuels  and  fuel  additives.  An  overview  of  the  facility 
is  available  in  the  literature,25  although  certain  aspects  relevant  to  the 
current  work  are  described  here  for  reference.  Changes  in  overall 
equivalence  ratio  from  4>  =  0.5  to  1.15  are  achieved  in  the  current  study 
by  varying  the  pressure  drop  across  the  fuel-spray  nozzle  from  about  1.5 
to  10  atm,  which  results  in  fuel  mass-flow  rates  of  1.0  to  2.2  g/s, 
respectively.  The  fuel  flow  rate  is  measured  using  a  Max  Machinery 
positive-displacement  flow  meter  with  ±0.5%  full-scale  accuracy.  The 
air-flow  system  consists  of  three  Sierra  5600  SLPM  mass-flow 
controllers  with  ±1%  full-scale  accuracy.  The  inlet  air  is  heated  to  450  K 
with  a  constant  flow  rate  of  -0.028  kg/s.  The  air-pressure  drop  across 
the  combustor  dome  is  -4.8  to  5.2%  of  the  main  supply.  Most  of  the  air 
flow  enters  the  combustor  through  the  swirl-cup  injector,  but  a  small 
percentage  enters  through  aspiration  holes  along  the  aft  wall.  No  liner 
air  jets  are  used  in  the  secondary  zone;  therefore,  the  fuel-air  ratio  depends  almost  entirely  on  the  flow  rates  through 
the  injector  cup. 

The  combustor  is  optically  accessible  via  75 -mm- wide  quartz  windows  along  the  top  and  sides  for  in-situ ,  laser- 
based  diagnostics.  In  addition,  a  sampling  probe  for  measuring  particle  number  density  (counts  per  cubic  centimeter) 
via  a  condensation  nuclei  counter  (CNC)  is  located  at  the  exit  of  the  combustor. 

2.2.  OH-PLIF  System 

A  review  of  PLIF  fundamentals  can  be  found  in  Eckbreth  (1996).26  As  shown  in  the  optical  set-up  in  Fig.  2,  50%  of 
the  laser  energy  from  a  frequency-doubled,  Q-switched  Nd:YAG  laser  (Spectra-Physics  Pro290)  is  used  to  pump  a 
dye  laser  (Sirah  Precision  Scan),  the  output  of  which  is  frequency  doubled  to  obtain  wavelenghts  in  the  (1,0)  band  of 
the  OH  A-X  system.  The  dye  laser  is  tuned  to  the  Qi(9)  transition  at  283.922  nm  (in  air),  which  has  less  than  ±2.5% 
variation  in  the  ground-level  Boltzmann  fraction  from  1600  to  2400  K.  As  shown  in  Fig.  3,  this  range  of 
temperatures  coincides  with  the  equilibrium  conditions  expected  for  JP-8  fuel  at  equivalence  ratios  used  in  this  study 
=  0.5  to  1.1 5). 27  Considering  the  full  range  of  temperatures  from  1100  to  2400  K,  which  are  within  typical  lean 
and  rich  flammability  limits,28  the  Boltzmann  fraction  for  this  transition  varies  by  up  to  ±12.5%. 

The  maximum  laser  energy  available  for  OH  PLIF  is  24  mJ.  A  1. 5 -m- focal-length  spherical  plano-convex  lens  and  a 
-75-mm-focal-length  plano-concave  lens  are  used  to  form  a  laser  sheet  that  enters  the  combustor  through  the  top 
window.  The  laser- sheet  thickness  is  330  pm  at  full-thickness-half-max  (FTHM)  as  measured  by  translating  a  knife 
edge  across  the  beam. 

A  7-cm,  top-hat-like 
sheet-width  profile  that 
transitions  to  zero  laser 
energy  within  about  1 
mm  is  obtained  by 
clipping  the  wings  of 
the  laser  sheet  at  the 
last  turning  mirror 
above  the  combustor. 

The  sheet  is  slowly 
expanding  with  a  3° 
full-angle  divergence. 

Fluorescence  is  col¬ 
lected  from  about  306 
to  320  nm  via  the  (1,1) 


Fig.  2.  Optical  set  up  for  simultaneous  OH  PLIF  and  LII. 


Fig.  1.  Center-mounted  swirl  injector 
with  dual-air  counterswirlers. 
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and  (0,0)  bands  of  OH  using  an  intensified  charge-coupled-device  (ICCD)  camera  (Princeton  Instruments  PI-MAX 
SB)  oriented  slightly  off-normal  to  the  sheet.  Two  1-mm  WG295  Schott  Glass  filters  are  used  in  front  of  the  camera 
lens  to  reduce  scattering  from  droplets  at  283.922  nm.  A  UG11  filter  nearly  eliminates  flame  emission,  scattering 
from  the  LII  laser  at  532  nm,  and  fluorescence  from  polycyclic  aromatic  hydrocarbons  (PAH’s).  A  105-mm-focal- 
length  f/4.5  UV  lens  is  used  to  collect  the  OH  fluorescence.  An  intensifier  gate  width  of  20  ns  is  used  to  capture  the 
OH  signal.  Images  are  typically  collected  with  2x2  binning  (512x512)  to  obtain  adequate  resolution  and  framing 
rate.  The  pixel  viewing  area  in  each  2x2  superpixel  is  200x200  jum2.  Table  1  summarizes  the  OH-PLIF  optical 
parameters. 

Based  on  the  dimensions  of  the  OH-PLIF  laser  sheet  and  total  available  laser  energy  of  24  mJ,  it  is  estimated  that  the 
maximum  laser  irradiance  of  1.36xl07  W/cm2  is  two  to  three  orders  of  magnitude  lower  than  that  required  to 
achieve  90-95%  saturation.22,23  The  OH-PLIF  signal  is,  therefore,  linearly  related  to  laser-energy  variations.  OH- 
PLIF  signal  corrections  (typ.  ±15%)  in  the  axial  direction  are  performed  in  post  processing,  based  on  measurements 
of  the  laser-sheet  profile  after  each  run.  Signal  variation  (typ.  ±3%)  due  to  the  3°  laser-sheet  expansion  in  the  cross¬ 
stream  direction  is  also  corrected  in  post  processing.  Corrections  are  not  made  for  laser-energy  attenuation  due  to 
OH  absorption  and  droplet  scattering;  this  leads  to  signal  uncertainties  of  ±10%  in  the  lower  region  of  each  image. 
The  effect  of  this  error  is  substantially  reduced  in  the  upper  half  of  the  combustor,  where  most  of  the  data  in  this 
study  is  extracted.  Shot- to-shot  fluctuations  in  laser  energy  add  an  estimated  ±5%  uncertainty,  as  determined  from 
data  collected  in  a  laminar  diffusion  flame  with  the  same  OH-PLIF  system. 

For  measurements  with  low  laser  irradiance,  the  effect  of  collisional  quenching  on  fluorescence  efficiency  must  also 
be  considered.  For  a  given  imaging  system  and  laser  irradiance,  the  OH-PLIF  signal,  S0h?  from  each  pixel  volume  is 
proportional  to  the  OH  number  density,  N0h,  and  the  fluorescence  efficiency,  77, 26  as  shown  in  Eqn.  1 . 

$oh  ~  N  oh  V  ~  N0h  —  —  (1) 

^oh  &OH 

The  fluorescence  efficiency  is  proportional  to  the  rate  of  spontaneous  emission,  A0h,  from  molecules  in  the  excited 
state  and  inversely  proportional  to  the  rate  at  which  excited  molecules  are  depleted  via  spontaneous  emission  and 
collisional  quenching,  Q0h-  Collisional  quenching  is  a  function  of  the  temperature-  and  pressure-dependent 
quenching  coefficient  as  well  as  the  number  densities  of  the  quenching  species.29  As  a  result  of  offsetting  effects  in 
the  equilibrium  combustion  products  of  JP-8,  the  collisional  quenching  rate  is  found  to  be  fairly  constant  for 
equivalence  ratios  less  than  unity,  as  shown  in 
Fig.  3.  Under  rich  conditions  the  conversion  of 
CO  to  C02  decreases  substantially,  leading  to  an 
increase  in  collisional  quenching  and  a  decrease  in 
fluorescence  efficiency.  In  regions  where 

equilibrium  assumptions  are  valid,  the  LIF  signal 
can  be  used  along  with  Eqn.  1  and  the  Boltzmann 
distribution  to  determine  the  relative  OH  number 
density;  this  will  be  discussed  further  in  the 
Results  Section.  In  the  liquid-spray  region  where 
lean  and  rich  pockets  co-exist,  qualitative  signal 
interpretation  is  problematic  since  signal 
efficiency  can  vary  by  more  than  ±30%,  according 
to  Fig.  3. 

Mie  scattering  is  obtained  using  the  same  optical 
setup  as  that  for  the  OH-PLIF  system.  It  is  found 
that  optical  filters  and  the  use  of  parallel 
polarization  in  the  detection  scheme  can  reduce 
but  not  altogether  eliminate  droplet  scattering.  It 
is  found  that  two  WG295  color-glass  filters  (CVI 
Laser)  and  parallel-polarization  detection  provide 
optimal  OH-PLIF  sensitivity  while  minimizing 


-Adiabatic  Flame 
Temperature 


-LIFEff.xF 

B 


Equivalence  Ratio 

Fig.  3.  Adiabatic-flame-temperature  calculations 
assuming  equilibrium  combustion  products  along  with 
OH-LIF  efficiency  multiplied  by  the  Boltzmann  fraction 
for  JP-8  fuel  at  various  equivalence  ratios. 
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the  likelihood  of  damaging  the  ICCD  due 
to  intense  levels  of  droplet  scattering. 

When  the  laser  is  tuned  off  the  OH 
absorption  line,  as  shown  in  Fig.  4,  the 
intense,  highly  localized  droplet  scatter 
can  be  distinguished  from  the  large,  more 
uniformly  distributed  OH  layers.  Large 
droplet  clusters  appear  primarily  near  the 
injector  exit,  and  single  droplets  with 
trailing  flames  are  often  observed 
traveling  into  the  recirculation  region. 

The  trailing  flames  of  these  droplets  do 
not  appear  in  the  off-line  images  and, 
therefore,  are  not  attributable  to  scattering 
from  fuel  vapor  or  fluorescence  from 
broadband  sources  such  as  PAH 
compounds.  The  droplet- scattering  signal 
intensity  is  about  one  order  of  magnitude 

higher  than  that  of  the  OH  PLIF,  but  the  signal  occurs  primarily  at  isolated  points.  A  false-color  table  is  selected, 
therefore,  based  on  probability  density  functions  of  OH  PLIF.  The  full  range  of  OH-PLIF  signal  levels  is  assigned 
colors  from  black  to  red,  while  the  Mie  scattering  signals  are  above  this  range  and  appear  in  white. 


fa) 


(b) 


Fig.  4.  Raw  signal  from  (a)  OH  PLIF  and  droplet  Mie  scattering 
while  on  Qi(9)  line  of  (1,0)  band  in  A-X  system  and  (b)  droplet 
Mie  scattering  while  off  the  OH  line.  Overall  (|)  =  0.7. 


2.3.  LII  System 


Some  of  the  first  two-dimensional  visualizations  of  soot  volume  fraction  using  LII  were  performed  by  Santoro  and 
co-workers15  and  by  Vander  Wal  and  Weiland.16  The  effects  of  various  parameters  such  as  laser  fluence,  laser-sheet 
profile,  detection  wavelength,  camera  gate  width,  and  camera  gate  delay  have  been  explored  in  a  number  of  follow¬ 


up  investigations.30"32  A  list  of  reviews  on  the  subject  is  provided  by  Urban 


12 


The  LII  optical  layout  employed  in  the  current  study  is  shown  schematically  in  Fig.  2,  where  50%  of  the  energy 
from  a  frequency-doubled  Nd:YAG  is  formed  into  a  sheet  using  a  2-m  plano-convex  spherical  lens  and  a  -50-mm 
plano-concave  cylindrical  lens.  The  FTHM  of  the  laser  sheet  is  about  700  pm  within  the  measurement  volume,  as 
measured  by  traversing  a  knife  edge  across  the  sheet.  As  is  the  case  for  the  OH-PLIF  laser  sheet,  the  long  2-m-focal- 
length  lens  is  used  to  minimize  variations  in  laser-sheet  thickness  within  the  measured  region.  The  sheet  width  is 
-14  cm,  with  wings  that  are  clipped  prior  to  the  last  turning  mirror  to  generate  a  top-hat-like  profile  that  transitions 
to  zero  laser  energy  within  about  2  mm.  The  sheet  has  a  full  angle  divergence  of  6°  within  the  test  section.  An 
overall  tilt  of  5°  is  used  to  overlap  the  LII  and  PLIF  laser 
sheets.  The  laser- fluence  distribution  varies  by  ±15%  over  the 
first  7  cm  of  the  sheet,  corresponding  to  the  region  where 
PLIF  and  Mie  scattering  are  measured.  Over  the  remaining  7 
cm  of  the  sheet,  the  laser  fluence  decreases  more  quickly  from 
a  peak  of  460  mJ/cm2  to  a  minimum  of  180  mJ/cm2.  To 
reduce  systematic  errors  due  to  laser-sheet-width  intensity 
variations  in  the  downstream  half  of  the  laser  sheet  and  due  to 
laser  extinction  in  the  measurement  volume,  the  LII  system  is 
operated  in  the  saturated  regime.  A  saturation  fluence  near 
200  mJ/cm2,  shown  in  Fig.  5,  agrees  with  previous 
measurements  in  the  literature.30,32  Figure  5  indicates  that  the 
uncertainty  in  the  relative  soot- volume-fraction  measurements 
is  within  ±10%  over  the  full  width  of  the  laser  sheet. 


The  LII  signal  is  detected  using  a  1024x1024  ICCD  camera 
(Princeton  Instruments  PI-MAX  SB-MG)  and  an  f/1.2,  58- 
mm-focal-length  glass  lens.  After  4x4  pixel  binning,  the 
measurement  resolution  is  about  575x575  pm2.  A  500-nm 


Fig.  5.  LII  saturation  curve  from  averaged 
images  in  a  swirl-stabilized  combustor  at 
overall  4>  =  1.1.  Solid  line  is  for  guidance  only. 
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Table  1.  Summary  of  OH-PLIF  optical  parameters  for  optimal  detection  in  the 

primary  flame  zone. 


OH-PLIF  Parameter 

Criteria 

Camera  gate  width 

20  ns 

Minimize  flame 
emission 

Camera  delay 

0  ns 

Maximize  signal 

Excitation 

wavelength 

283.922  nm 

Temperature 

insensitivity 

Detection 

wavelength 

306  -  320  nm 

Minimize  scatter 
and  flame  emission 

Length  of  meas. 
volume 

2.5” 

Visualize  primary 
flame  zone 

Thickness  of  meas. 
volume 

330  pm 

High  resolution  and 
laser  fluence 

Laser  fluence 

30  -  40  mJ/cm2 

Maximize  signal 

Table  2.  Summary  of  LII  optical  parameters  for  optimal  detection  in  the 

primary  flame  zone. 


LII  Parameter 

Criteria 

Camera  gate  width 

50  ns 

Minimize  particle-size 
bias 

Camera  delay 

20  ns 

Minimize  scatter/ 
PAH  fluorescence 

Excitation 

wavelength 

532  nm 

Safety  and  beam 
quality 

Detection 

wavelength 

415  -  500  nm 

Minimize  PAH  and 
wavelength  effects 

Length  of  meas. 
volume 

5” 

Visualize  primary 
flame  zone  &  beyond 

Thickness  of  meas. 
volume 

700  pm 

Adequate  resolution 
and  meas.  volume 

Laser  fluence 

200  -  420  mJ/cm2 

Saturate  signal 
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short-pass  filter  (CVI  Laser)  is  used  for  detection  from  415 
to  500  nm,  which  reduces  contributions  from  nascent  soot 
particles,  OH  fluorescence/chemiluminescence,  and  red- 
shifted  fluorescence  from  PAH  compounds.  The  relatively 
short-lived  PAH  fluorescence  is  also  minimized  by 
employing  a  time-delayed  detection  scheme.  Scattering  from 
the  532-nm  laser  source  is  eliminated  by  using  a  532-nm 
zero-degree  reflective  mirror  with  the  500-nm  short-pass 
filter  and  delayed  detection.  Light  leakage  from  flame 
luminosity  while  the  ICCD  intensifier  is  gated  off  is 
minimized  through  the  use  of  a  25 -ms-gate  Uniblitz  shutter. 

During  post  processing  the  residual  background  signal  from 
flame  luminosity  is  subtracted  from  each  image.  A  color 
scale  is  chosen  with  a  minimum  value  5%  above  the 
background  and  a  maximum  value  at  100%  signal. 

To  optimize  the  timing  of  LII  detection,  data  are  collected 
in  the  swirl-stabilized  flame  for  a  number  of  camera- 
intensifier-gate  delays  and  widths.  A  camera  delay  of  20  ns 
after  the  laser  pulse  is  found  to  reduce  laser  scatter  to  nearly  the  background  level  while  maintaining  LII  signal-to- 
noise  ratios  greater  than  20:1.  The  LII  signal  decays  quickly  within  the  first  200  ns  after  the  laser  pulse,  as  shown  in 
Fig.  6.  The  long  decay  in  signal  after  200  ns  is  dominated  by  larger,  slow-cooling  particles.  With  a  gate  width  of  50 
ns,  errors  due  to  particle-size  effects  are  estimated  to  be  on  the  order  of  5- 10%. 30  Table  2  summarizes  the  optical 
parameters  used  for  LII. 

2.4.  Combined  LIF /LII  System 

The  OH-PLIF  and  LII  cameras  are  synchronized  using  an  external  delay  generator  (Stanford  Research  Systems 
DG535)  driven  by  the  advanced  Q-switch  TTL  output  of  the  Nd:YAG  laser.  The  laser  pulses  are  separated  by  only  a 
few  nanoseconds  to  avoid  fluid  movement  during  LIF  and  LII  detection.  The  precise  camera  delay  required  to 
capture  each  image  is  imposed  using  a  timing  generator  in  each  ICCD  controller.  Because  of  spatial  constraints 
within  the  test  cell,  both  cameras  are  positioned  on  the  same  side  of  the  combustor  at  3.5°  to  normal  to  overlap  the 
two  imaged  regions.  This  angle  is  minimized  by  placing  the  LIF  image  to  the  far  right  of  the  camera  viewing  area 
and  using  a  relatively  large  LII  viewing  area.  Thus,  the  PLIF  image  area  overlaps  the  left  half  of  the  LII  image 
nearest  the  injector  cup.  After  camera  alignment,  registration  images  are  collected  prior  to  each  run  for  use  in  post 
processing.  At  higher  equivalence  ratios  (>0.7),  thermal  loading  from  flame  radiation  is  significant,  and  heat 
shielding  is  employed  to  reduce  misalignment  of  the  LII/LIF  optics.  During  each  run  the  OH-PLIF  and  LII  sheets 
are  checked  periodically  using  burn  paper  and  adjusted  to  ensure  that  the  laser-intensity  distributions  and  positions 
have  not  changed. 
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Delay  After  LII  Excitation  Pulse  (ns) 

Fig.  6.  Power-law  time  dependence  of  LII 
signal  in  swirl-stabilized  combustor  at  §  =  1.1. 


3.  Results  and  Discussion 

3.1.  Instantaneous  Flame  Structure 

The  average  OH  distribution  at  (|)  =  0.5  is  shown  in  Fig.  7(a).  All  images  are  background  subtracted  and  corrected  for 
laser- sheet  intensity  variations  and  laser- sheet  divergence.  A  slight  asymmetry  is  apparent  in  the  upper  and  lower 
halves,  with  the  effects  of  laser  attenuation  being  evident  in  the  lower  half  of  the  image. 

The  intermittency  and  spatial  inhomogeneity  of  the  instantaneous  flame  structure  is  shown  by  the  OH-PLIF  images 
in  Figs.  7(b)  and  7(c).  These  images  indicate  that  the  fuel-preheat  and  reactant-mixing  layers  are  highly  turbulent. 
The  instantaneous  thickness  of  the  OH  layer  varies  significantly  because  of  fluid  entrainment  from  large-scale 
vortex  structures.  These  structures  are  shed  from  the  shear  layer  that  is  anchored  on  the  lip  of  the  outer  air  swirler; 
they  enhance  the  mixing  process,  bring  fresh  reactants  into  the  outer  conical  flame,  and  can  reach  across  the  flame 
layer  and  be  a  source  of  local  flame  extinction  and  intermittency.  The  latter  is  more  prominent  in  Fig.  7(c),  which 
shows  an  instantaneous  OH-PLIF  image  at  4>  =  0.9  with  no  contiguous  flame  in  the  viewing  area.  The  size  of  the 
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Fig.  7.  Post-processed  OH-PLIF  images:  (a)  time-averaged  image  at  overall  §  =  0.5,  (b)  instantaneous 
image  at  overall  (|)  =  0.5,  and  (c)  instantaneous  image  at  overall  (|)  =  0.9.  Horizontal  and  vertical  extent  of 
signal  is  4  to  70  mm  from  injector  exit  and  -39  to  39  mm  from  injector  centerline,  respectively. 


structures  in  Figs.  7(b)  and  7(c)  that  are  generated  during  the  turbulent  cascade  from  large  to  small  scales  ranges 
from  about  0.5  mm  to  the  entire  width  of  the  flame  layer.  Since  the  air-flow  rate  is  held  constant,  much  of  this 
intermittency  can  be  attributed  to  the  behavior  of  the  liquid  spray  as  it  impinges  upon  and  sheds  off  the  lip  of  the 
outer  air  swirler.  This  indicates  that  experiments  and  computations  based  on  gaseous-fuel  injection  would  not 


capture  the  significant  changes  in  large-scale-structure 
dynamics  induced  by  increased  liquid- fuel  injection. 


To  quantify  the  intermittency  of  the  primary  flame  layer, 
probability  density  functions  (PDF’s)  of  OH  PLIF  signals 
are  computed  and  plotted  in  Fig.  8  for  Locations  A  and  B 
shown  in  Fig.  7(a).  Bin  sizes  of  200  counts  are  used  along 
with  200  images.  Normalization  is  performed  only  for  data 
in  the  range  0  -  6000  counts,  which  is  below  the  range 
typically  observed  from  droplet  Mie  scattering.  Location  A 
is  within  the  mixing  layer  dominated  by  large-scale 
turbulent  structures,  while  Location  B  is  within  the  central 
region  of  the  outer  conical  flame.  The  PDF’s  at  both 
locations  show  bimodal  distributions  but  with  opposite 
peaks.  At  Location  A  high  levels  of  intermittency  lead  to  a 
primary  peak  with  low  signal  counts  and  a  secondary  peak 
with  3000-3500  counts.  At  Location  B  low-signal  counts 
have  decreased  in  probability  and  high-signal  counts  have 
increased  in  probability,  indicating  that  large-scale 
structures  seldom  bring  fresh  reactants  to  this  point  in  the 
flame  at  4>  =  0.5. 

3.2.  Determination  of  Local  Equivalence  Ratio 


OH  PLIF  Counts 


Fig.  8.  Probability  density  functions  (PDF’s)  of 
the  corrected  OH-PLIF  signal  at  Location  A 
(mixing  layer)  and  Location  B  (flame  center) 
shown  in  the  average  image  of  Fig.  7(a). 


Figures  7(b)  and  7(c)  also  show  the  distribution  of  droplets  marked  by  Mie  scattering.  This  signal,  which  scales  as 
the  droplet  diameter  squared,  is  biased  toward  larger  droplets  and  cannot  be  used  to  interpret  the  true  size 
distribution.  However,  it  can  be  used  as  a  qualitative  marker  for  those  large  droplets  that  escape  the  initial  preheat 
zone.  Interestingly,  the  droplets  in  Fig.  7(b)  have  trailing  flames,  which  indicates  that  evaporation  and  mixing  with 
available  oxygen  is  occurring  in  their  wakes.  Figure  7(c),  however,  shows  droplets  entering  the  recirculation  zone 
without  trailing  flames.  Since  the  temperature,  evaporation,  and  reaction  rates  are  expected  to  be  higher  in  this 
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region  for  the  higher  equivalence  ratio  of  Fig.  7(c),  the 
absence  of  trailing  flames  indicates  a  lack  of  available 
oxygen  for  combustion.  This  is  somewhat  surprising 
since  the  combustor  is  operating  at  overall  lean 
equivalence  ratios  in  both  Figs.  7(b)  and  7(c). 

In  fact,  it  can  be  shown  that  the  local  equivalence  ratio 
for  the  case  of  Fig.  7(c)  is  higher  than  the  overall  value 
of  0.9.  Using  a  region  in  the  recirculation  zone  that  is 
free  of  droplet  scatter  [see  Fig.  7(c)],  an  equilibrium 
calculation27  is  performed  for  JP-8  fuel  at  equivalence 
ratios  varying  from  0.5  to  1.15.  The  validity  of 
equilibrium  assumptions  in  this  region  has  been 
proposed  in  previous  investigations  of  can-type  gas- 
turbine  combustors.3,4  The  temperatures  and  species 
concentrations  from  this  equilibrium  calculation  are  then 
used  to  calculate  the  effects  of  LIF  efficiency  and 
Boltzmann  fraction  on  OH-PLIF  signals,  as  shown 
previously  in  Fig.  3.  The  fit  of  OH-PLIF  signals  to 
equilibrium  calculations,  shown  in  Fig.  9,  indicates  that 
the  local  equivalence  ratio  is  13.5%  higher  than  the 
overall  equivalence  ratio.  Thus,  the  stoichiometric 
condition  in  the  primary  flame  zone  occurs  for  overall 

equivalence  ratios  between  0.8  and  0.9.  Correspondingly,  images  collected  at  these  equivalence  ratios  show  a 
transition  from  burning  to  non-burning  wakes  behind  droplets.  The  occurrence  of  locally  rich  conditions  near  the 
primary  flame  zone  may  be  due  in  part  to  air  from  the  aspiration  holes  of  the  aft  wall  escaping  the  primary  flame 
zone  or  due  to  incomplete  mixing  in  the  flame  recirculation  region.  The  significance  of  this  finding  for 
understanding  soot  formation  mechanisms  and  evaluating  differences  with  sampling-probe  data  in  the  exhaust 
stream  are  discussed  below. 


Fig.  9.  Theoretical  OH  number  density  compared 
with  OH-PLIF  data  in  the  recirculation  zone 
[Region  C  in  Fig.  7(c)].  OH-PLIF  data  are 
corrected  for  variations  in  fluorescence  efficiency 
and  Boltzmann  fraction  with  c|)  (see  Fig.  3). 


3.3.  Soot-Formation  Mechanisms 


Most  of  the  LII  signal  is  detected  in  regions 
that  are  free  of  droplet  Mie  scattering  (as 
detected  with  the  OH-PLIF  camera)  and  is 
attributable  to  the  presence  of  soot.  Some  of 
the  LII  signal  does  occur  in  regions  of  high 
Mie  scattering,  indicating  that  some,  if  not 
most,  of  the  signal  near  the  injector  exit  cannot 
be  attributed  to  the  presence  of  soot.  The  LII 
signal  is  not  likely  to  come  from  PAH 


Figure  10  shows  two  instantaneous  LII  contour  plots  at  §  =  1.0  overlayed  with  OH-PLIF  images  that  are  collected 
simultaneously.  It  should  be  noted  that  these  LII  images  are  typical  for  about  5%  of  the  data  set.  More  commonly, 
the  spatial  extent  of  the  LII  signal  from  highly  concentrated  soot  pockets  encompasses  less  than  1  %  of  the  primary 
flame  zone.  Images  such  as  those  in  Fig.  10,  therefore,  account  for  the  “turbulent  flame  brush”  that  may  be 
responsible  for  most  of  the  soot  production  in  liquid- spray  flames.  The  flow  patterns  noted  in  the  figure  are  derived 
using  observations  from  high-speed  digital  images  collected  in  the  same  combustor.  Soot  is  generated  along  the 
inner  cone  of  the  flame  in  regions  of  low  OH- 
PLIF  intensity.  A  portion  of  the  soot  is 
advected  along  the  outer  path  of  the 
recirculation  zone,  while  a  portion  appears  to 
enter  immediately  into  the  recirculation  zone. 


0.05 


Relative 
OH  PLIF 


0.05 


Relative 

LII 


fluorescence,  which  should  occur  prior  to  the 

20-ns  gate  delay  and  would  appear  more  Fig.  10.  Simultaneous  OH  PLIF  (left  half)  and  laser-induced 
consistently  near  the  spray  region.  incandescence  (full  image)  at  overall  equivalence  ratio  of  1.0. 


9 


782 


Background  images  collected  without  the  laser  sheet  show  that  the  contribution  from  nascent  soot  incandescence  is 
less  than  5%. 

Thus,  it  is  likely  that  soot  formation  is,  in  fact,  initiated  along  the  downstream  region  of  the  conical  flame  adjacent  to 
the  recirculation  zone.  The  absence  of  OH  PLIF  in  this  region  is  quite  evident  in  the  lower  half  of  the  spray  flame  at 
low  and  high  overall  equivalence  ratios  [see  Fig.  7(c)  at  4>  =  0.9],  regardless  of  whether  LII  is  detected.  This  region 
likely  contains  a  rich  mixture  of  fuel  and  air  that  escapes  the  main  spray  cone  because  of  turbulent  interactions.  At 
low  overall  equivalence  ratios  [see  Fig.  7(b)  at  <|>  =  0.9],  soot  formed  within  this  rich  mixture  may  be  oxidized  by 
oxygen  and  hydroxyl  radicals  before  entering  the  recirculation  zone.  At  high  equivalence  ratios,  soot  formation  is 
aided  both  by  a  drop  in  temperature  and  by  the  lack  of  an  oxidizing  partner.  The  soot  formed  in  Region  B  is 
advected  either  downstream  or  into  the  recirculation  zone. 

3.4.  Averaged  Soot-Volume-Fraction  Measurements 

The  combined  use  of  planar  LII,  OH  PLIF,  and  Mie  scattering  has  been  shown  above  to  provide  physical  insight  into 
soot  formation  in  the  current  flame  environment.  Data  described  in  the  discussion  that  follows  demonstrate  the 
utility  of  LII  and  OH  PLIF  for  studying  the  effects  of  fuel-inlet  conditions  on  soot  production.  This  is  illustrated  in 
Fig.  11,  where  the  temporally  and  spatially  averaged  relative  soot  volume  fraction  is  plotted  as  a  function  of  overall 
equivalence  ratio  for  the  current  spray  flame.  The  LII  data  show  an  exponential  increase  in  soot  volume  fraction 
with  equivalence  ratio.  The  sampling  probe  CNC  data  display  a  threshold  effect  at  about  §=  1.0,  below  which  soot 
in  the  exhaust  is  effectively  oxidized  due  to  long  residence  times  and  greater  quantities  of  02  and  OH.  In  the  primary 
zone  of  the  combustor,  there  is  less  time  to  oxidize  the  soot.  In  addition,  the  local  §  is  higher  in  the  primary  zone 
than  in  the  exhaust. 

The  LII  experiment  is  also  performed  at  two  camera  gate  widths  to  assess  the  sensitivity  of  the  data  to  particle-size 
effects.  A  bias  toward  higher  particle  sizes  for  the  longer  gate  duration  of  200  ns  would  be  expected.  Because  of 
normalization,  this  bias  appears  as  a  slight  decrease  in  signal  at  lower  equivalence  ratios  for  which  particle  sizes  are 
expected  to  be  smaller.  This  effect  appears  to  be  minimal  in  Fig.  11  (to  within  experimental  uncertainty),  suggesting 
that  detection  with  a  50-ns  gate  is  also  free  of  significant  particle-size  effects. 

The  current  measurement  system  is  presently  being  used  to  study  the  effects  of  particulate-mitigating  additives  and 
varying  fuel  type  on  soot  formation  in  swirl-stabilized  combustors.  Figure  12,  for  example,  shows  a  comparison  of 
the  relative  soot  volume  fraction  for  JP-8  and  JP-8X45  (45%  aromatic  content).  The  JP-8  data  from  Fig.  11  are 
rescaled  to  that  of  JP-8X45  to  allow  a  comparison  on  a  semi-log  plot.  Both  show  an  exponential  increase  with 
equivalence  ratio,  with  the  soot  volume  fraction  of  JP-8X45  varying  between  one  to  two  orders  of  magnitude  higher 
in  the  primary  flame  zone  than  that  of  JP-8. 
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Equivalence  Ratio 


Fig.  11.  LII  and  CNC  data.  LII  measurements  with  Fig.  12.  Relative  soot  volume  fraction  for  two 

camera  gate  of  50  ns  are  fit  with  exponential  function.  different  jet  fuels. 
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4.  Conclusions 


A  simultaneous  planar  LII,  OH-PLIF,  and  Mie-scattering  system  is  developed,  tested,  and  demonstrated  in  a  JP-8- 
fueled,  liquid-spray,  swirl-stabilized  combustor.  These  combined  diagnostics  permit  phenomenological 
characterization  of  soot-formation  mechanisms  in  this  highly  turbulent  environment  by  mapping  the  soot  volume 
fraction,  instantaneous  flame  zone,  and  fuel-droplet  behavior.  It  is  found  that  large-scale  structures  play  a  key  role  in 
flame  intermittency  and  that  soot  formation  is  a  strong  function  of  spray-flame  interactions  as  well  as  local 
equivalence  ratio.  Experimental  and  numerical  studies  in  gaseous-fueled  combustors  may  not  capture  these 
dynamics  properly.  Soot  formation  in  the  inner  conical  flame  region  correlates  with  regions  of  low  OH  PLIF  and 
droplet  Mie  scattering.  A  qualitative  study  of  equivalence-ratio  effects  on  the  OH-PLIF  signals  shows  that 
equilibrium  assumptions  can  be  used  for  OH-signal  correction  in  the  recirculation  zone.  LII  data  indicate  an 
exponential  dependence  on  equivalence  ratio  with  a  strong  dependence  on  fuel  aromatic  content.  Future  work 
includes  a  broader  survey  of  fuel  additives  and  fuel  types. 
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ABSTRACT 

A  study  to  characterize  the  production  of  particulate- 
matter  (PM)  emissions  is  performed  in  a  liquid- 
fueled  model  gas-turbine  combustor  while  varying 
fuel  type  and  operating  conditions.  Laser-induced 
incandescence  (LII),  OH  planar  laser-induced 
fluorescence  (PLIF),  and  laser  Mie  scattering  are 
used  to  track  soot  volume  fraction,  measure  local 
equivalence  ratio,  and  visualize  droplet  scattering  in 
the  reaction  zone,  respectively.  A  condensation 
nuclei  counter  (CNC)  is  employed  to  provide  particle 
number  density  (PND)  in  the  exhaust  stream  of  the 
combustor,  and  a  scanning  mobility  particle  sizer 
(SMPS)  is  used  to  obtain  particle-size  distribution. 
In-situ  and  ex-situ  PM  emissions  are  measured  for 
fuel  aromatic  content  that  varies  from  0-45%  by 
volume  as  well  as  for  paraffinic  fuels  low  in 


aromatic  and  heteroatomic  content.  Consistent  with 
results  of  previous  studies,  fuels  containing 
aromatics,  which  have  been  shown  to  promote  PM 
production,  produce  higher  quantities  of  soot  than 
straight-chain  hydrocarbons.  Laser-based  measure¬ 
ments  show  a  significant  correlation  among  physical 
flame  structure,  fuel  type,  and  particle  number 
density. 

Keywords:  Gas-Turbine  Combustor,  Fuels,  Soot, 
Particulates,  Laser  Diagnostics. 

INTRODUCTION 

During  the  past  several  years,  increased  concern 
has  been  expressed  regarding  the  impact  of  aircraft 
emissions  on  the  environment  and  public  health. 
Despite  the  technological  advances  made  during  the 
past  50  years  in  attempts  to  reduce  emissions  from 
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aircraft  turbine  engines,  the  total  emissions  of  the 
global  aviation  fleet  have  not  decreased.  This  is  due 
to  the  growth  in  the  aviation  industry  and  the 
increased  demand  for  global  transportation  services, 
which  was  projected  to  increase  at  a  rate  of  3-5% 
per  year  before  the  September  11,  2001  terrorist 
attacks  (1). 

Aircraft  emissions  include  primary  combustion 
products  that  are  present  at  the  engine  exit  and 
secondary  emissions  produced  in  the  atmosphere  via 
chemical  reactions.  The  aircraft  emissions  of  primary 
concern  are  C02,  soot  particulates,  and  nitrogen  and 
sulfur  oxides.  Although  aircraft  particulate-matter 
(PM)  exhaust,  at  an  estimated  emission  index  (El)  of 
0.04  g/kg-fuel  (2),  is  a  small  fraction  of  the  overall 
aircraft  emissions,  numerous  studies  have  shown  that 
these  particles  have  serious  environmental  and  health 
implications  (3).  Most  of  the  PM  emissions  from 
turbine  engines  are  smaller  than  2.5  pm  in  diameter 
(PM2.5);  these  are  considered  to  be  the  most  harmful 
since  they  can  easily  enter  the  respiratory  system  and 
cause  respiratory  and  cardiovascular  problems. 
Additionally,  fine  carbon  particles  tend  to  absorb 
unbumed  hydrocarbons  (specifically,  polycyclic 
aromatic  hydrocarbons — PAH)  that  are  carcinogenic 
and  potentially  can  be  absorbed  in  the  lungs. 

The  Environmental  Protection  Agency  (EPA)  has 
recently  adopted  a  revision  of  the  PM  regulation  to 
require  more  stringent  regulation  of  PM2.5 
emissions  (3).  Additional  guidelines  include 
Executive  Order  13148  (April  2000),  Greening  the 
Government  Through  Leadership  in  Environmental 
Management,  that  calls  for  a  40%  -  50%  reduction  in 
pollutants  by  the  end  of  2006.  Environmentally,  soot 
particulates  contribute  to  the  formation  of 
photochemical  smog  and  provide  nuclei  for  the 
formation  of  liquid  droplets  in  the  atmosphere  that 
contribute  to  the  formation  of  contrails  and  potential 
climate  change. 

The  Turbine  Engine  Division’s  Combustion 
Branch  at  the  Air  Force  Research  Laboratory 
(AFRL)  has  taken  an  active  role  in  characterizing 
combustion  processes  and  flame  structure  (4).  In  the 
present  work,  the  chemical  and  physical 
characteristics  of  several  types  of  fuels  were  studied 
to  explore  their  impact  on  the  PM  emissions  from  a 
CFM  56  combustor.  The  effort  was  focused  on  the 
relationship  between  aromatic  content  and  PM 
production.  Previous  studies  have  been  conducted  on 
this  relationship  using  a  T63  combustor  (5).  In  the 
present  study,  preliminary  results  have  been 


processed  for  four  of  the  fuels  tested.  These  results 
will  help  to  elucidate  the  fuel  characteristics — 
physical  and/or  chemical — that  impact  PM. 

Swirl-stabilized  liquid-spray  injectors  are 
commonly  used  in  gas-turbine  engines  to  achieve 
compact,  stable,  and  efficient  combustion.  The 
flowfield  in  the  primary  zone  of  such  a  spray  flame 
is  characterized  by  high  shear  stresses  and  turbulent 
intensities  that  result  in  vortex  breakdown  and  large- 
scale  unsteady  motions  (6,7).  These  unsteady 
motions  are  known  to  play  a  key  role  in  the 
formation  of  pollutant  emissions  such  as  carbon 
monoxide  (CO),  nitric  oxide  (NO),  and  unbumed 
hydrocarbons  (UHC)  (8-10).  Considerably  less  is 
known,  however,  about  the  mechanisms  that  lead  to 
soot  formation  in  swirl-stabilized,  liquid-fueled 
combustors.  Previous  investigations  have  relied  on 
exhaust-gas  measurements  and  parametric  studies  to 
gain  insight  into  the  effects  of  various  input 
conditions  on  soot  loading  (11-15).  Much  of  the 
fundamental  knowledge  concerning  soot  formation  is 
derived  from  investigations  of  laminar  diffusion 
flames  (16,17)  with  only  a  limited  number  of  studies 
having  focused  on  unsteady  effects  (18,19).  The 
importance  of  considering  unsteadiness  and  fluid- 
flame  interactions  was  demonstrated  by  Shaddix  et 
al.  (19)  who  found  that  a  forced  methane/air 
diffusion  flame  produced  a  four-fold  increase  in  soot 
volume  fraction  (as  a  result  of  increased  particle 
size)  as  compared  with  a  steady  flame  having  the 
same  mean  fuel-flow  velocity. 

The  goal  of  the  current  work  was  to  study  soot 
formation  in  the  highly  dynamic  environment  of  a 
swirl-stabilized  model  combustor.  This  was 
accomplished  by  simultaneous  imaging  of  the  soot 
volume  fraction  and  the  hydroxyl-radical  (OH) 
distribution  using  laser-induced  incandescence  (LII) 
and  OH  planar  laser-induced  fluorescence  (PLIF), 
respectively.  Residual  Mie  scattering  from  large 
droplets,  which  appears  in  the  OH  images  but  does 
not  preclude  signal  interpretation,  was  used  to  a 
limited  extent  as  a  spray  diagnostic.  Probe  data  taken 
downstream  of  the  combustor  were  also  used  for 
comparison.  These  data  were  taken  at  a  different 
location,  allowing  possible  confirmation  of  trends 
observed  in  the  flame  structure  and  comparison  of 
in-situ  and  ex-situ  results. 

The  utility  of  LII  for  two-dimensional  imaging  of 
soot  volume  fraction  has  been  demonstrated  in  a 
number  of  investigations  (20,21)  and  has  been 
implemented  in  aircraft-engine  exhaust  streams 
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(14,15).  Brown  et  al.  (22)  performed  planar  LII  for 
soot-volume-ffaction  imaging  in  the  reaction  zone  of 
a  model  gas-turbine  combustor;  their  measurements 
demonstrated  LII  in  the  primary  reaction  zone  but 
did  not  image  the  turbulent  flame  structure  near  the 
exit  of  the  swirl  cup.  In  the  current  work,  we  extend 
the  work  of  Brown  et  al.  (22)  by  performing  LII  at 
the  exit  of  the  swirl  cup  and  by  using  OH  PLIF  as 
well. 

The  use  of  OH  as  a  flame  marker  is  typical  in 
studies  of  soot  formation  in  diffusion  flames  because 
of  its  close  correlation  with  flame  temperature 
(23,24).  It  has  also  been  employed  in  a  number  of 
investigations  of  swirl-stabilized  combustors  (25,26). 
The  use  of  laser-saturated  OH  LIF  for  quantitative 
measurements  has  also  been  demonstrated  (27,28), 
although  saturation  is  quite  difficult  in  the  case  of 
planar  measurements.  In  the  current  investigation  we 
demonstrated  semi-quantitative  measurements  in  the 
recirculation  region  using  excitation  levels  well 
below  saturation.  OH-PLIF  measurements  in  the 
liquid-spray  region  are  more  qualitative  because  of 
simultaneous  droplet  scattering  and  non-equilibrium 
conditions. 

The  performance  and  accuracy  of  the  planar  LII 
and  OH-PLIF  systems  were  characterized  in  the 
current  work  and  are  described  below.  Instantaneous 
and  averaged  data  from  OH  PLIF  were  then 
employed  to  provide  insight  into  the  turbulent  nature 
of  the  swirl-stabilized  spray  flame  at  various 
equivalence  ratios.  The  physical  processes  that 
govern  the  soot-formation  process  were  visualized 
using  simultaneous  OH  PLIF,  LII,  and  droplet  Mie 
scattering.  Finally,  the  overall  normalized  intensity 
in  the  primary  zone  was  tracked  as  a  function  of  fuel 
composition. 

EXPERIMENTAL 

A.  Swirl-Stabilized  Combustor 

The  near-field  structure  of  swirl-stabilized  flames 
is  highly  dependent  upon  the  characteristics  of  the 
fuel  injector  and  the  geometry  of  the  surrounding 
flame  tube.  The  injector  configuration  shown  in  Fig. 
1  is  a  generic  swirl-cup  liquid- fuel  injector  used  in 
ongoing  fuel  studies  at  the  Atmospheric-Pressure 
Combustor-Research  Complex  of  the  Air  Force 
Research  Laboratory’s  Propulsion  Directorate  (29). 
It  employs  a  pressure-swirl  atomizer  (Delavan 
Model  27710-8)  with  a  nominal  flow  number  of  1.6. 
The  4-cm  exit  diameter  nozzle  is  centrally  located  in 


Fig.  1.  (a)  Dual-radial  swirl-injector  geometry 
(current  study),  (b)  photograph  of  near-field 
flame  structure,  and  (c)  photograph  of  the  test 
rig. 


a  15.25-cm  x  15.25-cm  square  cross-section  dome- 
type  combustor.  The  spray  impinges  upon  a  filming 
surface  and  is  surrounded  by  dual-radial,  counter¬ 
swirling-air  co-flows  to  entrain  the  fuel,  promote 
droplet  breakup,  and  enhance  mixing.  The  resulting 
three-dimensional  conical  flame  [shown  in  Fig.  1(b)] 
is  composed  of  several  zones,  including  an  outer 
droplet-vaporization/preheat  region,  an  inner 
turbulent  flame-brush  region,  and  a  recirculation 
zone  that  brings  hot  combustion  products  upstream 
along  the  centerline  (30).  After  exiting  the  primary 
flame  zone,  the  combustion  products  are  allowed  to 
mix  thoroughly  along  the  48-cm-long  flame  tube 
before  entering  a  43 -cm- long,  5.7-cm-exit-diameter 
exhaust  nozzle  that  is  designed  to  create  a  uniform 
exhaust-gas  temperature  and  concentration  profile. 

Changes  in  overall  equivalence  ratio  from  <J>  = 
0.5  to  1.10  (primary-zone  equivalence  ratio  from  <D 
=  0.55  to  1.3)  were  achieved  in  the  current  study  by 
varying  the  pressure  drop  across  the  fuel-spray 
nozzle  from  about  1.5  to  10  atm,  which  resulted  in 
fuel  mass  flow  rates  of  1.0  to  2.2  g/s,  respectively. 
The  fuel  flow  rate  was  measured  using  a  Max 
Machinery  positive-displacement  flow  meter  with 
±0.5%  full-scale  accuracy.  The  air-flow  system 
consisted  of  three  Sierra  5600  SLPM  mass  flow 
controllers  with  ±1%  full-scale  accuracy.  The  inlet 
air  was  heated  to  450  K  with  a  constant  flow  rate  of 
-0.028  kg/s.  The  air-pressure  drop  across  the 
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Fig.  2.  Experimental  setup  for  simultaneous  OH  PLIF  and  LII  in  an  atmospheric-pressure, 
swirl-stabilized,  liquid  fueled,  model  gas-turbine  combustor. 


combustor  dome  was  -4.8-5. 2%  of  the  main  supply. 
Most  of  the  air  flow  entered  the  combustor  through 
the  swirl-cup  injector,  but  a  small  percentage  entered 
through  aspiration  holes  along  the  aft  wall.  No  liner 
air  jets  were  used  in  the  secondary  zone;  therefore, 
the  fuel-air  ratio  depended  almost  entirely  on  the 
flow  rates  through  the  injector  cup.  The  combustor  is 
optically  accessible  via  75-mm-wide  quartz  windows 
along  the  top  and  sides  for  in-situ  laser-based 
diagnostics. 

B.  OH-PLIF  System 

A  review  of  PLIF  fundamentals  can  be  found  in 
Eckbreth  (1996)  (31).  As  shown  in  the  optical  set-up 
in  Fig.  2,  50%  of  the  laser  energy  from  a  frequency- 
doubled,  Q-switched  Nd:YAG  laser  (Spectra-Physics 
Pro290)  is  used  to  pump  a  dye  laser  (Sirah  Precision 
Scan),  the  output  of  which  is  frequency  doubled  to 
obtain  wavelengths  in  the  (1,0)  band  of  the  OH  A-X 
system.  The  dye  laser  is  tuned  to  the  Qi(9)  transition 
at  283.922  nm  (in  air),  which  exhibits  less  than  a 
±2.5%  variation  in  the  ground-level  Boltzmann 
fraction,  FB,  from  1600  to  2400K.  This  range  of 
temperatures  coincides  with  the  equilibrium 
conditions  one  would  expect  for  JP-8  fuel  at  the 
equivalence  ratios  used  in  this  study  (primary  zone 
<D  =  0.55  -  1.3)  (32).  The  maximum  laser  energy 
available  for  OH  PLIF  was  24  mJ.  A  1.5-m- focal- 
length,  spherical  plano-convex  lens  and  a  -75-mm- 
focal-length  plano-concave  lens  are  used  to  form  a 
laser  sheet  that  enters  the  combustor  through  the  top 


window.  The  laser-sheet  thickness  is  330  pm  at  full- 
width-half-max  (FWHM).  The  sheet  width  is  ~7  cm, 
with  a  3°  full-angle  divergence.  A  near  top-hat  sheet- 
width  profile  that  drops  to  zero  laser  energy  within 
about  1  mm  is  obtained  by  clipping  the  wings  of  the 
laser  sheet  at  the  last  turning  mirror  above  the 
combustor. 

Fluorescence  is  collected  from  about  306-320  nm 
via  the  (1,1)  and  (0,0)  bands  of  OH  using  an 
intensified  charge-coupled  device  (ICCD)  camera 
(Princeton  Instruments  PI-MAX  SB)  oriented 
approximately  along  the  normal  to  the  sheet.  Two  1- 
mm-thick  WG295  Schott  Glass  filters  are  used  in 
front  of  the  camera  lens  to  reduce  scattering  from 
droplets  at  283.922  nm,  and  a  UG11  filter  is 
employed  to  eliminate  most  of  the  flame  emission, 
scattering  from  the  LII  laser  wavelength  of  532  nm, 
and  fluorescence  from  PAH  compounds.  A  105-mm- 
focal-length  f/4.5  UV  lens  is  employed  to  collect  the 
OH  fluorescence,  and  an  intensifier  gate  width  of  20 
ns  is  used  to  capture  the  OH  signal.  Images  are 
typically  collected  with  2x2  binning  to  obtain 
adequate  resolution  (512x512)  and  framing  rate  (1.4 
Hz).  The  pixel  viewing  area  in  each  2x2  superpixel 
is  200x200  pm2. 

The  laser  irradiance  of  1.36xl07  W/cm2  is  two  to 
three  orders  of  magnitude  lower  than  the  90-95% 
saturation  level  (27,28).  The  OH-PLIF  signal  is, 
therefore,  linearly  related  to  laser-energy  variations. 
Corrections  were  not  made  for  laser-energy 
attenuation  due  to  OH  absorption  and  droplet 
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scattering;  this  led  to  signal  uncertainties  of  ±10%  in 
the  lower  region  of  each  image.  The  effect  of  this 
error  is  substantially  reduced  in  the  upper  half  of  the 
combustor  where  most  of  the  data  in  this  study  were 
extracted.  Shot-to-shot  fluctuations  in  laser  energy 
add  an  estimated  ±5%  uncertainty,  as  determined 
from  data  collected  in  a  laminar  diffusion  flame  with 
the  same  OH-PLIF  system. 

For  measurements  with  low  laser  irradiance,  the 
effect  of  collisional  quenching  on  fluorescence 
efficiency  must  also  be  considered.  For  a  given 
imaging  system  and  laser  irradiance,  the  OH-PLIF 
signal,  Soh,  from  each  pixel  volume  is  proportional 
to  the  number  density  of  OH,  Noh,  and  the 
fluorescence  efficiency,  r].26 

Soh  *  NohV  =  Noh  -  A°Hn  (1) 

+  'doH 

The  fluorescence  efficiency  is  proportional  to  the 
rate  of  spontaneous  emission,  Aoh,  from  molecules 
in  the  excited  state  and  inversely  proportional  to  the 
rate  at  which  excited  molecules  are  depleted  via 
spontaneous  emission  and  collisional  quenching, 
Qoh-  Collisional  quenching  is  a  function  of  the 
temperature-,  pressure-,  and  species-dependent 
quenching  coefficient  as  well  as  the  number  density 
of  the  species  (33).  As  a  result  of  offsetting  effects  in 
the  equilibrium  combustion  products  of  JP-8,  the  rate 
of  collisional  quenching  is  found  to  be  fairly 
constant  for  equivalence  ratios  less  than  unity.  Under 
rich  conditions  the  conversion  of  CO  to  CO2 
decreases  substantially,  which  leads  to  an  increase  in 
collisional  quenching  and  a  decrease  in  fluorescence 
efficiency.  In  regions  where  equilibrium  assumptions 
are  valid,  the  LIF  signal  can  be  used  along  with  Eq. 
(1)  and  the  Boltzmann  fraction,  Fb,  to  determine  the 
relative  OH  number  density;  this  will  be  discussed 
further  in  the  Results  and  Discussion  Section.  In  the 
liquid-spray  region  where  lean  and  rich  pockets  of 
fuel  can  co-exist,  qualitative  signal  interpretation  is 
problematic  since  the  fluorescence  efficiency  may 
vary  by  more  than  ±30%,  based  on  local  conditions. 

C.  Mie  Scattering 

Mie  scattering  was  obtained  using  the  same  setup 
as  that  for  the  OH-PLIF  system.  It  was  found  that 
two  WG295  color-glass  filters  (CVI  Laser)  and 
parallel-polarization  detection  would  provide 
optimal  OH  LIF  sensitivity  while  minimizing  the 
likelihood  of  damaging  the  ICCD  because  of  intense 


levels  of  droplet  scattering.  Large  droplet  clusters 
appear  primarily  near  the  injector  exit,  and  single 
droplets  with  trailing  flames  are  often  observed 
traveling  into  the  recirculation  region.  The  trailing 
flames  of  these  droplets  appear  neither  in  the  off-line 
images  nor  at  higher  equivalence  ratios  and, 
therefore,  are  not  attributable  to  scattering  from  fuel 
vapor  or  fluorescence  from  broadband  sources  such 
as  PAH  compounds.  The  droplet-scattering  signal 
intensity  is  about  one  order  of  magnitude  higher  than 
that  of  the  OH  PLIF,  but  it  occurs  primarily  at 
isolated  points.  The  OH-PLIF  signal  levels 
(determined  from  probability  density  functions)  are 
assigned  to  a  false-color  table  from  black  to  red, 
while  the  Mie  scattering  signals  are  above  this  range 
and  appear  in  white. 

D.  LII  System 

Some  of  the  first  two-dimensional  visualizations 
of  soot  volume  fraction  using  LII  were  performed  by 
Santoro  and  co-workers  (20)  and  by  Vander  Wal  and 
Weiland  (21).  Urban  and  Faeth  (17)  published 
reviews  regarding  the  effects  of  various  parameters 
such  as  laser  fluence  and  profile  as  well  as  camera 
gate  width  and  delay.  The  LII  optical  layout 
employed  in  the  current  study  is  shown 
schematically  in  Fig.  2,  where  50%  of  the  energy 
from  a  frequency-doubled  Nd:YAG  is  formed  into  a 
sheet  using  a  2-m  plano-convex  spherical  lens  and  a 
-50-mm  plano-concave  cylindrical  lens.  The  FWHM 
thickness  of  the  laser  sheet  is  about  700  pm  within 
the  measurement  volume.  As  is  the  case  for  the  OH 
LIF  laser  sheet,  the  long  2-m-focal-length  lens  is 
used  to  minimize  variations  in  laser-sheet  thickness 
within  the  measured  region.  The  sheet  width  is  ~14 
cm,  with  a  full  angle  divergence  of  6°  within  the  test 
section.  The  wings  of  the  LII  sheet  are  clipped  prior 
to  the  last  turning  mirror  to  generate  a  near  top-hat 
profile  that  drops  to  zero  laser  energy  within  about  2 
mm.  To  reduce  systematic  errors  due  to  intensity 
variations  in  the  laser  sheet  and  laser  extinction  in 
the  measurement  volume,  the  LII  system  is  operated 
in  the  saturated  regime,  which  is  measured  in  the 
current  system  to  be  above  200  mJ/cm2.  This 
saturation  regime,  found  at  similar  fluence  levels  in 
the  literature,  (34,35)  reduces  the  uncertainty  in  the 
relative  soot-volume-fraction  measurements  to  about 
±10%  for  the  full  width  of  the  laser  sheet. 

The  LII  signal  is  detected  using  a  1024x1024 
ICCD  camera  (Princeton  Instruments  PI-MAX  SB- 
MG)  and  an  f/1.2  58-mm-focal-length  glass  lens. 
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After  4x4  pixel  binning,  the  measurement  resolution 
is  about  575x575  pm2.  A  500-nm  short-pass  filter 
(CVI  Laser)  is  used  for  detection  from  415  to  500 
nm,  which  reduces  contributions  from  nascent  soot 
particles,  OH  fluorescence/chemiluminescence,  and 
red-shifted  fluorescence  from  PAH  compounds.  The 
relatively  short-lived  PAH  fluorescence  is  also 
minimized  by  employing  a  time-delayed  detection 
scheme.  Scattering  from  the  532-nm  laser  source  is 
eliminated  through  the  use  of  a  532-nm  zero-degree 
reflective  mirror,  in  addition  to  the  500-nm  short- 
pass  filter  and  delayed  detection.  Light  leakage  from 
flame  luminosity  while  the  ICCD  intensifier  is  gated 
off  is  minimized  through  the  use  of  a  25-ms-gate 
Uniblitz  shutter.  A  camera  delay  of  20  ns  after  the 
laser  pulse  was  found  to  reduce  laser  scatter  to 
almost  nearly  the  background  level  while 
maintaining  LII  signal-to-noise  ratios  greater  than 
20:1.  The  LII  signal  decayed  quickly  within  the  first 
200  ns  after  the  laser  pulse.  The  long  decay  in  signal 
after  200  ns  is  dominated  by  larger,  slow-cooling 
particles.  Using  a  gate  width  of  50  ns,  errors  due  to 
particle-size  effects  are  estimated  to  be  on  the  order 
of  5- 10%  (34). 

E.  Combined  LIF/LII  System 

The  OH-PLIF  and  LII  cameras  are  synchronized 
using  an  external  delay  generator  that  is  driven  by 
the  advanced  Q-switch  TTL  output  of  the  Nd:YAG 
laser.  The  precise  camera  delay  required  to  capture 
each  image  is  imposed  using  an  onboard  timing 
generator  in  each  ICCD  controller.  The  laser  pulses 
are  coincident  to  within  several  nanoseconds  so  that 
no  fluid  movement  occurs  between  LIF  and  LII 
detection.  Because  of  spatial  constraints  within  the 
test  cell,  both  cameras  are  positioned  on  the  same 
side  of  the  combustor  at  slight  3.5°  angles  to  overlap 
the  two  imaged  regions.  The  PLIF  image  area 
overlaps  the  left  half  of  the  LII  image  nearest  the 
injector  cup  in  order  to  minimize  off-axis 
defocusing.  After  camera  alignment,  registration 
images  are  collected  for  use  in  post-processing. 

F.  Ex-Situ  Measurements  and  Instrumentation 

PM  and  gaseous  emissions  were  measured  to 
quantify  the  effect  of  fuel  composition  and 
equivalence  ratio  on  the  relative  production  rates  and 
selectivities  of  the  exhaust  constituents.  Specifically, 


combination  of  these  ex-situ  results  with  those 
obtained  in  the  primary  zone  of  the  combustor  will 
significantly  assist  in  deconvoluting  the  complicated 
physical  and  chemical  mechanisms  that  influence 
PM  and  emission  production.  Two  oil-cooled  probes 
facing  the  exhaust  flow  immediately  downstream  of 
the  converging  end-adaptor  were  installed  to  obtain 
“representative”  samples  of  the  engine  exhaust.  One 
probe,  used  for  on-line  quantitation  of  the  PM 
aerosol  characteristics,  introduced  dilution  air  at  the 
probe  tip  to  prevent  particle  loss  to  the  wall,  water 
condensation,  and  saturation  of  the  analytical 
equipment.  The  diluted  sample  was  drawn  to  the 
analytical  instruments  via  a  vacuum  pump;  dilution 
air  and  sample  flows  were  controlled  using  high- 
precision  Brooks  5850/  mass-flow  controllers.  The 
PND  (count  of  particles  per  unit  volume)  was 
quantified  using  a  TSI  Model  3 022 A  CNC  and  a 
MetOne  Model  23 7B  Laser  Particle  Counter 
(LPC) — the  CNC  is  used  to  quantify  small-diameter 
(<300  nm)  particles,  while  the  LPC  is  used  to 
quantify  large-diameter  (300-5000  nm)  particles.  A 
TSI  Model  3936  Scanning  Mobility  Particle  Sizer 
(SMPS)  used  to  classify  the  particles  by  size  has  a 
measurement  range  of  7-1000  nm.  For  these  tests, 
more  than  99.9%  of  the  PND  was  <300  nm  in  size; 
therefore,  the  PND  quantified  using  the  CNC  will  be 
used  for  subsequent  comparison. 

The  undiluted  sample  was  used  for  further  off-line 
characterization  of  the  PM  emissions  and 
quantitation  of  major  and  minor  gaseous  species. 
Particulate  samples  were  collected  on  quartz  and 
paper  filters  for  off-line  analysis,  which  includes 
determination  of  the  engine  smoke  number, 
temperature-programmed  oxidation  to  characterize 
the  relative  carbon  composition,  and  analysis  of 
absorbed  PAHs  via  Gas  Chromatography/Mass 
Spectrometry  (GC/MS).  Gaseous  emissions  were 
quantified  using  an  MKS  MultiGas  2030  Fourier- 
Transform  Infrared  (FTIR)-based  gas  analyzer,  a 
Horiba  FIA-510  total  hydrocarbon  analyzer,  and  a 
M&C  PMA-10  oxygen  analyzer.  The  FTIR  analyzer 
quantifies  non-symmetric  gaseous  species  at  parts- 
per-billion  (ppb)  to  percent  sensitivity.  The  MultiGas 
2030  can  simultaneously  analyze  more  than  30  gases 
and  perform  analysis  in  gas  streams  containing  up  to 
30%  water. 
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Fig.  3.  Properties  of  fuels  studied. 


G.  Fuels 

Properties  of  the  fuels  investigated  are  shown  in 
Fig.  3.  These  fuels  were  selected  to  study  the  impact 
of  major  constituents  in  JP-8  on  particulate 
emissions.  The  JP8-X45  and  JP8-X20  are 
experimental  fuels  developed  in  the  mid-1980s  under 
an  Air  Force  sponsored  program  to  provide  an 
economical  high  energy  density  fuel  to  replace  JP-10 
(a  single  component  missile  fuel)  (36).  These  JP8-X 
fuels  were  made  by  hydrotreating  light  cycle  oil — a 
highly  aromatic  by-product  of  catalytic  cracking  of 
petroleum — to  obtain  a  fuel  high  in  naphthenes 
(cycloparaffms).  The  main  difference  between  JP8 
and  the  JP8-X  fuels  is  the  larger  quantity  of  normal 
and  branched  paraffinic  components  and  the  lower 
concentration  of  cyclic  (both  aromatic  and 
cycloparaffm)  compounds  in  JP8.  The  semi¬ 
synthetic  fuel  is  a  50/50  blend  of  Jet- A  with  a  coal- 
derived  Fischer-Tropsch  fuel.  Roets  et  al.  provide  a 
detailed  description  of  the  fuel  (37).  The  neat 
synthetic  fuel,  produced  in  Sasolburg,  South  Africa, 
is  high  in  iso-paraffins  and  contains  zero  aromatics. 
Based  on  the  amount  of  aromatics  in  the  50/50 
blend,  the  Jet-A  fuel  in  the  semi-synthetic  fuel 
contains  approximately  20%  aromatics  by  volume. 
The  Exxon  solvents  Norpar-13,  Isopar  M,  and  Isopar 
H  were  tested  to  evaluate  paraffinic  fuels  with  zero 
aromatic  content. 


RESULTS  AND  DISCUSSION 

A.  LII  and  Mie  Scattering 

The  fuels  were  evaluated  in  the  liquid-fueled 
CFM-56  combustor  at  atmospheric  conditions  to 
investigate  the  production  of  PM  emissions  while 
varying  fuel  type  and  operating  conditions.  LII  and 
LIF  techniques  were  compared  with  trends  observed 
from  a  CNC  which  provided  PND  in  the  exhaust 
stream  of  the  combustor.  The  effects  of  the  chemical 
characteristics  of  these  fuels  on  particulate  formation 
are  discussed  below. 

Results  were  obtained  by  first  averaging  each 
data  set  of  images  (800  images  using  LII  and  200 
images  using  LIF)  into  a  single  averaged  image  for 
each  run.  This  averaged  image  was  then  corrected  by 
subtracting  the  average  background  file.  Specific 
regions  of  interest  (ROI)  were  selected  for  each  run. 
These  ROI  were  consistent  for  each  data  set  on  a 
given  day  to  enable  a  better  comparison  of  runs. 
Statistics  were  run  and  average  intensity  recorded. 
Representative  LII  data  can  be  seen  in  Fig.  4.  The 
false-color  scale  is  common  for  all  images  and  varies 
from  5  to  100%  of  the  maximum  signal.  Dense 
regions  are  shown  as  white  regions  of  high  intensity, 
whereas  regions  of  low  intensity  are  blue  in  color. 
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(a)  JP8-X45 


Scattering 


(c)  JP8/Isopar  H 


(d)  Isopar  H 


0.05 


Relative  LI  I 


Fig.  4.  LII  images  are  representative  of  a)  JP8- 
X45,  b)  JP8,  c)  JP8/Isopar  H  (50/50)  blend,  d)  and 
Isopar  H.  False-color  scale  from  5  to  100%  of 
peak  average  at  an  equivalence  ratio  of  1.10. 

Mie  scattering  can  be  used  for  qualitative 
tracking  of  changes  in  spray  characteristics  and  soot 
production,  as  illustrated  in  Fig  4.  Four  fuels  are 
shown,  all  at  an  equivalence  ratio  of  1.1.  JP8-X45 
has  a  dense,  high-intensity  fuel  spray  as  compared 
with  standard  JP8  and  JP8/Isopar  H  (50/50)  blend. 
Isopar  H  has  no  apparent  high-intensity  region  in  the 
fuel-spray  zone.  This  may  be  the  result  of  the 
changing  fuel  physical  characteristics  and  their 
effects  on  injection  pressure  and  atomization.  Soot 
production  for  these  four  fuels  also  follows  a  similar 
trend,  probably  due  to  their  chemical  structure.  For 
JP8-X45,  a  significant  soot  formation  is  observed  on 
the  quartz  viewing  window,  beginning  at  an 
equivalence  ratio  of  0.9.  This  dark  region  indicates 
where  the  ICCD  cameras  were  unable  to  capture  the 
incandescence  phenomenon  because  of  window 
fouling.  For  standard  JP8  the  soot  formation  is  also 
obvious,  but  not  to  the  extent  observed  for  X45. 

Four  critical  factors  in  soot  development  are 
chemical  structure,  fuel  atomization,  prevalence  of 
oxidant,  and  temperature.  The  importance  of 
chemical  structure  is  apparent  in  a  comparison  of 
fuels  with  various  aromatic  levels.  As  illustrated  in 


Fig  5.  Simplified  soot-formation  mechanism  (38). 

Fig.  5,  compounds  with  a  parent  aromatic 
hydrocarbon  have  faster  reaction  rates,  thus 
accelerating  the  rate  of  soot  production.  Aliphatic 
compounds  must  undergo  additional  reaction  steps  to 
form  a  ring  structure,  consequently  delaying  soot 
formation.  Fuels  with  high  levels  of  aromatic  and 
cycloparaffm  content,  such  as  JP8-X45,  are  higher  in 
normalized  intensity  than  fuels  such  as  JP8,  Isopar 
H,  and  JP-8/Isopar  H  (50/50)  blend,  which  are  lower 
in  aromatic  content.  This  can  be  seen  in  Fig.  6  where 
data  trends  were  normalized  to  the  highest  JP8 
signal.  This  normalized  intensity  is  indicative  of 
relative  soot  production. 


0.5  0.6  0.7  0.8  0.9  1  1.1  1.2 

Equivalence  Ratio 


Fig.  6.  Normalized  intensity  as  a  function  of 
equivalence  ratio  for  LII  (days  1,  2,  and  3 
respectively).  Intensity  is  normalized  to  maximum 
JP8. 

Several  results  of  significance  are  illustrated  in 
Fig.  6.  The  JP8-X45  has  a  substantially  greater 
normalized  intensity  (more  than  three  times  as  high) 
than  JP8  alone.  Furthermore,  the  Isopar  and  the  JP- 
8/Isopar  H  (50/50)  blend  are  lower  in  normalized 
intensity  than  JP8.  These  outcomes  are  expected 
from  their  chemical  structure.  JP8-X45  has  the 


8 


793 


highest  aromatic  content  and,  therefore,  would  be 
expected  to  be  the  highest  soot  producer;  Isopar  H 
and  its  blend  have  minimal  levels  of  aromatics  and 
are  anticipated  to  have  a  lower  level  of  soot 
production.  It  is  also  important  to  note  the  high 
degree  of  reproducibility  among  the  JP8  fuels,  even 
though  they  were  run  on  different  days,  as 
demonstrated  in  Fig.  7. 


Fig.  7.  Comparison  of  JP8  LII  data  over  multiple 
testing  days. 

A  correlation  can  be  established  between  soot 
formation  and  aromatic  content,  as  shown  in  Fig.  8. 
Normalized  intensity  increases  with  percent  aromatic 
content,  indicating  greater  soot  formation. 
Furthermore,  each  equivalence  ratio  follows 
approximately  the  same  trend.  This  indicates  that 
fuel  structure  or  composition  is  a  major  driving  force 
in  soot  formation.  This  relationship  can  also  be  used 
to  validate  the  trends  observed  in  Fig.  5,  where  soot 
formation  and  locations  of  high  intensity  increase 
with  percent  aromatic  content.  At  lower  aromatic 
content,  greater  variations  can  be  observed  as  a 
function  of  equivalence  ratio.  These  differences  may 
be  attributable  to  spray  atomization  and  droplet 
formation,  which  can  only  be  observed  using  in-situ 
techniques. 

In-situ  techniques  have  the  capability  to  image 
flame  characteristics  and  soot  production  in  the 
primary  flame  zone,  where  soot  first  begins  to 
develop.  Ex-situ  techniques,  such  as  probes,  are 
point  measurements  performed  at  the  exit  of  the 
combustor.  These  methods  can  be  employed  to 
confirm  basic  trends  observed  in-situ. 

Fuel  and  probe  comparisons  were  made  for  the 
fuels  studied.  Standard  JP8  data  collected  over 
multiple  days  using  LII  were  plotted  versus  ex-situ 
probe  data  by  normalizing  JP8  to  the  maximum 
signal  (see  Fig.  9).  An  exponential  trend  was 


observed  as  equivalence  ratio  increased;  this  was 
also  demonstrated  by  Lynch  et  al.  (39).  Good 
agreement  between  normalized  JP8  LII  results  and 
probe  data  prompted  similar  LH/probe  comparisons 
for  the  remaining  fuels. 


Fig.  8.  Normalized  signal  increases  with  aromatic 
content.  Four  trends  are  shown  as  different 
equivalence  ratios. 


Fig.  9.  Comparison  of  data  of  JP8  and  probe  for 
three  successive  test  days  represented  as  1,  2,  and 
3. 

At  equivalence  ratios  below  0.7,  JP8-X45  LII 
intensity  values  showed  close  agreement  with  probe 
data;  however,  above  0.7  substantial  differences 
were  observed.  One  source  of  variance  could  be  the 
large  amount  of  soot  formation  on  the  window, 
which  prevented  data  collection  in  this  region.  If  a 
larger  ROI  were  permissible,  LII  intensity  might 
increase  which  would  result  in  closer  agreement. 
Thresholds  were  also  noted  to  occur  at  different 
equivalence  ratios,  0.7  and  0.9  respectively,  for  data 
collected  using  LII  and  probe  methods,  as  can  be 
observed  in  Fig  10.  The  threshold  indicates  where 
soot  formation  begins  exponential  growth,  as  further 
explained  by  OH  PLIF.  Probe  and  LII  data  for  the 
JP8/Isopar  H  (50/50)  blend,  Fig.  11,  show  better 
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agreement  at  higher  equivalence  ratios  than 
previously  observed  with  JP8-X45. 


0.5  0.6  0.7  0.8  0.9  1  1.1  1.2 

Equivalence  Ratio 

Fig.  10.  Comparison  of  data  from  JP8-X45,  JP8, 
and  probe  normalized  to  maximum  JP8. 


Fig.  11.  Comparison  of  data  from  JP8/Isopar  H 
(50/50),  JP8,  and  probe  normalized  to  maximum 
JP8. 


Equivalence  Ratio 

Fig.  12.  Comparison  of  data  from  JP8,  Isopar  H, 
and  probe  normalized  to  maximum  JP8. 

Fluctuations  at  fuel-lean  conditions,  observed  in 
Isopar  H  in  Fig  12,  may  be  a  result  of  temperature 
variations  that  affect  soot  oxidation.  Additionally,  at 
fuel-rich  conditions  particle  burnout  may  result  in  a 
deviation  between  probe  and  LII  intensity.  Particle 
burnout  occurs  as  longer  residence  times  are 
achieved  in  the  flame  tube,  allowing  more  mixing  to 


occur  and  increasing  the  reaction  time.  Particle  size 
may  also  affect  burnout.  This  relationship  will  be 
examined  more  closely  in  further  studies. 

B.  LIF 

OH  PLIF  is  used  to  assess  changes  in  flame 
structure  and  to  track  qualitative  changes  in  local 
equivalence  ratio.  OH  is  often  used  as  an  indicator  of 
flame  temperature  (Lynch  et  al.  (39)). 

Maximum  normalized  OH-PLIF  intensity  occurs 
at  an  overall  equivalence  ratio  between  0.8  and  0.9, 
which  can  be  observed  in  similar  graphs  for  different 
fuels  with  various  chemical  properties  (Fig.  13). 


Equivalence  ratio 


Equivalence  ratio 

Fig.  13.  OH  PLIF  data  trends  for  the  four  fuels. 
Signal  normalized  to  maximum  JP8. 
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Lynch  et  al.  (39)  note  a  peak  equilibrium  OH 
signal  occurring  at  an  equivalence  ratio  of  1.0. 
Similarly  occurring  peaks  for  different  fuels  clearly 
demonstrate  the  comparability  of  data  sets  due  to 
similar  local-equivalence-ratio  trends  between  fuels. 

When  comparing  LIF  and  LII  data,  one 
important  trend  which  can  be  observed  in  Fig.  14, 
should  be  noted.  As  the  ratio  of  fuel  to  air  increases, 
the  OH  signal,  indicating  the  presence  of  oxidizing 
agents,  also  increases  and  eventually  forms  a  bell¬ 
shaped  curve.  At  the  maximum  of  the  OH  bell  curve, 
the  lowest  LII  signal  is  observed.  As  the  OH  signal 
decreases,  the  LII  signal  begins  to  increase,  and 
eventually  becomes  exponential.  An  inverse 
relationship  exists  between  the  LIF  and  LII  signal,  as 
first  discussed  by  Lynch  et  al.  (39).  The  peak  OH 
indicates  the  greatest  prevalence  of  oxidizing  agents; 
however,  as  the  equivalence  ratio  increases,  the  lack 
of  oxidizing  agent  leads  to  increased  soot 
production. 

This  oxidizing  agent  can  be  tracked  using  single-shot 
LIF  data,  as  shown  in  Fig.  15.  These  single-shot 
images  provide  qualitative  information  concerning 
the  flame  structure.  The  presence  or  absence  of 
droplet  formation  can  be  easily  noted  when 
examining  Mie  scattering  in  these  images.  The  JP8- 
X45  fuel  has  the  greatest  amount  of  droplet 
formation,  and  standard  JP8  has  only  a  minimal 
amount.  Isopar  H  has  no  droplets,  perhaps  due  to 
better  atomization  and  more  fuel  breakup.  Isopar  H 
also  has  no  clearly  defined  primary  zone.  The 
JP8/Isopar  (50/50)  blend  does  exhibit  a  distinct 
primary  zone  as  well  as  fuel  droplets  although  not  to 
the  extent  of  JP8-X45  and  JP8.  Larger  amounts  of 
oxidant,  represented  as  green  in  the  figure,  exist  in 
the  fuel-rich  regions  of  JP8  as  compared  to  JP8-X45. 
However,  the  largest  amount  of  oxidant  in  the  fuel- 
rich  regions  is  found  upon  examination  of  Isopar  H, 
as  denoted  by  the  higher  OH  signal.  This  trend  is 
also  observed  in  the  recirculation  zone  where  the 
impact  made  on  soot  can  be  significant.  Isopar  H  has 
a  significant  amount  of  OH  in  the  recirculation  zone, 
which  leads  to  greater  oxidation.  JP8  has  minimal 
amounts  of  OH  in  this  zone,  again  correlating  with 
soot  trends  observed  earlier.  JP8/Isopar  H  (50/50) 
blend  has  OH  levels  greater  than  standard  JP8 
although  not  as  prevalent  as  with  Isopar  H.  JP8-X45 
has  negligible  amounts  of  OH  in  the  recirculation 
zone,  supporting  the  greater  production  of  soot 
observed  in  LII  data. 


Fig.  14.  Comparison  of  LII  and  LIF  data  trends. 


(a)  JP8-X45 


(c)  JP8/Isopar  H  (50/50)  (d)  Isopar  H 
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Fig.  15.  Single  shot  LIF  data  at  an  equivalence  ratio 
of  1.10  for  a)  JP8-X45,  b)  JP8,  c)  JP8/Isopar  H 
(50/50),  d)  and  Isopar  H.  Also  shown  is  a  typical 


ROI. 


CONCLUSIONS 

LII/LIF  techniques  can  provide  valuable  insight 
into  combustion  processes  and  flame  structure. 
These  techniques  allow  in-situ  measurements  such  as 
in  the  present  study  imaging  of  fuel  spray  and  flame 
structure  that  are  not  possible  with  current  ex-situ 
methods;  however,  ex-situ  measurements  provide 
valuable  quantitative  data  for  comparison  purposes. 
11 
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LII/LIF  can  be  used  qualitatively  and  semi- 
quantitatively  for  utilities  such  as  tracking  OH 
concentrations,  locations  of  soot  formation,  and 
spray  characteristics. 

Preliminary  results  show  a  correlation  between 
OH  levels,  soot  production,  and  chemical  structure. 
Regions  of  high  OH  intensity,  indicating  greater 
levels  of  oxidant,  correspond  to  regions  of  lower  soot 
production.  Another  indicator  of  lowered  soot 
production  is  minimal  aromatic  content.  Preliminary 
results  exhibit  a  trend  with  soot  production 
exponentially  increasing  with  aromaticity  (Fig.  8). 
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ABSTRACT 

The  goal  of  the  current  investigation  is  to  study 
soot  formation  in  the  highly  dynamic  environment  of 
a  swirl-stabilized,  liquid-fueled  combustor.  This  is 
accomplished  using  simultaneous  imaging  of  the 
soot  volume  fraction  and  hydroxyl-radical  (OH) 
distribution  in  the  primary  reaction  zone  using  laser- 
induced  incandescence  (LII)  and  OH  planar  laser- 
induced  fluorescence  (PLIF),  respectively.  Residual 
droplet  Mie  scattering  is  also  detected  in  the  OH- 
PLIF  diagnostic  system  and  is  used  to  a  limited 
extent  as  a  spray  diagnostic.  The  performance  and 
accuracy  of  the  planar  LII  and  OH-PLIF  systems  are 
characterized  in  the  current  work  and  demonstrated 
in  studies  of  jet  fuels  and  soot-mitigating  additives. 
Preliminary  analyses  of  the  data  indicate  that  the 
flame  in  the  near  field  of  the  injector  is  highly 
perturbed  by  large-scale  structures  and  that  fluid- 
flame  interactions  have  a  significant  impact  on  local 
equivalence  ratio  and  soot  formation.  Rich  pockets 
of  fuel  and  air  along  the  interface  between  the  spray 
flame  and  recirculation  zone  serve  as  locations  for 
soot  inception.  The  effect  of  local  equivalence  ratio 
is  determined  from  semi-quantitative  analysis  of  the 
OH-PLIF  data  and  good  agreement  with  equilibrium 
calculations  in  the  recirculation  region.  Spatially 


averaged  LII  measurements  demonstrate  that  soot 
volume  fraction  in  the  primary  flame  zone  increases 
exponentially  with  equivalence  ratio,  and  are 
compared  with  particle-sampling  data  collected  in 
the  exhaust  stream. 

Keywords:  Gas-Turbine  Combustor,  Soot,  LII,  OH, 
PLIF. 

INTRODUCTION 

Swirl-stabilized  liquid-spray  injectors  are 
commonly  used  in  gas-turbine  engines  to  achieve 
compact,  stable,  and  efficient  combustion.  The 
flowfield  in  the  primary  zone  of  such  a  spray  flame 
is  characterized  by  high  shear  stresses  and  turbulent 
intensities  that  result  in  vortex  breakdown  and  large- 
scale  unsteady  motions.1,2  These  unsteady  motions 
are  known  to  play  a  key  role  in  the  formation  of 
pollutant  emissions  such  as  carbon  monoxide  (CO), 
nitric  oxide  (NO),  and  unbumed  hydrocarbons 
(UHC).3'5  Considerably  less  is  known,  however, 
about  the  mechanisms  that  lead  to  soot  formation  in 
swirl-stabilized  liquid-fueled  combustors.  Previous 
investigations  have  relied  on  exhaust-gas 
measurements  and  parametric  studies  to  gain  insight 
into  the  effects  of  various  input  conditions  on  soot 
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loading.6'10  Much  of  the  fundamental  knowledge 
concerning  soot  formation  is  derived  from 
investigations  of  laminar  diffusion  flames,11’12  with 
only  a  limited  number  of  studies  having  focused  on 
unsteady  effects.13,14  The  importance  of  considering 
unsteadiness  and  fluid-flame  interactions  was 
demonstrated  by  Shaddix  et  al., 14  who  found  that  a 
forced  methane/air  diffusion  flame  produced  a  four¬ 
fold  increase  in  soot  volume  fraction  (as  a  result  of 
increased  particle  size)  as  compared  with  a  steady 
flame  having  the  same  mean  fuel-flow  velocity. 

The  goal  of  the  current  work  is  to  study  soot 
formation  in  the  highly  dynamic  environment  of  a 
swirl-stabilized  JP-8-fueled  model  combustor.  This 
is  accomplished  by  simultaneous  imaging  of  the  soot 
volume  fraction  and  hydroxyl-radical  (OH) 
distribution  using  laser-induced  incandescence  (LII) 
and  OH  planar  laser-induced  fluorescence  (PLIF), 
respectively.  Residual  Mie  scattering  from  large 
droplets,  which  appears  in  the  OH  images  but  does 
not  preclude  signal  interpretation,  is  used  to  a  limited 
extent  as  a  spray  diagnostic. 

The  utility  of  LII  for  two-dimensional  imaging  of 
soot  volume  fraction  has  been  demonstrated  in  a 
number  of  investigations15,16  and  has  been 
implemented  in  aircraft  engine  exhaust  streams.9,10 
Brown  et  al.17  performed  planar  LII  for  soot- volume- 
fraction  imaging  in  the  reaction  zone  of  a  model  gas- 
turbine  combustor;  their  measurements  demonstrated 
LII  in  the  primary  reaction  zone  but  did  not  image 
the  turbulent  flame  structure  near  the  exit  of  the  swirl 
cup.  In  the  current  work,  we  extend  the  work  of 

A  17 

Brown  et  al.  by  performing  LII  at  the  exit  of  the 
swirl  cup  and  by  the  addition  of  OH  PLIF. 

The  use  of  OH  as  a  flame  marker  is  typical  in 
studies  of  soot  formation  in  diffusion  flames  because 
of  its  close  correlation  with  flame  temperature.18,19  It 
has  also  been  employed  in  a  number  of 
investigations  of  swirl-stabilized  combustors.  ’ 
The  use  of  laser-saturated  OH  LIF  for  quantitative 

22  23 

measurements  has  also  been  demonstrated,  ’ 
although  saturation  is  quite  difficult  in  the  case  of 
planar  measurements.  In  the  current  investigation  we 
demonstrate  semi-quantitative  measurements  in  the 
recirculation  region  using  excitation  levels  well 
below  saturation.  OH-PLIF  measurements  in  the 
liquid-spray  region  are  more  qualitative  because  of 
simultaneous  droplet  scattering  and  non-equilibrium 
conditions. 

The  performance  and  accuracy  of  the  planar  LII 
and  OH-PLIF  systems  are  characterized  in  the 


current  work  and  described  below.  Instantaneous, 
averaged,  and  statistical  data  from  OH  PLIF  are  then 
employed  to  provide  insight  into  the  turbulent  nature 
of  the  swirl-stabilized  spray  flame  at  various 
equivalence  ratios.  The  physical  processes  that 
govern  the  soot  formation  process  are  visualized 
using  simultaneous  OH  PLIF,  LII,  and  droplet  Mie 
scattering.  Finally,  the  overall  soot  volume  fraction 
in  the  primary  zone  is  tracked  as  a  function  of  fuel 
composition. 

NOMENCLATURE 

A  oh  -  Rate  of  spontaneous  emission  (s'1) 

Fb  -  Boltzmann  fraction 

Noh  -  Number  density  of  OH  molecules  (m‘3) 

Qoh  ~  Collisional  quenching  rate  (s'1) 

Soh  -  relative  OH-PLIF  signal 
rj-  fluorescence  efficiency 
®-  Equivalence  ratio 

EXPERIMENTAL  SET  UP 

A.  Swirl-Stabilized  Combustor 

The  near- field  structure  of  swirl-stabilized  flames 
is  highly  dependent  upon  the  characteristics  of  the 
fuel  injector  and  the  geometry  of  the  surrounding 
flame  tube.  The  injector  configuration  shown  in  Fig. 
1  is  a  generic  swirl-cup  liquid- fuel  injector  used  in 
ongoing  fuel  studies  at  the  Atmospheric-Pressure 
Combustor-Research  Complex  of  the  Air  Force 
Research  Laboratory’s  Propulsion  Directorate.24  It 
employs  a  pressure-swirl  atomizer  (Delavan  model 
27710-8)  with  a  nominal  flow  number  of  1.6.  The  4- 
cm  exit  diameter  nozzle  is  centrally  located  in  a 
15.25  cm  x  15.25  cm  square  cross-section  dome-type 
combustor.  The  spray  impinges  upon  a  filming 
surface  and  is  surrounded  by  dual-radial,  counter- 
swirling-air  co-flows  to  entrain  the  fuel,  promote 
droplet  break-up,  and  enhance  mixing.  The  resulting 
three-dimensional  conical  flame,  shown  in  Fig.  1(b), 
is  composed  of  several  zones  including  an  outer 
droplet-vaporization/preheat  region,  an  inner 
turbulent  flame  brush  region,  and  a  recirculation 
zone  that  brings  hot  combustion  products  upstream 
along  the  centerline.25  After  exiting  the  primary 
flame  zone,  the  combustion  products  are  allowed  to 
mix  thoroughly  along  the  48-cm  long  flame  tube 
before  entering  a  43-cm-long,  5.7-cm  exit-diameter 
exhaust  nozzle  that  is  designed  to  create  a  uniform 
exhaust-gas  temperature  and  concentration  profile. 


800 


Changes  in  overall  equivalence  ratio  from  ®  = 
0.5  to  1.15  (primary  zone  equivalence  ratio  from  <D  = 
0.55  to  1.3)  were  achieved  in  the  current  study  by 
varying  the  pressure  drop  across  the  fuel-spray 
nozzle  from  about  1.5  to  10  atm,  which  resulted  in 
fuel  mass  flow  rates  of  1.0  to  2.2  g/s,  respectively. 
The  fuel  flow  rate  is  measured  using  a  Max 
Machinery  positive-displacement  flow  meter  with 
±0.5%  full-scale  accuracy.  The  air-flow  system 
consists  of  three  Sierra  5600  SLPM  mass  flow 
controllers  with  ±1%  full-scale  accuracy.  The  inlet 
air  is  heated  to  450  K  with  a  constant  flow  rate  of  ~ 
0.028  kg/s.  The  air-pressure  drop  across  the 
combustor  dome  was  ~  4.8  to  5.2%  of  the  main 
supply.  Most  of  the  air  flow  enters  the  combustor 
through  the  swirl-cup  injector,  but  a  small 
percentage  enters  through  aspiration  holes  along  the 
aft  wall.  No  liner  air  jets  are  used  in  the  secondary 
zone;  therefore,  the  fuel-air  ratio  depends  almost 
entirely  on  the  flow  rates  through  the  injector  cup. 

The  combustor  is  optically  accessible  via  75- 
mm-wide  quartz  windows  along  the  top  and  sides  for 
in-situ  laser-based  diagnostics.  In  addition, 
particulate  emissions  at  the  exit  of  the  exhaust  nozzle 
are  characterized  using  a  TSI  Model  3022A 
Condensation  Nuclei  Counter  (CNC)  to  provide  a 
count  of  particles  per  unit  volume  (particle  number 
density),  and  a  TSI  Model  3936  Scanning  Mobility 
Particle  Sizer  (SMPS)  to  obtain  the  particle  size 
distribution.  Particulate  emissions  are  captured  and 
transported  to  the  analytical  instruments  via  an  oil- 
cooled  probe,  which  consists  of  three  concentric 
tubes  with  three  fluid  passages.  The  outermost 
passage  flows  recirculating  cooling  oil,  which  is  kept 
at  150°C  for  all  tests.  The  middle  annulus  provides 
particle-free  dry  dilution  air,  and  the  center  passage 
transports  the  diluted  sample  to  the  instruments.  The 
probe  is  installed  facing  the  flow  in  the  center  and 
near  the  exit  of  the  combustor  to  help  capture  a 
“representative”  sample  of  the  exhaust  and  avoid 
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Fig.  1.  (a)  Dual-radial  swirl-injector  geometry  used  in  the  current 
study  (b)  photograph  of  near-field  flame  structure,  and  (c) 
photograph  of  the  test  rig. 

diluting  or  contaminating  with  surrounding  air.  The 
sample  line  is  heated  to  75°C,  and  the  sample  is 
diluted  at  the  probe  tip  to  help  prevent  water 
condensation  and  particulate  loss  to  the  wall  due  to 
high  wall-sample  temperature  gradients.  Sharp 
bends  in  the  sample  line  were  avoided  to  reduce 
particle  loss. 

B.  OH-PLIF  System 

A  review  of  PLIF  fundamentals  can  be  found  in 
Eckbreth  (1996).26  As  shown  in  the  optical  set-up  in 
Fig.  2,  50%  of  the  laser  energy  from  a  frequency- 
doubled,  Q-switched  Nd:YAG  laser  (Spectra-Physics 
Pro290)  is  used  to  pump  a  dye  laser  (Sirah  Precision 
Scan),  the  output  of  which  is  frequency  doubled  to 
obtain  wavelenghts  in  the  (1,0)  band  of  the  OH  A-X 
system.  The  dye  laser  is  tuned  to  the  Qi(9)  transition 
at  283.922  nm  (in  air),  which  has  less  than  a  ±2.5% 
variation  in  the  ground-level  Boltzmann  fraction,  FB, 


Fig.  2.  Experimental  setup  for  simultaneous  OH  PLIF  and  LII  in  an  atmospheric-pressure,  swirl-stabilized,  liquid  fftfeled, 
model  gas-turbine  combustor. 


from  1600  to  2400K.  This  range  of  temperatures 
coincides  with  the  equilibrium  conditions  one  would 
expect  for  JP-8  fuel  at  equivalence  ratios  used  in  this 
study  (primary  zone  ®  =  0.55  -  1.3).27  Considering 
the  full  range  of  possible  temperatures  from  1100  to 
2400K  within  typical  lean  and  rich  flammability 
limits,28  the  Boltzmann  fraction  for  this  transition 
varies  by  up  to  ±12.5%.  The  maximum  laser  energy 
available  for  OH  PLIF  was  24  mJ.  A  1.5-m- focal- 
length  spherical  plano-convex  lens  and  a  -75-mm- 
focal-length  plano-concave  lens  are  used  to  form  a 
laser  sheet  that  enters  the  combustor  through  the  top 
window.  The  laser-sheet  thickness  is  330  Dm  at  full- 
width-half-max  (FWHM)  as  measured  by  translating 
a  knife-edge  across  the  beam.  The  sheet  width  is  ~  7 
cm,  with  a  3°  full-angle  divergence.  A  near  top-hat 
sheet-width  profde  that  drops  to  zero  laser  energy 
within  about  1  mm  is  obtained  by  clipping  the  wings 
of  the  laser  sheet  at  the  last  turning  mirror  above  the 
combustor. 

Fluorescence  is  collected  from  about  306  to  320 
nm  via  the  (1,1)  and  (0,0)  bands  of  OH  using  an 
intensified  charge-coupled  device  (ICCD)  camera 
(Princeton  Instruments  PI-MAX  SB)  oriented 
approximately  along  the  normal  to  the  sheet.  Two  1- 
mm  thick  WG295  Schott  Glass  filters  are  used  in 
front  of  the  camera  lens  to  reduce  scattering  from 
droplets  at  283.922  nm,  and  a  IJG11  filter  is 
employed  to  nearly  eliminate  flame  emission, 
scattering  from  the  LII  laser  wavelength  of  532nm, 
and  fluorescence  from  polycyclic-aromatic- 
hydrocarbon  (PAH)  compounds.  A  105-mm-focal- 
length  f/4.5  UV  lens  is  employed  to  collect  the  OH 
fluorescence,  and  an  intensifier  gate  width  of  20  ns  is 
used  to  capture  the  OH  signal.  Images  are  typically 
collected  with  2x2  binning  to  obtain  adequate 
resolution  (512x512)  and  framing  rate  (1.4  Hz).  The 
pixel  viewing  area  in  each  2x2  superpixel  is 
200x200  pm2. 

Based  on  the  dimensions  of  the  OH-PLIF  laser 
sheet  and  total  laser  energy  of  24  mJ,  it  is  estimated 
that  the  laser  irradiance  of  1.36xl07  W/cm2  is  two  to 
three  orders  of  magnitude  lower  than  the  90-95% 
saturation  level.22,  3  The  OH-PLIF  signal  is, 
therefore,  linearly  related  to  laser-energy  variations. 
OH-PLIF  signal  corrections  (typ.  ±15%)  in  the  axial 
direction  are  performed  in  post-processing  based  on 
measurements  of  the  laser-sheet  profile  after  each 
run.  Signal  variation  (typ.  ±3%)  due  to  the  3°  laser- 
sheet  expansion  in  the  cross-stream  direction  is  also 


corrected  in  post-processing.  Corrections  are  not 
made  for  laser-energy  attenuation  due  to  OH 
absorption  and  droplet  scattering;  this  leads  to  signal 
uncertainties  of  ±10%  in  the  lower  region  of  each 
image.  The  effect  of  this  error  is  substantially 
reduced  in  the  upper  half  of  the  combustor  where 
most  of  the  data  in  this  study  is  extracted.  Shot-to- 
shot  fluctuations  in  laser  energy  add  an  estimated 
±5%  uncertainty,  as  determined  from  data  collected 
in  a  laminar  diffusion  flame  with  the  same  OH-PLIF 
system. 

For  measurements  with  low  laser  irradiance,  the 
effect  of  collisional  quenching  on  fluorescence 
efficiency  must  also  be  considered.  For  a  given 
imaging  system  and  laser  irradiance,  the  OH-PLIF 
signal,  Soh,  from  each  pixel  volume  is  proportional 
to  the  number  density  of  OH,  Noh,  and  the 
fluorescence  efficiency,  77. 26 

Soh*Nohti  =  Noh  -  Ao»  (1) 

Tw  +  'Jon 

The  fluorescence  efficiency  is  proportional  to  the 
rate  of  spontaneous  emission,  A0h,  from  molecules 
in  the  excited  state  and  inversely  proportional  to  the 
rate  at  which  excited  molecules  are  depleted  via 
spontaneous  emission  and  collisional  quenching, 
Qoh-  Collisional  quenching  is  a  function  of  the 
temperature-,  pressure-,  and  species-dependent 
quenching  coefficient  as  well  as  the  number  density 
of  the  species.29  As  a  result  of  offsetting  effects  in 
the  equilibrium  combustion  products  of  JP-8,  the  rate 
of  collisional  quenching  is  found  to  be  fairly 
constant  for  equivalence  ratios  of  less  than  unity. 
Under  rich  conditions  the  conversion  of  CO  to  CO  2 
decreases  substantially  and  leads  to  an  increase  in 
collisional  quenching  and  a  decrease  in  fluorescence 
efficiency.  In  regions  where  equilibrium  assumptions 
are  valid,  the  LIF  signal  can  be  used  along  with  Eqn. 
1  and  the  Boltzmann  fraction,  FB,  to  determine  the 
relative  OH  number  density;  this  will  be  discussed 
further  in  the  results  section.  In  the  liquid-spray 
region  where  lean  and  rich  pockets  of  fuel  can  co¬ 
exist,  qualitative  signal  interpretation  is  problematic 
since  the  fluorescence  efficiency  could  vary  by  more 
than  ±30%  based  on  local  conditions. 

C.  Mie-Scattering 

Mie  scattering  was  obtained  using  the  same  setup 
as  for  the  OH-PLIF  system.  It  was  found  that  two 
WG295  color-glass  filters  (CVI  Laser)  and  parallel- 
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Fig.  3.  Raw  signal  from  (a)  OH  PLIF  and  droplet  Mie  scattering 
while  on  Qi(9)  line  of  (1,0)  band  in  A-X  system  and  (b)  droplet 
Mie  scattering  while  off  the  OH  line.  Overall  (|)  =  0.7. 

polarization  detection  would  provide  optimal  OH 
LIF  sensitivity  while  minimizing  the  likelihood  of 
damaging  the  ICCD  because  of  intense  levels  of 
droplet  scattering.  When  tuned  off  the  OH 
absorption  line,  as  shown  in  Fig.  3(b),  the  intense, 
highly  localized  droplet  scatter  can  be  distinguished 
from  the  large,  more  uniformly  distributed  OH 
layers.  Large  droplet  clusters  appear  primarily  near 
the  injector  exit,  and  single  droplets  with  trailing 
flames  are  often  observed  traveling  into  the 
recirculation  region,  as  shown  in  Fig.  3(a).  The 
trailing  flames  of  these  droplets  do  not  appear  in  the 
off-line  images  nor  at  higher  equivalence  ratios  and, 
therefore,  are  not  attributable  to  scattering  off  of  fuel 
vapor  or  fluorescence  from  broadband  sources  such 
as  PAH  compounds.  The  droplet-scattering  signal 
intensity  is  about  one  order  of  magnitude  higher  than 
that  of  the  OH  PLIF,  but  it  occurs  primarily  at 
isolated  points.  The  OH-PLIF  signal  levels 
(determined  from  probability  density  functions)  are 
assigned  to  a  false-color  table  from  black  to  red, 
while  the  Mie  scattering  signals  are  above  this  range 
and  appear  in  white. 

D.  LII  System 

Some  of  the  first  two-dimensional  visualizations 
of  soot  volume  fraction  using  LII  were  performed  by 
Santoro  and  co-workers 15  and  by  Vander  Wal  and 
Weiland.  The  effects  of  various  parameters  such  as 
laser  fluence,  laser-sheet  profile,  detection 
wavelength,  camera  gate  width,  and  camera  gate 
delay  have  been  explored  in  a  number  of  follow-up 
investigations.30'32  A  list  of  reviews  on  the  subject  is 
provided  by  Urban  and  Faeth.12  The  LII  optical 
layout  employed  in  the  current  study  is  shown 
schematically  in  Fig.  2,  where  50%  of  the  energy 
from  a  frequency-doubled  Nd:YAG  is  formed  into  a 


sheet  using  a  2-m  plano-convex  spherical  lens  and  a 
-50-mm  plano-concave  cylindrical  lens.  The  FWHM 
thickness  of  the  laser  sheet  is  about  700  Dm  within 
the  measurement  volume,  as  measured  by  traversing 
a  knife-edge  across  the  sheet.  As  is  the  case  for  the 
OH  LIF  laser  sheet,  the  long  2-m-focal-length  lens  is 
used  to  minimize  variations  in  laser-sheet  thickness 
within  the  measured  region.  The  sheet  width  is  ~  14 
cm,  with  a  full  angle  divergence  of  6°  within  the  test 
section.  An  overall  tilt  of  5°  is  used  to  overlap  the 
LII  and  PLIF  laser  sheets.  The  wings  of  the  LII  sheet 
are  clipped  prior  to  the  last  turning  mirror  to  generate 
a  near  top-hat  profile  that  drops  to  zero  laser  energy 
within  about  2  mm.  To  reduce  systematic  errors  due 
to  intensity  variations  in  the  laser  sheet  and  due  to 
laser  extinction  in  the  measurement  volume,  the  LII 
system  is  operated  in  the  saturated  regime,  measured 
in  the  current  system  to  be  above  200  mJ/cm2.  This 
saturation  regime,  found  at  similar  fluence  levels  in 
the  literature,  ’  reduces  the  uncertainty  in  the 
relative  soot  volume  fraction  measurements  to  about 
±10%  for  the  full  width  of  the  laser  sheet. 

The  LII  signal  is  detected  using  a  1024x1024 
ICCD  camera  (Princeton  Instruments  PI-MAX  SB- 
MG)  and  an  £71.2,  58-mm-focal-length  glass  lens. 
After  4x4  pixel  binning,  the  measurement  resolution 
is  about  575x575  pm  .  A  500  nm  short-pass  filter 
(CVI  Laser)  is  used  for  detection  from  415  to  500 
nm,  which  reduces  contributions  from  nascent  soot 
particles,  OH  fluorescence/chemiluminescence,  and 
red-shifted  fluorescence  from  PAH  compounds.  The 
relatively  short-lived  PAH  fluorescence  is  also 
minimized  by  employing  a  time-delayed  detection 
scheme.  Scattering  from  the  532-nm  laser  source  is 
eliminated  through  the  use  of  a  532-nm  zero-degree 
reflective  mirror  in  addition  to  the  500-nm  short-pass 
filter  and  delayed  detection.  Light  leakage  from 
flame  luminosity  while  the  ICCD  intensifier  is  gated 
off  is  minimized  through  the  use  of  a  25 -ms-gate 
Uniblitz  shutter.  During  post-processing  the  residual 
background  signal  from  flame  luminosity  is 
subtracted  from  each  image.  A  color  scale  is  chosen 
with  a  minimum  value  corresponding  to  5%  above 
the  background  and  a  maximum  value  of  100%  of 
the  peak  in  each  image. 

To  optimize  the  timing  of  LII  detection,  data 
were  collected  in  the  swirl-stabilized  flame  for  a 
number  of  camera-intensifier-gate  delays  and  widths. 
A  camera  delay  of  20  ns  after  the  laser  pulse  was 
found  to  reduce  laser  scatter  to  nearly  the 
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background  level  while  maintaining  LII  signal-to- 
noise  ratios  greater  than  20:1.  The  LII  signal  decayed 
quickly  within  the  first  200  ns  after  the  laser  pulse. 
The  long  decay  in  signal  after  200  ns  is  dominated 
by  larger,  slow-cooling  particles.  Using  a  gate  width 
of  50  ns,  errors  due  to  particle  size  effects  are 

^  TO 

estimated  to  be  on  the  order  of  5-10%. 

E.  Combined  LIF/LII  System 

The  OH-PLIF  and  LII  cameras  are  synchronized 
using  an  external  delay  generator  driven  by  the 
advanced  Q-switch  TTL  output  of  the  Nd:YAG 
laser.  The  precise  camera  delay  required  to  capture 
each  image  is  imposed  using  an  onboard  timing 
generator  in  each  ICCD  controller.  The  laser  pulses 
are  coincident  to  within  several  nanoseconds  so  that 
no  fluid  movement  occurs  between  LIF  and  LII 
detection.  Because  of  spatial  constraints  within  the 
test  cell,  both  cameras  are  positioned  on  the  same 
side  of  the  combustor  at  slight  3.5°  angles  to  overlap 
the  two  imaged  regions.  The  PLIF  image  area 
overlaps  the  left  half  of  the  LII  image  nearest  the 
injector  cup  in  order  to  minimize  off-axis 
defocusing.  After  camera  alignment,  registration 
images  are  collected  for  use  in  post-processing. 

RESULTS  AND  DISCUSSION 

A.  Average  and  Instantaneous  Flame  Structure 

The  average  and  instantaneous  OH  distributions 
at  overall  equivalence  ratios  (®)  ranging  from  0.5  to 
1.15  are  shown  in  Figs.  4(a)  to  4(f).  All  images  are 
background  subtracted  and  corrected  for  laser-sheet 
intensity  variations  and  laser-sheet  divergence.  The 
effect  of  laser  attenuation  is  evident  in  the  lower 
flame  region,  with  signal  levels  that  are  10%  less 
than  the  upper  flame  region.  The  false  color  scale  is 
common  for  all  images  and  varies  from  5%  to  100% 
of  the  maximum  OH  signal  as  determined  by 
probability  density  functions  at  ®  =  0.5. 

Two  main  features  of  the  flame  structure  become 
apparent  when  analyzing  the  series  of  images  in  Fig. 
4.  The  first  is  that  the  flame  structure  evolves  from  a 
single-  to  multi-layer  reaction  zone.  The  second  is 
the  prominent  role  that  turbulence  plays  in 
determining  this  structure. 

A  classical  five-zone  description  of  pressure-jet 
hollow-cone  spray  combustion35  consists  of  a  dense 
spray,  primary  flame  zone,  rich-premix  zone,  rich 
secondary  combustion  zone,  and  a  recirculation 
zone.  The  dense  spray  region  in  the  near  field  is 
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Fig.  4.  200-shot  average  (left)  and  instantaneous  (right)  OH-PLIF 
images  at  overall  (|)  of  (a)  0.5,  (b)  0.6,  (c)  0.7,  (d)  0.8,  (e)  1.0,  and  (f) 
1.15.  False-color  scale  from  5%  to  100%  of  the  peak  average 
(4100)  and  instantaneous  (5250)  counts  at  §  =  0.5. 
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dominated  by  fuel  vapor  and  cannot  support 
combustion.  The  primary  zone  is  formed  by  the 
combustion  of  fuel  vapor  from  small  droplets.  A 
rich-premix  zone  is  then  formed  along  the  spray 
direction  due  to  evaporation  of  larger  droplets.  This 
is  followed  by  rich  combustion  and  product 
recirculation. 

For  the  current  injector  geometry,  the  primary 
reaction  zone  is  highly  perturbed  by  large-scale 
structures  that  entrain  reactants  across  the  entire 
width  of  the  flame  layer,  as  shown  in  the 
instantaneous  image  of  Fig.  4(a).  At  higher  overall 
O,  these  turbulent  motions  become  more  prominent 
and  the  primary  flame  zone,  labeled  in  Fig.  4(c), 
becomes  more  intermittent.  Also,  an  intermittent 
rich-premix  region  is  formed  along  the  inner  cone  of 
the  spray,  as  labeled  in  Fig.  4(c).  This  region  comes 
into  direct  contact  with  the  recirculation  zone  and 
reacts  with  any  available  oxygen,  thereby 
establishing  a  secondary  flame  zone  as  labeled  in 
Fig.  4(c).  At  overall  ®  =  0.5,  the  primary  and 
secondary  reaction  zones  are  essentially  merged,  and 
a  gradual  separation  in  the  flame  layers  takes  place  at 
higher  equivalence  ratios.  This  phenomenon  is  most 
visible  in  the  lower  half  of  the  average  image  in  Fig. 
4(d),  where  the  primary  and  secondary  reaction 
zones  are  completely  separated  by  the  rich-premix 
zone.  Since  the  air-flow  rate  is  held  constant  for  all 
test  conditions  in  this  study,  these  dynamics  may  be 
attributable  to  the  behavior  of  the  liquid  spray  as  the 
injection  pressure  is  increased,  as  well  as  to  changes 
in  local  equivalence  ratio.  Experiments  and 
computations  based  on  gaseous-fuel  injection, 
therefore,  may  not  capture  this  behavior. 

To  further  elucidate  the  role  of  intermittency  and 
the  character  of  the  rich-premix  region,  it  is  useful  to 
present  probability  density  functions  (PDFs)  of  the 
OH-PLIF  signal.  PDFs  are  mathematically  defined 
as  histograms  with  areas  normalized  to  unity.  They 
are  helpful  in  highly  intermittent  flames  for  which 
the  ensemble  average  does  not  accurately  represent 
the  instantaneous  field.  For  example,  they  can  be 
used  to  detect  whether  an  increase  in  OH  signal 
results  from  an  increase  in  OH  within  large-scale 
structures  or  from  an  increase  in  their  frequency  of 
occurrence.  They  can  also  be  used  to  discriminate 
against  Mie  scattering,  which  occurs  with  much 
higher  camera  counts  than  the  OH  PLIF. 

Figures  5(a)  and  5(b)  show  PDF  data  for  overall 
<f>  =  0.5  and  0.7,  respectively,  across  the  upper  flame 
zone  just  above  the  dense  spray,  as  shown  in  Fig.  4. 


Each  profile  in  Fig.  5  represents  a  different 
downstream  position,  as  noted  in  the  legend.  At  each 
point,  signals  from  0  to  6000  counts  from  200 
images  are  tabulated  into  bins  of  200  counts.  The 
contribution  from  droplet  scattering,  which  typically 
occurs  with  tens  of  thousands  of  counts  per  pixel,  is 
not  significant  at  these  locations  since  the  PDFs  drop 
to  zero  by  5000-6000  counts. 

The  PDF  profiles  for  overall  ®  =  0.5  in  Fig.  5(a) 
change  significantly  from  12  -  34.8  mm  because  of 
changes  in  large-scale  structure  dynamics  across  the 
flame.  The  PDFs  at  12  and  19.6  mm  are  bimodal  in 
character,  with  the  low-signal  peak  representing 
cases  when  the  measurement  point  is  outside  of  a 
flame  structure  and  the  high-signal  peak  representing 
cases  when  the  measurement  point  is  within  a  flame 
structure.  As  one  crosses  the  center  of  the  flame 
layer,  the  PDFs  are  increasingly  weighted  toward  the 
high-signal  peak  such  that  the  low  signal  peak  is 
almost  not  visible  at  27.2  mm.  Note  that  both  the  low 
and  high  signal  peaks  remain  “stationary”  from  12 
mm  to  27.2  mm,  indicating  that  the  fluid 
composition  within  the  large  scale-structures  is 
nearly  constant  in  this  region.  Beyond  this  point,  the 
PDFs  take  on  a  “marching”  character.  Specifically, 
the  PDF  profiles  are  shifting  to  lower  signal  levels. 
This  indicates  that  the  influence  of  large-scale 
entrainment  of  unbumed  reactant  is  reduced  in  this 
region.  Strikingly  similar  behavior  is  found  in  the 
PDFs  of  non-reacting  turbulent  jets,  with  stationary 
PDFs  in  regions  dominated  by  large-scale  structures 
and  marching  PDFs  in  regions  dominated  by 
gradient  mixing.34,35 

The  PDF  profiles  for  the  upper  flame  at  overall  ® 
=  0.7  follow  the  same  trends  as  for  those  at  overall 
<f>=  0.5.  This  is  evident  in  Fig.  5(b)  in  which  the 
PDFs  from  x  =  12  -  27.2  mm  are  weighted  more  and 
more  to  the  high-signal  peak.  The  PDFs  for  the 
lower  flame  in  Fig.  5(c),  however,  mark  the 
emergence  of  the  rich-premix  zone  at  27.2  mm. 
Rather  than  shifting  to  the  high-signal  peak,  the  PDF 
profde  at  this  location  shifts  back  to  the  low  signal 
peak  and  is  similar  to  the  profile  shown  at  12  mm. 
This  indicates  that  the  rich-premix  region  between 
the  primary  and  secondary  zones  is  similar  in  in 
terms  of  large-scale  structure  dynamics  to  the 
unbumed  reactant  layer  along  the  outer  cone  of  the 
spray  flame. 
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B.  Soot  Formation  Process 

While  understanding  the  average  and 
instantaneous  flame  structure  is  important  for  the 
purpose  of  validating  turbulent  models  of  gas  turbine 
combustion,  another  main  goal  of  the  current 
analysis  is  to  determine  how  soot  is  formed  in  swirl- 
stabilized  liquid-spray  flames.  In  particular,  it  is  of 
interest  to  determine  the  location  of  soot  inception, 
how  it  evolves,  and  the  dynamic  behavior  that 
controls  the  rate  of  soot  production.  Based  on  the 
results  reported  by  Shaddix  et  al.14  in  forced  flames, 
it  is  likely  that  the  turbulent  flow  structure  reported 
in  the  previous  section  will  have  a  significant  impact 
on  soot  production. 

Figures  6(a)  -  6(c)  show  simultaneous  images  of 
OH  PLIF  and  soot  volume  fraction  from  LII  at 
overall  <J>=  0.8,  1.0,  and  1.15.  The  OH-PLIF  images 
have  the  same  false  color  scale  shown  in  Fig.  4, 
while  the  LII  signal  is  plotted  using  color  contours 
defined  by  a  reverse  color  scale  shown  in  Fig.  6. 
Analysis  of  these  images  reveals  an  inverse 
correlation  between  soot  volume  fraction  and  OH- 
PLIF  signal.  An  exception  is  in  the  dense  spray 
region  where  low  levels  of  LII  interference  are 
detected  due  to  residual  droplet  scattering.  Increasing 
the  time  delay  for  LII  detection  reduces  this  scatter 
but  also  significantly  reduces  the  detection  of  soot 
incandescence.  Instead  it  is  sufficient  to  note  that 
most  of  the  LII  signal  is  detected  in  regions  that  are 
free  of  droplet  Mie  scattering  (as  detected  with  the 
OH-PLIF  camera)  and  is  attributable  to  the  presence 
of  soot.  The  LII  signal  is  also  not  likely  to  come 
from  PAH  fluorescence,  which  would  appear  more 
consistently  and  have  peak  signals  near  the  spray 
region.  Background  images  collected  without  the 
laser  sheet  show  that  the  contribution  from  nascent 
soot  incandescence  is  less  than  5%. 

For  all  flow  conditions  studied  here,  soot  is  most 
often  generated  along  the  inner  cone  of  the  flame. 
Not  unexpectedly,  this  corresponds  to  the 
intermittent  rich-premix  zone  discussed  in  the 
previous  section.  This  is  particularly  evident  in  Fig. 
6(a),  where  soot  is  shown  propagating  out  of  this 
region  and  into  the  recirculation  zone.  It  is 
interesting  to  note  that  soot  is  seldom  observed 
within  intermittent  regions  of  low  OH  signal  in  the 
primary  zone.  This  is  not  surprising  since  there  are 
likely  to  be  higher  levels  of  oxygen  and  OH 
available  for  soot  oxidation  in  this  region. 


°0  2000  '  4000  6000 


OH  PLIF  (Counts) 


Fig.  5.  Probability  density  functions  of  OH  PLIF  at  (a)  Line  A,  (b) 
Line  B,  and  (c)  Line  C  as  marked  in  Fig.  4. 


From  observation  of  simultaneous  OH-PLIF  and  LII 
data,  as  shown  in  Fig.  6,  it  is  evident  that  the  rate  of 
soot  production  increases  significantly  with  overall 
equivalence  ratio.  The  mechanisms  for  this  increased 
production  can  now  be  assessed  given  knowledge  of 
how  the  soot  is  formed  and  how  it  evolves.  As  noted 
in  the  previous  discussion,  large-scale  turbulent 
motions  increase  the  prominence  of  the  rich-premix 
zones  as  the  injection  pressure  is  increased.  In 
addition,  the  secondary  reaction  zone  is  weakened  as 
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Fig.  6.  Overlay  of  OH-PLIF  and  LII  images  at  overall  §  of 
(a)  0.8,  (b)  1.0,  and  (c)  1.15.  OH-PLIF  false-color  map  same 
as  for  Fig.  4.  LII  shown  in  false-color  contours  from  5%  to 
100%  of  the  peak  signal  in  each  image. 

the  equivalence  ratio  in  the  recirculation  zone 
increases.  Even  at  lower  overall  equivalence  ratios, 
intermittency  can  result  in  locally  rich  regions  within 
the  recirculation  zone,  particularly  in  the  lower  spray 
region  of  the  current  set  up.  In  the  lower  flame  of 
Fig.  6(a),  for  example,  there  is  very  little  in  the  way 
of  a  secondary  reaction  zone.  In  Fig.  4(d),  large 
droplets  are  shown  entering  the  recirculation  zone 
with  burning  wakes  in  the  upper  half  while  droplets 
entering  the  recirculation  zone  in  the  lower  half  do 
not.  Locally  rich  conditions  allow  soot  produced  in 
the  rich-premix  zone  to  escape  the  flame  layer  and 
undergo  a  much  slower  oxidation  process. 

The  sensitivity  of  the  rate  of  soot  production  to 
the  local  flame  structure  is  illustrated  serendipitously 
in  the  current  work  by  the  asymmetry  in  the  upper 
and  lower  halves  of  the  spray  flame.  As  noted 


earlier,  the  rich-premix  region  is  much  more 
prominent  in  frequency  and  spatial  extent  in  the 
lower  spray  region.  In  fact,  soot  production  takes 
place  almost  exclusively  in  the  lower  half  of  the 
combustor  for  all  equivalence  ratios,  as  shown  in 
Fig.  6.  This  asymmetry,  which  could  result  from 
misalignment  of  the  injector  nozzle,  is  also  detected 
in  time-averaged  images  of  flame  emission  and  is 
not  due  to  uncertainties  in  the  current  measurement 
system. 

C.  Applications 

The  combined  use  of  planar  LII  and  OH  PLIF 
has  been  shown  in  the  previous  discussion  to  provide 
valuable  physical  insight  into  soot  formation  in  the 
current  flame  environment.  It  is  also  of  interest  to 
determine  whether  the  simultaneous  OH-PLIF  and 
LII  diagnostic  can  be  useful  for  tracking  changes  in 
flame  composition  and  soot  production  with  various 
combustor  inlet  conditions  -  namely,  equivalence 
ratio  and  fuel  composition.  In  studies  of  soot 
mitigating  additives,  for  example,  it  is  important  to 
determine  whether  changes  in  soot  production  result 
from  changes  in  the  chemical  or  physical  properties 
of  the  fuel. 

Figures.  7  and  8  demonstrate  the  ability  of  the 
OH-PLIF  and  LII  systems  to  track  local  equivalence 
ratio  and  soot  production,  respectively.  Using  a 
region  in  the  recirculation  zone  that  is  free  of  droplet 
scatter,  the  time-  and  spatially  averaged  OH-PLIF 
signal  is  computed  with  respect  to  equivalence  ratio. 
This  provides  a  calibration  for  JP-8  that  can  be  used 
to  qualitatively  track  changes  in  equivalence  ratio. 
Fig.  7  is  not  plotted  versus  overall  equivalence  ratio, 
but  with  respect  to  an  equilibrium  calculation27  for 
JP-8  fuel.  The  validity  of  equilibrium  assumptions  in 
this  region  have  been  proposed  in  previous 
investigations  of  can-type  gas  turbine  combustors.3,4 
The  temperatures  and  species  concentrations  from 
this  equilibrium  calculation  were  then  used  to 
calculate  the  effect  of  LIF  efficiency  and  Boltzmann 
fraction  on  OH-PLIF  signals.  Encouragingly,  the  fit 
to  the  equilibrium  calculation  is  quite  good,  even 
under  rich  conditions  for  which  quenching 
corrections  are  most  uncertain. 

The  fit  of  OH-PLIF  signals  to  equilibrium 
calculations,  shown  in  Fig.  7,  indicates  that  the  local 
equivalence  ratio  is  13.5%  higher  than  the  overall 
equivalence  ratio.  In  other  words,  stoichiometric 
conditions  in  the  recirculation  zone  are  expected  for 
overall  equivalence  ratios  of  O  =  0.88.  This  is  not 


807 


Fig.  7.  Equivalence-ratio  dependence  of  equilibrium  OH 
number  density  compared  with  OH-PLIF  data  in  the 
recirculation  zone.  Confidence  intervals  set  to  ±5%  of  the 
peak  value. 


Fig.  8  Effect  of  overall  §  on  normalized  soot  volume 
fraction.  LII  measurements  using  a  camera  gate  of  50  ns 
are  fit  with  an  exponential  function.  Data  from  sampling 
probe  acquired  at  exit  of  exhaust  nozzle. 


surprising  since  images  collected  at  these 
equivalence  ratios  show  a  transition  from  burning  to 
non-burning  wakes  behind  droplets  that  enter  the 
recirculation  zone.  Differences  in  local  and  overall 
equivalence  ratio  may  be  partially  due  to  air  from  the 
aspiration  holes  of  the  aft  wall  escaping  the  primary 
flame  zone  or  due  to  incomplete  mixing  in  the 
primary  flame-recirculation  region. 

In  Fig.  8,  the  temporally  and  spatially  averaged 
relative  soot  volume  fraction  is  plotted  as  a  function 
of  overall  equivalence  ratio  for  the  current  spray 
flame.  The  LII  data  show  an  exponential  rise  in  soot 
volume  fraction  with  equivalence  ratio.  The 
sampling  probe  displays  a  threshold  effect  at  about  O 
=  1.0,  below  which  soot  in  the  exhaust  is  effectively 
oxidized  due  to  long  residence  times  and  the 
presence  of  excess  air.  In  the  primary  zone  of  the 
combustor,  there  is  less  time  to  oxidize  the  soot.  In 
addition,  the  primary  zone  is  locally  higher  in 
equivalence  ratio  than  in  the  exhaust. 

Fig.  8  also  shows  the  results  of  an  LII  experiment 
performed  with  a  longer  gate  width  of  200ns  as 
opposed  to  50ns.  This  was  performed  to  assess  the 
sensitivity  of  the  data  to  particle-size  effects  —  a  bias 
toward  higher  particle  sizes  would  be  expected  for 
the  longer  gate  duration  of  200  ns.  Because  of 
normalization,  this  bias  appears  as  a  slight  decrease 
in  signal  at  lower  equivalence  ratios  for  which 
particle  sizes  are  expected  to  be  smaller.  The  effect 
appears  to  be  minimal,  indicating  that  detection  with 
a  50  ns  gate  is  also  free  of  particle-size  effects. 


Since  the  dependence  of  soot  on  equivalence 
ratio  is  exponential,  slight  changes  in  equivalence 
ratio  could  easily  be  mistaken  for  changes  in  soot 
particle  counts  in  the  exhaust  stream.  This  highlights 
the  importance  of  tracking  equivalence  ratio  while 
performing  studies  of  soot-mitigating  additives.  An 


Fig.  9.  Effect  of  methyl  acetate  (C3H602)  addition  to  JP-8 
fuel  on  LII  and  OH-PLIF  signals  in  primary  flame  zone  of 
swirl-stabilized  combustor.  Signals  averaged  for  100  shots. 

example  is  shown  in  Fig.  9  where  methyl  acetate  is 
added  to  the  fuel  during  a  test.  Note  the  large 
decrease  in  soot  volume  fraction  during  methyl- 
acetate  addition,  as  measured  by  LII;  this 
corresponded  to  a  large  decrease  in  particle  counts 
from  the  sampling  probe.  Note  also  the  increase  in 
OH-PLIF  signal;  according  to  the  results  of  Fig.  7, 
this  indicates  that  the  fuel  mixture  which  initially 
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had  an  overall  O  =  1.05  (local  O  =  1.19)  is  becoming 
leaner.  A  certain  ambiguity  exists,  however,  because 
the  final  equivalence  ratio  could  lie  on  either  side  of 
the  peak  OH  signal.  Using  the  exponential  fit  to  the 
data  in  Fig.  8,  however,  the  change  in  LII  signal 
corresponds  to  an  equivalence  ratio  that  is  slightly  on 
the  rich  side  of  the  OH  peak.  An  overall 
equivalence-ratio  decrease  of  0.123  due  to  methyl- 
acetate  addition  is  measured  to  within  1%  for  both 
the  OH-PLIF  and  LII  data,  and  to  within  10%  of 
flow  calculations.  The  agreement  between  OH-PLIF 
and  LII  data  indicates  that  methyl  acetate  in  the 
current  work  did  not  have  an  effect  on  soot 
production,  except  for  its  effect  on  equivalence  ratio. 
One  can  envision,  therefore,  the  use  of  a  combined 
LIF  and  LII  system  to  track  the  performance  of  soot- 
mitigating  additives  without  uncertainties  in 
equivalence  ratio. 

SUMMARY 

A  simultaneous  OH-PLIF  and  planar  LII  system 
was  developed,  tested,  and  demonstrated  in  a  JP-8- 
fueled,  liquid-spray  swirl-stabilized  combustor. 
These  combined  diagnostics  provide 
phenomenological  evidence  of  soot-formation 
mechanisms  in  this  highly  turbulent  environment  by 
mapping  the  instantaneous  flame  zone  and  soot 
volume  fraction. 

It  was  found  that  large-scale  structures  play  a  key  role  in 
the  soot  formation  process.  Intermittent  regions  of  rich 
premixed  regions  of  fuel  and  air  develop  between  the  primary 
flame  layer  and  recirculation  zone  that  serve  as  sites  for  soot 
inception.  The  rate  of  soot  production  is  dependent  upon  the 
frequency  and  spatial  extent  of  these  regions;  the  rate  of  soot 
oxidation  is  dependent  upon  the  presence  of  a  secondary 
reaction  zone  as  well  as  the  availability  of  oxygen  and  OH  in 
this  zone.  Hence,  the  overall  soot  volume  fraction  may  be 
highly  sensitive  to  the  dynamics  of  the  injection  process  as  well 
as  to  the  local,  unsteady  equivalence  ratio.  Experimental  and 
numerical  studies  in  gaseous  combustors  may  not  capture  these 
dynamics  properly. 

The  utility  of  the  OH-PLIF  and  LII  system  was 
also  demonstrated  for  studies  of  soot  formation  with 
fuel-mitigating  additives.  OH  PLIF  is  used  to  assess 
changes  in  flame  structure  and  to  track  qualitative 
changes  in  local  equivalence  ratio.  LII  is  used  to 
track  the  time-  and  spatially  averaged  soot  volume 
fraction. 

The  use  of  these  combined  diagnostics  provides 
unique  information  on  the  soot  formation  process  in 
highly  turbulent  two-phase  flows  and  represents  a 
unique  application  to  practical  combustors.  To 
permit  more  definitive  conclusions  concerning  the 


initiation  of  soot  formation,  future  effort  will  include 
the  use  of  double-pulse  laser  operation  to  image  soot 
evolution. 
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Abstract 

Detailed  studies  of  flame-vortex  interactions  play  a  vital  role  in  improving  our  understanding  of  turbulent 
combustion.  A  combined  experimental  and  numerical  study  was  conducted  on  a  low- speed,  buoyant,  jet  diffusion 
flame  of  hydrogen  in  air  to  investigate  the  vortex-flame  interaction  and  the  effects  of  preferential  diffusion  on 
the  flame’s  structure.  A  time-dependent,  axisymmetric  mathematical  model  with  detailed  transport  processes  and 
a  chemical-kinetics  mechanism  was  used  to  simulate  the  dynamics  of  the  flame.  Single-shot  measurements  of 
temperature  and  the  concentrations  of  molecular  hydrogen  (H2),  the  pollutant  nitric  oxide  (NO),  atomic  oxygen 
(O),  atomic  hydrogen  (H),  and  the  hydroxyl  radical  (OH)  were  made  using  optical  techniques  such  as  coherent 
anti-Stokes  Raman  scattering,  degenerate  four-wave  mixing,  and  planar  laser-induced  fluorescence.  Temperature 
and  mole  fractions  of  different  species  are  presented  in  two-dimensional  contour  maps  and  compared  with  the 
numerical  predictions.  The  model  predicted  the  behavior  of  the  experimentally  observed  dynamic  flame  quite 
well,  including  variations  in  temperature  and  molar  concentrations  of  fuel  and  tracer  species  such  as  H,  OH,  and 
NO.  Discrepancies  in  the  concentration  of  O  atoms  were  also  noted. 
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1.  Introduction 

Studies  of  diffusion  flames  are  of  both  theoret¬ 
ical  and  engineering  importance  in  improving  our 
understanding  of  fundamental  combustion  processes 
by  providing  insight  into  turbulent  combustion  phe¬ 
nomena,  which  facilitate  the  development  and  eval¬ 
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uation  of  simplified  models  for  use  in  design  codes 
for  practical  systems.  Consequently,  since  the  pio¬ 
neering  work  of  Hottel  and  Hawthorne  [1],  jet  dif¬ 
fusion  flames  have  become  one  of  the  most  exten¬ 
sively  investigated  flame  systems.  Over  the  past  2 
decades  a  significant  amount  of  data  on  statistical  pa¬ 
rameters  such  as  fluctuations  in  velocity,  temperature, 
and  concentration  in  turbulent  combustion  processes 
have  been  obtained  through  the  use  of  single-point 
and  planar-imaging  techniques  [2].  Although  these 
measurements  have  greatly  increased  our  understand- 
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ing  of  the  interactions  of  turbulence  and  the  chem¬ 
istry,  several  important  physical-chemical  processes, 
such  as  the  role  of  strained/stretched  laminar  flamelets 
and  the  existence  of  distributed  reaction  zones,  are 
not  yet  adequately  understood.  This  is  particularly 
true  for  the  periodically  oscillating  laminar  and  near- 
transitional  jet  flames,  in  which  the  interactions  of 
large-scale,  organized  buoyancy-induced  vortices  on 
the  air  side  and  Kelvin-Helmholtz-type  vortices  on 
the  fuel  side  of  the  flame  alter  the  flame’s  struc¬ 
ture  significantly  and  in  different  ways.  Knowledge 
of  these  flame-vortex  interactions  is  essential  for  im¬ 
proving  the  accuracy  of  existing  models,  such  as  those 
using  laminar-flamelet  approaches. 

The  coupling  between  the  unsteady  fluid  dynam¬ 
ics  and  combustion  processes  associated  with  vortex- 
flame  interactions  has  been  investigated  recently  us¬ 
ing  a  time-dependent,  fluid-dynamics  model  with  de¬ 
tailed  chemistry  [3,4]  known  as  UNICORN  (unsteady 
ignition  and  combustion  with  reactions)  [5].  Applica¬ 
tion  of  this  model  to  a  low- speed,  dynamic  diffusion 
flame  of  hydrogen  and  air  produced  rather  surprising 
results,  which  could  not  be  explained  with  intuitive 
arguments.  These  studies  suggested  that  the  tempera¬ 
ture  along  a  flame’s  surface  changes  during  a  vortex- 
flame  interaction;  for  example,  it  increases  in  the 
compressed  regions  and  decreases  in  the  stretched  re¬ 
gions  when  an  air-side  vortex  interacts  with  the  flame. 
The  latter  variation  could  be  explained  by  means  of 
flamelet  theory,  which  suggests  that  the  temperature 
of  a  diffusion  flame  decreases  when  the  stretch  on 
the  flame  is  increased;  however,  the  former  variation, 
i.e.,  an  increase  in  temperature  in  the  compressed  re¬ 
gions,  could  not  be  explained  with  intuitive  reasoning. 
In  fact,  simulations  [3,4]  have  predicted  a  temperature 
increase  of  ~  100  K  above  the  adiabatic  value  in  the 
compressed  regions.  By  performing  various  numeri¬ 
cal  experiments,  Katta  et  al.  [3]  concluded  that  the 
Lewis  number  not  being  unity,  in  conjunction  with 
the  concave  curvature  (with  respect  to  the  fuel)  in 
the  compressed  region,  results  in  an  increase  in  tem¬ 
perature  above  the  adiabatic- equilibrium  value.  These 
numerical  studies  also  showed  that  preferential  mass 
diffusion,  a  Lewis  number  not  equal  to  unity,  and 
flame  curvature  all  affect  not  only  the  local  temper¬ 
ature  but  also  the  local  species’  concentrations.  In 
particular,  concentrations  of  species  with  diffusion 
coefficients  lower  than  that  of  the  fuel  tend  to  be  di¬ 
minished,  while  those  of  species  with  diffusion  coeffi¬ 
cients  higher  than  that  of  the  fuel  tend  to  be  increased. 
These  predictions  suggest  the  importance  of  under¬ 
standing  the  relative  roles  of  various  processes  taking 
place  during  a  vortex-flame  interaction,  i.e.,  a  precur¬ 
sor  to  studies  of  turbulence-chemistry  interactions. 

The  rather  surprising  and  counterintuitive  predic¬ 
tions  of  UNICORN  for  the  variations  in  temperature 


and  [NO]  [3]  in  an  unsteady  diffusion  flame  of  hydro¬ 
gen  and  air  have  been  validated  by  conducting  two 
independent  experimental  studies,  one  by  Carter  et  al. 
[5,6]  and  the  other  by  Grisch  et  al.  [7].  In  both  ex¬ 
periments  phase-locked  measurements  of  temperature 
and  species’  concentrations  were  conducted,  making 
use  of  the  fact  that  the  interaction  between  the  flame’s 
surface  and  the  outer  vortex  generated  as  a  result 
of  buoyancy  forces  occurs  periodically  at  ~  15  Hz. 
While  the  same  flame  system  was  employed  in  both 
studies,  the  laser-induced-florescence  (LIF)  technique 
was  used  in  the  former  [5,6]  and  the  degenerate- 
four-wave-mixing  (DFWM)  technique  was  used  in 
the  latter  [7]  for  measuring  [NO].  Both  measure¬ 
ments  yielded  higher  [NO]  in  the  flame-bulge  regions 
and  lower  concentrations  in  the  squeezed  regions — 
confirming  the  predictions  made  by  UNICORN. 

While  the  strong  dependence  of  NO  production  on 
temperature  caused  the  NO  concentration  to  vary  sig¬ 
nificantly  during  the  flame-vortex  interaction,  lesser 
degree  variations  in  intermediate  species  such  as  H, 
O,  and  OH,  predicted  by  UNICORN,  result  from  pref¬ 
erential  diffusion.  Since  the  variations  in  the  concen¬ 
trations  of  radicals  have  an  important  bearing  on  the 
turbulent-flame  structure,  the  predictions  made  using 
UNICORN  with  regard  to  the  variations  in  these  con¬ 
centrations  must  also  be  verified. 

The  objective  of  the  present  study  was  to  in¬ 
vestigate  the  structure  of  the  low- speed  hydrogen- 
air  diffusion  flame  in  detail  using  experimental  and 
computational  techniques.  This  effort  is  an  exten¬ 
sion  of  an  earlier  study  of  vortex-flame  interactions 
[7]  comparing  modeling  predictions  and  the  temper¬ 
atures  and  [NO]  using  coherent  anti-Stokes  Raman- 
scattering  (CARS)  and  DFWM  techniques,  respec¬ 
tively.  An  extended  database  is  established  below 
for  investigating  the  impact  of  vortex-flame  interac¬ 
tions  on  the  concentrations  of  fuel  and  radicals  and 
for  further  evaluating  the  predictions  of  UNICORN. 
The  database  includes  optical  measurements  of  [H2], 
[H],  and  [OH];  these  species  are  believed  to  be  the 
key  ones  in  the  oxidation  and  processes  occurring  in 
this  flame.  The  temporal  and  spatial  evolutions  of  the 
vortex-flame  interactions  were  investigated  by  phase¬ 
locking  the  measurements  and  using  different  single¬ 
shot  laser  diagnostics  either  separately  or  in  combi¬ 
nation.  CARS  was  used  to  measure  temperature  and 
[H2],  and  DFWM  and  LIF  were  used  for  the  concen¬ 
trations  of  NO  and  radicals. 


2.  Numerical  model 

A  time-dependent,  axisymmetric  mathematical 
model,  known  as  UNICORN,  was  used  for  the  sim¬ 
ulation  of  vertically  mounted,  unsteady,  jet  diffusion 
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flames.  Full  Navier-Stokes  equations  written  in  cylin¬ 
drical  coordinates  were  solved  along  with  species- 
and  energy-conservation  equations  [8].  A  detailed 
chemical-kinetics  model  derived  from  GRI-V2.0  [9] 
(using  only  the  elements  H,  O,  and  N)  was  em¬ 
ployed  to  describe  the  combustion  of  hydrogen  in 
air.  This  model  involved  13  species  (H2,  O2,  H,  O, 
OH,  H20,  H02,  H202,  N,  NO,  N02,  N20,  and 
N2)  and  74  elementary  reactions.  Temperature-  and 
species-dependent  properties  were  incorporated.  The 
governing  equations  were  integrated  on  a  nonuniform 
staggered-grid  system.  An  orthogonal  grid  having 
rapidly  expanding  cell  sizes  in  both  the  axial  and  the 
radial  directions  was  employed.  The  finite-difference 
forms  of  the  momentum  equations  were  obtained  us¬ 
ing  an  implicit  QUICKEST  scheme  [8,10],  and  those 
of  the  species  and  energy  equations  were  obtained 
using  a  hybrid  scheme  of  upwind  and  central  dif¬ 
ferencing.  At  every  time  step,  the  pressure  field  was 
calculated  by  solving  the  Poisson  equations  for  pres¬ 
sure  simultaneously  and  utilizing  the  lower  and  upper 
diagonal  matrix-decomposition  technique. 

Unsteady  axisymmetric  calculations  for  the  buoy¬ 
ant  jet  diffusion  flames  were  made  on  a  physical  do¬ 
main  of  400  x  150  mm,  utilizing  a  201  x  71  nonuni¬ 
form  grid  system,  which  yielded  1.0-  and  0.1-mm  grid 
spacings  in  the  flame  zone  in  the  z  and  r  directions, 
respectively.  The  computational  domain  was  bounded 
by  the  axis  of  symmetry  and  a  free-flow  boundary 
in  the  radial  direction  and  by  the  inflow  and  outflow 
planes  in  the  axial  direction.  The  outer  boundary  in 
the  z  direction  was  located  sufficiently  far  from  the 
burner  exit  (~  40  fuel-jet  diameters)  that  propagation 
of  boundary-induced  disturbances  into  the  region  of 
interest  was  minimal.  Flat  velocity  profiles  were  im¬ 
posed  at  the  fuel-  and  air-inflow  boundaries,  while  an 
extrapolation  procedure  with  weighted  zero-  and  first- 
order  terms  was  used  to  estimate  the  flow  variables  at 
the  outflow  boundary.  Details  of  the  boundary  condi¬ 
tions  have  been  given  [11]. 

3.  Experimental  procedure 

The  burner  was  an  assembly  of  concentric  tubes, 
with  the  fuel-jet  nozzle  located  at  the  center.  Uni¬ 
form,  low- turbulence  annular- air  flow  was  delivered 
around  the  central  fuel  jet  through  a  nozzle  (0  = 
150  mm)  with  a  divergent  section  and  a  flow  straight- 
ener.  A  short,  tapered  contour  nozzle  (0  =  10  mm) 
was  used  for  delivering  fuel  composed  of  78  vol%  hy¬ 
drogen  and  22%  nitrogen.  The  exit  velocities  for  the 
fuel  and  air  jets  were  3.55  m/s  and  37.9  cm/s,  respec¬ 
tively.  The  low  annular-air  velocity  used  in  these  stud¬ 
ies  is  known  to  generate  vortices,  which  convect  out¬ 
side  the  flame’s  surface  at  a  frequency  of  14.8  Hz  [7]. 


Fig.  1.  CARS/DFWM/LIF  experimental  setup. 


A  conventional  laser  system  (Fig.  1)  consisting 
of  CARS/DFWM/LIF  spectrometers  was  used  for 
the  simultaneous  single- shot  measurements  of  tem¬ 
perature  and  concentrations  of  trace  species.  Two 
benches  were  mounted  on  a  single  table  to  deliver 
the  pump  and  Stokes  beams  required  for  multi¬ 
plex  CARS  and  the  UV  beam  necessary  to  monitor 
the  species’  concentrations  by  DFWM  and/or  LIF 
[7].  The  first  bench  comprises  a  frequency-doubled 
injection- seeded  Nd:YAG  laser  and  a  broadband  dye 
laser  for  generating  the  pump  and  Stokes  beams,  re¬ 
spectively,  required  for  multiplex  CARS  [12].  For  the 
excitation  of  the  N2  Raman  transitions,  the  Stokes 
beam  is  centered  at  607.3  nm,  with  a  broadband 
emission  of  60  cm-1  full  width  at  half  maximum 
(FWHM)  bandwidth.  For  the  measurements  of  [H2], 
the  Q  branches  of  the  Raman  emission  were  probed 
using  LDS698  dye  diluted  in  ethanol.  A  bandwidth 
of  200  cm-1  was  achieved  for  these  measurements. 
The  second  laser  bench  consisted  of  a  tunable  narrow- 
band  dye  laser,  pumped  by  a  multimode  Nd:YAG 
laser,  frequency  doubled  in  a  BBO  crystal  to  generate 
the  UY  beam  with  a  FWHM  of  0.12  cm-1 .  The  laser 
repetition  rate  was  10  Hz  with  10-ns  laser  pulses,  and 
both  laser  systems  were  synchronized  within  a  tem¬ 
poral  jitter  <  10  ns. 

The  CARS  and  UV  beams  were  focused  colinearly 
at  the  probe  volume.  A  planar  BOXCARS  arrange¬ 
ment  was  used  for  the  CARS  beams,  and  referencing 
and  nonresonant  background  cancellation  were  ap¬ 
plied  systematically  [12].  The  CARS  beams  were  fo¬ 
cused  in  the  flame  with  a  lens  (300-mm  focal  length), 
which  yielded  a  3-mm-long,  100-pm-diameter  probe 
volume.  The  available  energies  in  this  probe  vol¬ 
ume  were  35  mJ  at  532  nm,  2.5  mJ  at  607  nm,  and 
2  mJ  at  683  nm.  Reference  and  sample  CARS  spec¬ 
tra  were  dispersed  in  separate  spectrographs  and  de¬ 
tected  using  two  512-diode  arrays.  A  folded  BOX¬ 
CARS  arrangement  was  used  for  the  DFWM  beams 
along  with  a  crossed-polarization  arrangement  to  ob¬ 
tain  an  optimal  signal-to-noise  ratio  involving  one- 
photon  resonance  [13].  A  UV  lens  with  a  long  focal 
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length  (900  mm)  was  used  for  DFWM.  Lenses  with  a 
short-focal  length  (300  mm)  were  used  for  excitation 
of  O  and  H  atoms  by  two-photon  absorption,  followed 
by  fluorescence  emission. 

The  angle  between  the  UY  and  the  CARS  beam 
axes  was  limited  to  5°  to  ensure  that  a  quasi-perfect 
coincidence  of  both  probe  volumes  was  achieved.  The 
superposition  of  the  DFWM,  LIF,  and  CARS  probe 
volumes  was  adjusted  using  a  200-pm-diameter  pin¬ 
hole,  inserted  at  the  beam  focus,  and  mounted  on 
three  translation  stages.  The  pinhole  was  positioned 
carefully  in  the  three  dimensions  to  achieve  super¬ 
position  of  the  beams  with  an  accuracy  of  approxi¬ 
mately  ±20  pm.  With  a  beam  separation  of  22  mm, 
the  DFWM  probe  volume  represents  a  region  10  mm 
long  and  200  pm  in  diameter.  The  DFWM  and  LIF 
signals  were  detected  on  two  separate  channels  on 
the  laser  path  and  at  right  angles  to  it.  Spatial  filter¬ 
ing  and  a  dichroic  polarizer  were  used  on  the  signal 
path  for  DFWM;  the  DFWM  signal  was  detected  with 
a  UV  photomultiplier.  The  fluorescence  signals  were 
collected  at  f/2  by  a  fused- silica  lens  and  focused 
onto  a  1-mm-i.d.  optical  fiber.  The  spatial  resolution 
in  the  flame  then  corresponded  to  a  cylinder  1  mm 
long  and  200  pm  in  diameter.  For  the  fluorescence  of 
free  atoms  of  O,  RG780  and  RG665  colored-glass  fil¬ 
ters,  with  a  narrow-band  interference  filter  centered 
at  860  nm,  were  used  along  with  a  red- sensitive  pho¬ 
tomultiplier  for  separating  the  fluorescence  emission 
from  the  scattered  laser  light  and  the  emission  from 
water  vapor  in  the  flame.  To  detect  H  atoms  a  combi¬ 
nation  of  OG-530  and  narrow-band  interference  filters 
was  employed,  along  with  a  red- sensitive  photomul¬ 
tiplier.  Part  of  the  UY  beam  was  also  detected  on  a 
reference  channel  to  monitor  the  laser-power  fluctua¬ 
tions  from  shot  to  shot. 

Planar  laser-induced  fluorescence  was  used  to 
probe  OH.  The  frequency-doubled  output  of  the  laser 
(282.75  nm)  was  formed  into  a  thin  sheet  using  a 
combination  of  cylindrical  and  spherical  lenses.  Flu¬ 
orescence  emission  from  excited  OH  was  collected 
by  a  UV  camera  lens  placed  at  a  right  angle  to  the 
laser  sheet  and  using  UG5  and  WG295  filters  and 
recorded  onto  the  512  x  512-pixel  CCD  array  of  a 
Princeton  Imax  intensified  camera.  The  size  of  the  re¬ 
gion  imaged  was  50  x  50  x  0.2  mm3.  A  reference 
signal  allowed  monitoring  of  the  laser- sheet  profile 
energy  for  each  laser  shot.  For  this  purpose  a  par¬ 
tial  reflection  induced  by  a  parallel  plate  illuminated 
liquid  acetone  contained  in  a  glass  cell.  The  fluores¬ 
cence  signal  emitted  by  acetone  was  collected  at  the 
bottom  portion  of  the  ICCD  array,  together  with  OH- 
fluorescence  images. 

Instantaneous  measurements  in  the  periodically 
oscillating  jet  diffusion  flame  were  obtained  using  the 
following  procedure:  the  frequency  of  the  outer  vor¬ 


tices  was  monitored  by  passing  a  He-Ne  laser  beam 
through  the  outer  part  of  the  flame  and  detecting  the 
beam  wandering  using  a  PIN  photodiode.  The  phase 
angles  at  which  single- shot  measurements  were  per¬ 
formed  were  obtained  by  measuring  the  delay  be¬ 
tween  the  laser  pulses  and  the  periodic  signal  gen¬ 
erated  by  the  PIN  photodiode  using  a  counter/timer 
(Hewlett-Packard).  Point  measurements  were  made 
in  the  flame  by  translating  the  burner  to  the  specified 
axial  (z)  and  radial  (r)  locations.  The  radial  position 
was  changed  in  coarse  steps  of  1  mm.  For  each  lo¬ 
cation  single-point  measurements  were  recorded  in 
real  time  over  several  successive  cycles  of  the  buoy¬ 
ant  vortices.  Typically,  sequences  of  500  laser  shots 
were  recorded  with  a  laser  repetition  rate  of  9.8  Hz 
to  obtain  a  sampling  time  of  ~  1  ms.  Instantaneous 
images  of  OH  were  acquired  at  a  selected  axial  posi¬ 
tion  by  phase-locking  the  laser  pulse  with  the  vortex 
displacement. 

4.  Measurement  methodology 

Flame  temperatures  were  derived  from  the  ob¬ 
served  Q  branch  of  the  CARS  spectrum  of  N2,  which 
was  fitted  to  a  library  of  theoretical  shapes  [14].  The 
accuracy  of  the  temperature  measurements  obtained 
under  stable  conditions  is  approximately  ±10  K  at 
room  temperature  and  ±30  K  at  2000  K,  with  stan¬ 
dard  deviations  of  5  and  2%,  respectively. 

The  concentration  of  the  fuel,  H2,  was  determined 
from  the  integrated  area  of  the  H2  CARS  signal 
after  calibrating  the  system  in  an  ambient  flow  in 
which  [H2],  the  temperature,  and  the  pressure  were  all 
known.  The  temperature,  which  was  required  for  de¬ 
termining  the  absolute  concentrations  of  species,  was 
derived  simultaneously  from  the  experimental  single¬ 
shot  H2  CARS  spectrum  with  a  Boltzmann  diagram 
technique  [15].  The  accuracy  of  instantaneous  mea¬ 
surements  of  concentration  was  ~  10%. 

[NO]  was  measured  by  DFWM.  The  basic  physics 
of  DFWM  has  been  previously  presented  in  the  con¬ 
text  of  optics  and  spectroscopy  [16]  and  its  applica¬ 
tion  to  combustion  diagnostics  has  been  reviewed  [17, 
18].  In  these  measurements  the  excitation  frequency 
is  tuned  to  the  2i(21.5)  ±  ^21  (10.5)  transitions  of 
the  A2i7+-X2/7(0, 0)  band  of  the  y  system  [19]. 
These  lines  are  well  isolated  from  the  O2  Schumann- 
Runge  transitions,  present  in  this  spectral  range,  and 
yielded  good  signal  strength  over  a  wide  range  of  tem¬ 
peratures.  Using  one-photon  resonance  in  NO,  it  was 
shown  that  optimal  sensitivity  was  achieved  with  a 
pump  beam  lying  just  at  the  level  of  the  saturation 
threshold  of  the  stronger  rotational  line  under  study. 
The  DFWM  signal  intensity  is  then  given  by 

SDFWM  a  n2(T)FDFWM(T,  S,  YcoiliT)), 
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where  N  is  the  number  density.  The  function  F  was 
calculated  for  each  of  the  temperatures  involved  in  the 
CARS  library  according  to  the  variation  of  the  yco\\ 
collision  linewidths  with  temperature  using  a  satura¬ 
tion  model  adapted  for  the  range  of  energy  employed. 
During  the  present  experiments,  the  energies  at  the 
sample  volume  for  the  pump  beams  were  fixed  at 
23  pJ,  i.e.,  approximately  one-half  the  saturation  in¬ 
tensity  of  NO  [19]. 

The  fluorescence  of  OH  was  obtained  using  ex¬ 
citation  of  the  (5)  line  in  the  X2/7-A2X+(l,  0) 
transition  near  282.75  nm.  The  probe-volume  beam 
energy  was  limited  to  <  10  pJ  to  ensure  that  fluores¬ 
cence  was  within  the  linear-excitation  regime.  Mea¬ 
surement  of  the  local  [OH]  relied  upon  the  propor¬ 
tionality  between  the  fluorescence  intensity  and  [OH]. 
Thus,  the  observed  signal  intensity  Slif  can  be  writ¬ 
ten  as 

SLIF  OC  N(T)Flif(T,  yC0ii<7)), 

where  the  function  summarizes  the  influences 
of  the  spontaneous-emission  rates  and  the  collision- 
energy  transfer  processes.  The  total  quenching  rate 
was  estimated  for  lean-  and  rich-flame  conditions  us¬ 
ing  the  data  of  Paul  et  al.  [20]  and  the  gas  composition 
and  temperature  obtained  from  calculations  of  adia¬ 
batic  equilibrium. 

Since  the  DFWM  and  LIF  signals  were  tempera¬ 
ture-dependent,  the  absolute  number  densities  of 
NO  and  OH  were  calibrated  in  flames  in  which 
the  species’  concentrations,  the  temperature,  and  the 
pressure  were  known.  The  calibration  of  the  NO  sig¬ 
nal  was  performed  in  a  laminar,  premixed  flame  of 
H2  +  air  burning  on  a  porous  burner  [7].  The  equiva¬ 
lence  ratio  was  0.43  and  the  temperature  was  1350  K. 
The  flame  was  doped  with  280  ppm  of  NO.  This  cal¬ 
ibration  assumed  that  most  of  the  doped  NO  passed 
through  the  flame  zone  without  participating  in  the 
reburn  reactions  and  that  the  amount  of  natural  NO 
is  small  compared  to  the  doped  amount.  The  former 
assumption  is  supported  by  the  experimental  studies 
of:  (1)  Cattolica  et  al.  [21],  who  suggest  that  at  low 
pressures  no  significant  amount  of  doped  NO  will  be 
removed  from  a  burner- stabilized  flame  (similar  to 
the  one  used  in  the  present  study  for  calibration  pur¬ 
poses),  and  (2)  Schulz  et  al.  [22],  who  suggest  that 
measurements  of  [NO]  by  LIF  must  be  calibrated  un¬ 
der  fuel-lean  conditions  and  with  NO-dopant  levels  of 
>  200  ppm.  Furthermore,  the  calculations  performed 
using  the  CHEMKIN  and  PREMIX  codes  [23,24]  in¬ 
dicated  that  [NO]  in  the  burnt  gases  is  within  2%  of 
the  doped  level.  Based  on  this,  the  relative  accuracy 
of  the  measurements  of  [NO]  was  estimated  to  be 
~  5%  [7]. 

For  [OH]  calibrations,  the  porous  burner  was  op¬ 
erated  at  an  H2/air  equivalence  ratio  of  0.9  to  provide 


a  near- stoichiometric  premixed  flame.  The  fluores¬ 
cence  intensity  of  OH  was  recorded  as  a  function 
of  height  above  the  porous  surface.  This  curve  gave 
the  relative  [OH]  along  the  flame’s  axis.  The  accu¬ 
racy  of  a  relative  concentration  was  estimated  by  per¬ 
forming  a  series  of  500  single-shot  measurements  for 
each  location.  Analysis  of  the  resultant  reactive-Mie- 
scattering  (RMS)  deviations  led  to  an  uncertainty  of 
~  10%.  Absolute  calibration  was  performed  by  com¬ 
paring  the  experimental  and  calculated  profiles  simu¬ 
lated  with  the  PREMIX  code.  The  detailed  chemical- 
kinetics  model  derived  from  GRI-V2.0  (using  only 
H,  O,  and  N  elements)  was  employed  to  describe  the 
combustion  of  hydrogen  +  air.  To  take  into  account 
heat  losses  from  the  flame,  the  experimental  temper¬ 
atures  measured  by  CARS  at  various  heights  were 
supplied  as  input  data  to  the  PREMIX  calculations. 
The  resultant  accuracy  of  the  temperature  measure¬ 
ments  was  obtained  on  a  series  of  500  single- shot 
measurements,  which  yielded  an  uncertainty  of  ±2%. 
Although  the  flame  model  uses  a  detailed  chemical- 
kinetic  model,  which  has  been  validated  on  several 
types  of  flames,  we  estimate  the  present  uncertainty 
on  the  absolute  [OH]  to  be  ~  20%. 

To  measure  their  concentration,  O  atoms  were  ex¬ 
cited  to  the  3/?3P  state  by  two-photon  absorption 
of  226-nm  radiation.  The  processes  originating  from 
J  =  2  were  probed  preferentially  [16].  The  experi¬ 
ments  were  performed  by  exciting  the  J'  —  0,  1,2 
triplet  components  of  the  excited  state.  The  O-atom 
fluorescence  was  monitored  at  844.6  nm  from  the 
3/?3P  excited  state  down  to  the  3  s 3  S  intermediate 
state.  In  contrast  to  the  excitation  of  NO,  the  energy 
of  the  pump  beam  was  set  at  900  pJ,  which  is  far  be¬ 
low  the  saturation-intensity  limit  of  the  two-photon 
process  under  conditions  of  an  atmospheric-pressure 
flame.  The  two-photon  transition  ls2S-3 d2D  of  the  H 
atom  was  excited  by  a  UV  beam  tuned  to  205. 1  nm  by 
tripling  the  fundamental  emission  of  the  rhodamine 
dye.  The  fluorescence  was  monitored  at  656.3  nm 
from  the  n  =  3  excited  state  to  the  n  =  2  intermediate 
state.  As  for  O  atoms,  the  energy  of  the  pump  laser 
was  fixed  at  1.2  mJ  to  induce  strong  fluorescence  sig¬ 
nals.  For  an  O  atom,  saturation  and  photodissociation 
processes  are  not  limiting  for  the  input  energy. 

As  a  result  of  their  high  reactivity,  the  radicals  O 
and  H  are,  in  general,  found  only  in  high-temperature 
regions.  Thus,  the  fluorescence  of  O  and  H  in  flames 
becomes  quasi-insensitive  to  the  temperature.  The 
conversion  of  the  fluorescence  signal  of  an  atomic 
species  to  the  number  density  is  given  by 


Nf-N  ,2L^I 
/_  Cal5cal  *2  • 


/ 


where  N,  S,  and  R  are  the  number  density,  the  flu¬ 
orescence  signal,  and  the  energy  of  the  laser  beam, 
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Distance  from  the  burner  (cm) 


Fig.  2.  Absolute  O  concentration  (top)  and  absolute  H  con¬ 
centration  (bottom)  in  <P  =  0.9,  atmospheric-pressure,  pre¬ 
mixed  H2/air  flame.  Symbols  represent  experimental  results; 
lines  represent  simulations  performed  with  flame  model 
[23,24]. 

respectively;  the  subscripts  /  and  cal  denote  the  sam¬ 
ple  and  calibration  flames,  respectively.  Absolute  cal¬ 
ibration  of  the  fluorescence  signal  from  an  atomic 
species  was  performed  with  a  strategy  similar  to  that 
used  for  OH.  As  shown  in  Fig.  2,  the  concentra¬ 
tion  profiles  of  O  and  H  measured  in  the  calibra¬ 
tion  flame  are  very  similar  to  those  obtained  in  the 
simulations.  The  rescaling  procedure  provided  an  ab¬ 
solute  value  for  the  peak  concentration,  which  was 
later  used  to  calibrate  the  measurements  in  the  buoy¬ 
ant  flame.  This  value  was  responsible  for  the  final 
uncertainty  in  the  measurements  of  [O]  and  [H].  It 
was  estimated  that  the  absolute  accuracy  is  less  than 
a  factor  of  2.  Concerning  the  relative  accuracy,  it  is 
also  important  to  note  that  measurements  of  [O]  and 
[H]  in  the  calibration  flame  exhibited  large  shot-to- 
shot  fluctuations  due  to:  (1)  real-time  fast  variations 
in  [O]  and  [H]  in  the  reaction  zone,  (2)  shot-to-shot 
fluctuations  of  the  LIF  signals  caused  by  the  weak 
signal-to-noise  ratio,  and  (3)  the  squared  dependence 
of  two-photon  LIF  signals  on  laser  energy.  Taking 
into  account  these  sources  of  error,  the  relative  accu¬ 
racy  of  [O]  and  [H]  was  deduced  from  the  standard 
variation  of  fluorescence  intensity  recorded  on  statis¬ 
tical  data  of  300  single- shot  measurements.  The  re- 


Fig.  3.  Structure  of  low-speed,  buoyant,  jet  diffusion  flame. 
Instantaneous  image  obtained  using  reactive-Mie-scattering 
technique  shown  on  left  half;  instantaneous  temperature  dis¬ 
tribution  obtained  using  UNICORN  model  shown  on  right 
half. 

suiting  uncertainty  was  then  estimated  to  be  ±20% 
(see  Fig.  2). 


5.  Results  and  discussion 

Measured  and  computed  instantaneous  images 
of  the  flame  are  shown  in  Fig.  3  on  the  left  and 
right  halves,  respectively.  The  dynamic  flame  struc¬ 
ture  is  evident  from  this  figure,  and  a  comparison 
of  computed  and  measured  images  suggests  that  the 
model  captured  the  important  features  of  this  low- 
speed  flame.  Both  the  measurements  and  the  calcula¬ 
tions  show  two  toroidal  vortical  structures  outside  the 
flame’s  surface,  convecting  downstream,  and  a  third 
one  just  forming  at  ~  50  mm  above  the  nozzle.  The 
computed  convective  frequency  of  ~  15  Hz  for  the 
vortices  is  in  good  agreement  with  the  measured  value 
(~  14.8  Hz).  The  experimental  image  was  obtained 
using  a  RMS  technique  [25].  The  bright  region  in  this 
image  (left  half  of  Fig.  3)  is  the  luminous  flame  sur¬ 
face,  as  captured  simultaneously  with  Mie-scattered 
light.  As  described  earlier,  the  time-dependent  simu¬ 
lation  for  this  low-speed  jet  diffusion  flame  was  made 
using  UNICORN  on  a  201  x  71  grid  system.  It  is  im¬ 
portant  to  note  that  no  external  perturbation  was  used 
in  this  simulation  and  that  the  buoyant  acceleration  of 


817 


34 


F.  Grisch  et  al  /  Combustion  and  Flame  139  (2004)  28-38 


Fig.  4.  Profiles  of  temperature  and  NO  concentration  with 
respect  to  time  in  buoyant  diffusion  flame  at  location 
r  =  15.5  mm  and  z  =  135  mm. 

hot  gases  along  the  flame’s  surface  is  responsible  for 
the  formation  of  the  outer  vortices  [3,4,8]. 

Variations  in  temperature  and  concentrations  of 
the  species  were  recorded  simultaneously  as  a  func¬ 
tion  of  time  over  a  vortex-crossing  period  at  different 
locations  in  the  flame.  For  validating  the  model,  a 
location  with  axial  and  radial  distances  of  135  and 
15.5  mm,  respectively,  was  chosen.  This  location  is 
marked  with  filled  circles  in  Fig.  3  on  both  the  ex¬ 
perimental  and  the  simulated  images.  As  the  vortices 
travel  past  this  probe  location,  hot  combustion  prod¬ 
ucts  convect  not  only  in  the  axial  direction  but  also  in 
the  radial  direction.  Typical  time-dependent  profiles 
of  measured  temperature  and  [NO]  at  this  location  are 
shown  in  Fig.  4  with  solid  circles  and  squares,  respec¬ 
tively.  These  profiles  represent  the  data  in  the  bulge 
region  during  the  vortex-flame  interaction.  The  pres¬ 
ence  of  low-temperature  gas  (~  400  K)  during  certain 
periods  suggests  that  the  probe  is  located  outside  (on 
the  air  side)  of  the  flame. 

The  two  peaks  in  the  temperature-time  plot  (Fig.  4) 
are  highly  reproducible  and  represent  stretched  and 
compressed  flamelets  [7].  When  the  flame  is  bulged 
in  the  braid  region  of  a  vortex  pair,  the  flame  section 
(flamelet)  that  is  being  pulled  outward  by  the  lower 
vortex  becomes  compressed,  and  the  flame  section 
being  pushed  inward  by  the  upper  vortex  becomes 
stretched.  This  means,  with  reference  to  time,  that 
the  flame  section  crossing  the  probe  location  first 
(t  ~  13  ms)  represents  the  stretched  flame  (due  to  the 
upper  vortex)  and  the  one  crossing  later  (t  ~  30  ms) 
represents  the  compressed  flame  (due  to  the  lower 
vortex).  Supporting  the  prediction  of  Katta  et  al. 
[3,4]  the  experimental  temperature  of  the  compressed 
flamelet  is  higher  than  that  of  the  stretched  flamelet, 
with  a  temperature  difference  of  ~  100  K.  The  varia¬ 
tion  in  [NO],  in  general,  follows  that  of  temperature. 
However,  because  of  the  nonlinear  dependence  of  NO 
production  on  temperature,  the  former  nearly  doubles 
when  the  latter  increases  by  ~  100  K  in  the  com¬ 
pressed  flamelet. 


_  Contour  plots  of  the  measured  parameters  in  space 

and  time  were  constructed  from  the  individual  time 
“  profiles  recorded  at  several  radial  locations.  About 
£  10  single- shot  measurements  were  averaged  at  each 

i!  temporal  (phase)  and  spatial  position,  i.e.,  at  a  spec- 

<=!  ified  height  (135  mm  from  the  burner)  and  a  spec- 

8  ified  radius  (1-mm  intervals  from  the  center);  about 
10  measurements  were  made  every  1  ms  during  the 
flame-flicker  period  (~  65  ms)  and  averaged  to  obtain 
one  value  in  the  contour  map.  Computed  evolutions 
of  temperature  and  species’  concentrations  at  a  height 
of  135  mm  were  obtained  by  storing  these  quanti¬ 
ties  at  several  instants  during  one  flicker  cycle.  Fig.  5 
compares  the  measured  and  computed  values  for  tem¬ 
perature  and  concentrations  of  H2,  OH,  H,  NO,  and  O. 

Experimentally,  it  was  observed  that  islands  of 
high  temperature  (Fig.  5a)  and  high  [NO]  (Fig.  5e)  de¬ 
veloped  in  the  compressed  region  of  the  flame  bulge 
(~  40  ms).  It  is  interesting  to  note  that  the  loca¬ 
tion  of  the  NO  peak  was  shifted  slightly  by  a  few 
millimeters  in  the  radial  direction  from  that  of  the 
peak  temperature.  Similar  observations  were  made 
from  the  simulations  presented  on  the  right  halves  of 
Figs.  5a  and  5e,  which  accurately  captured  the  flame 
bulge,  both  spatially  and  temporally.  The  maximum 
temperatures  of  ~  2150  K  in  the  measurements  and 
~  2250  K  in  the  simulations  developed  at  the  same 
location  on  the  flame  bulge.  In  the  stretched  region  of 
the  flame,  measurements  also  showed  a  peak  temper¬ 
ature  drop  of  ~  100  K,  which  is  consistent  with  the 
simulations.  [NO]  followed  the  temperature,  with  the 
peak  located  in  the  bulge  region,  as  predicted  in  the 
calculations.  Note  that  these  calculations  were  made 
prior  to  the  experiments. 

The  difference  in  the  peak  [NO]  (~  510  ppm  in 
the  experiment  and  ~  600  ppm  in  the  calculation)  is 
thought  to  result,  in  part,  from  the  higher  tempera¬ 
ture  (by  100  K)  obtained  in  the  calculations  and,  in 
part,  from  the  chemical  kinetics  used  in  the  calcula¬ 
tions  for  forming  NO.  Note  that  only  thermal  NO, 
which  is  a  strong  function  of  temperature,  derived 
from  the  GRI-V2.0  mechanism  was  used  in  these  cal¬ 
culations.  The  more  recent  release  of  the  GRI-V3.0 
mechanism  contains  minor  changes  to  the  chemistry 
of  H2  +  O2  +  N2,  and  the  calculation  repeated  for 
this  low-speed  jet  diffusion  flame  using  the  GRI-V3.0 
mechanism  yielded  nearly  identical  results.  In  fact, 
the  difference  of  only  90  ppm  between  the  measured 
and  the  calculated  [NO]  is  less  than  would  be  ex¬ 
pected  with  a  100  K  difference  in  flame  temperature; 
however,  the  simple  thermal  NO  mechanism  used  in 
the  model  seems  to  reduce  this  difference. 

A  comparison  of  the  measured  and  computed  val¬ 
ues  of  [OH]  and  [H]  (see  Figs.  5c  and  5d,  respec¬ 
tively)  also  shows  good  agreement.  OH  was  mainly 
present  in  a  relatively  narrow  region  characterized 
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Fig.  5.  Contour  plots  of  measured  (left)  and  computed  (right)  flow-field  parameters  in  space  (radius)  and  time  at  135  mm 
downstream  of  jet  exit:  (a)  temperature,  (b)  H2  concentration,  (c)  OH  concentration,  (d)  H  concentration,  (e)  NO  concentration, 
and  (f)  O  concentration.  Experimental  O  concentration  is  multiplied  by  a  factor  of  3. 


by  its  high  temperature,  i.e.,  the  region  enclosed 
by  the  T  =  1800  K  contour.  In  contrast  to  the  ob¬ 
served  distribution  of  [NO],  the  peak  value  of  [OH] 
(10,800  ppm)  in  the  experiment  was  found  to  develop 
in  the  stretched  region.  Such  behavior  in  [OH]  was 
observed  in  the  simulations  (shown  in  the  right  half 
of  Fig.  5c)  performed  prior  to  the  experiment  [3,4] 
and  before  Katta  et  al.  [3]  argued  that  the  preferential 


diffusion  of  lighter  species  is  responsible  for  the  in¬ 
creasing  [OH]  in  the  stretched  region  where  the  tem¬ 
perature  is  lower.  Fig.  5d  shows  that  free  H  atoms 
are  also  confined  to  the  high-temperature  region  of 
the  flame,  with  a  peak  in  their  concentration  develop¬ 
ing  in  the  stretched  region.  In  general,  the  measured 
distribution  of  [H]  follows  that  predicted.  However, 
small  discrepancies  in  the  shape  and  peak  values  of 
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Measured 


Computed 


Fig.  6.  Flame  structure  at  (a)  t  =  5  ms  and  (b)  t  =  39  ms,  corresponding  to  stretched  and  compressed  regions,  respectively. 
Measured  (left)  and  computed  (right)  radial  distributions  of  temperature  and  mole  fractions  of  H2,  OH,  O,  H,  and  NO  are 
plotted. 


the  measurements  and  predictions  can  also  be  noted. 
First,  the  region  where  [H]  was  measured  was  quite 
broad  compared  to  the  calculated  one;  second,  the 
measured  peak  concentration  was  lower  than  the  cal¬ 
culated  one  by  20%.  Nevertheless,  it  may  be  recalled 
that  the  error  margin  in  the  measurements  of  [H]  us¬ 
ing  the  LIF  technique  is  also  ~  20%. 

The  predicted  concentration  distribution  of  fuel 
(H2)  matches  well  with  the  measurements.  Calcula¬ 
tions  have  even  predicted  the  variations  in  [H2]  due  to 
thinning  of  concentrations  in  the  stretched  region  and 
the  presence  of  islands  of  concentration  in  the  com¬ 
pressed  region.  Furthermore,  a  comparison  of  Figs.  5b 
and  5d  corroborates  that  the  formation  of  H  is  well 
correlated  with  the  consumption  of  fuel,  whatever  the 
location  in  the  flame. 

Fig.  5f  suggests  that  atomic  O  is  mainly  present 
along  the  steep  temperature  gradient  on  the  air  side 
of  the  flame,  i.e.,  outwardly  shifted  compared  to  the 
high- temperature  zone.  The  computations  show  sim¬ 
ilar  behavior  in  the  spatial  distribution  of  [O] ;  how¬ 
ever,  a  considerable  discrepancy  on  absolute  concen¬ 
tration  is  noted  (a  factor  of  3  difference).  Such  a  large 
discrepancy  between  the  measured  and  the  predicted 
[O]  cannot  be  explained  by  the  uncertainty  in  the  mea¬ 
surements.  It  may  result  from  the  assumption  made  in 
the  measurements  that  the  quenching  effects  are  sim¬ 


ilar  in  the  calibrated  premixed  flame  and  the  dynamic 
jet  diffusion  flame.  It  is  also  possible  that  the  chemical 
kinetics  used  in  the  present  model  may  not  be  suffi¬ 
cient  to  yield  accurate  [O]  in  dynamic  flames. 

The  structure  of  the  dynamic  flame  at  instants 
of  5  and  39  ms,  corresponding  to  the  stretched  and 
compressed  flames,  respectively,  are  shown  in  Fig.  6 
in  plots  of  radial  distributions  of  temperature  and 
species’  concentrations.  Note  that  the  data  shown  in 
Fig.  6  are  quite  different  from  those  in  Fig.  4,  even 
though  some  similarities  exist.  With  reference  to  the 
instantaneous  flame  image  in  Fig.  3,  the  data  in  Fig.  6 
represent  the  instantaneous  structure  of  the  flame 
along  the  radial  line  passing  through  the  probe  loca¬ 
tion  at  t  =  5  ms  (Fig.  6a)  and  at  t  =  39  ms  (Fig.  6b). 
On  the  other  hand,  the  data  in  Fig.  4  represent  the  time 
evolution  of  temperature  and  species  at  one  probe  lo¬ 
cation.  However,  the  data  at  r  =  15.5  mm  in  Figs.  6a 
and  6b  correspond  to  those  data  at  t  =  5  and  39  ms, 
respectively,  in  Fig.  4.  By  plotting  the  measurements 
and  the  predictions  on  the  left  and  the  right  halves,  re¬ 
spectively,  the  species  concentrations  and  temperature 
profiles  can  be  easily  compared  in  Figs.  6a  and  6b,  re¬ 
spectively. 

The  spatial  distributions  of  the  temperatures  agree 
very  closely  between  the  computations  and  the  exper¬ 
iments.  Experimentally,  the  flame  structure  is  quite 
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narrow  in  the  stretched  region,  as  expected,  because 
of  an  increase  in  reactant  fluxes  (stretch  effect).  Be¬ 
cause  these  fluxes  decrease  in  the  compressed-flame 
region,  the  structure  of  the  flame  in  this  region  be¬ 
comes  broadened  (Fig.  6b).  The  temperature  profile  in 
the  compressed  region  exhibits  two  peaks,  with  a  dif¬ 
ference  of  ~  100  K:  one  located  adjacent  to  the  fuel 
jet  and  the  other  located  in  the  flame-bulge  region. 

Observation  of  the  [O]  and  [OH]  profiles  in  the 
stretched  region  (Fig.  6a)  suggests  that  these  species 
are  formed  on  the  lean  side  of  the  flame  in  a  relatively 
thin  zone,  with  their  peak  locations  being  shifted 
slightly  from  the  peak  temperature.  In  contrast,  the 
production  of  H  appears  on  the  rich  side  of  the  flame. 
Fig.  6a  also  suggests  that  a  good  correlation  between 
the  consumption  of  fuel  and  the  production  of  H  with 
temperature  is  obtained  in  the  measurements.  As  with 
the  measured  temperatures,  the  agreement  between 
the  computed  and  the  measured  concentration  pro¬ 
files  is  very  good.  The  evolutions  and  locations  of  the 
spatial  distribution  of  every  concentration  were  well 
predicted.  However,  calculations  indicate  that  much 
more  O  and  H  is  formed  in  the  front  flame;  this  is  in 
contrast  to  the  distributions  observed  experimentally. 

In  the  compressed  region  [OH]  exhibits  a  broad 
profile,  with  a  peak  located  on  the  lean  side  of  the 
flame.  The  peak  [OH]  is  40%  lower  than  that  in  the 
stretched  flamelet.  The  peak  in  [O]  appears  at  the 
same  location  as  the  peak  in  [OH] ;  however,  the  pro¬ 
duction  of  O  seems  to  decrease,  despite  the  pres¬ 
ence  of  a  high  local  temperature  and  [OH]  in  the 
flame-bulge  region.  Comparison  of  the  [O]  profiles  of 
Figs.  6a  and  6b  also  shows  an  increase  of  30%  in  the 
peak  concentration  in  the  compressed  region.  On  the 
other  hand,  [H]  exhibits  a  two-peak  structure,  which 
follows  closely  the  temperature  profile,  with  a  15% 
variation  over  the  same  temperature  range.  As  noted 
previously,  H  production  shows  good  correlation  with 
the  consumption  of  fuel,  which  decreases  gradually 
over  the  width  of  the  flame  bulge.  In  contrast  to 
the  stretched  region,  substantial  differences  are  noted 
between  the  computations  and  the  measurements  in 
terms  of  maximum  concentrations.  The  modeling  re¬ 
sults  (Fig.  6b)  show  that  the  concentrations  of  radicals 
exhibit  a  well-defined,  two-peak  structure  with  a  peak 
intensity  located  on  the  rich  side  of  the  flame  (i.e., 
at  a  radial  location  of  1 1  mm,  where  we  still  denote 
the  presence  of  the  stretched  flame),  as  was  the  case 
with  the  experimental  results.  The  peak  [OH]  and  [O] 
are  overestimated  by  a  factor  of  ~  1.8  relative  to  the 
experimental  values.  We  also  note  that  the  calculated 
[H]  agree  quite  well  with  experiment  at  r  =  1 1  mm, 
while  a  large  discrepancy  is  noted  in  the  flame-bulge 
region  (r  =  17.5  mm).  The  reason  for  these  discrep¬ 
ancies  could  be  attributed  to  some  aspects  of  the  con¬ 
sumption  of  H2,  not  correctly  accounted  for.  For  in¬ 


stance,  the  modeling  results  show  a  faster  decrease 
of  fuel  over  the  width  of  the  flame,  which  could  then 
modify  the  distribution  of  the  intermediate  species  via 
the  main  branching  reactions  H  +  O2  — ►  OH  +  O  and 
OH  +  H2  ->  H20  +  H. 

Finally,  [NO]  closely  follows  the  temperature, 
with  the  peak  in  the  former  being  located  in  the 
bulge  region.  The  large  [NO]  in  the  compressed  flame 
arises,  in  part,  from  the  transport  of  the  NO  generated 
in  other  regions  of  the  flame.  The  decrease  of  [O]  and 
the  increase  of  [NO]  in  the  bulge  region  also  illustrate 
the  effect  of  the  Zeldovich  mechanism,  which  gov¬ 
erns  the  thermal  production  of  NO.  In  particular,  O 
may  react  with  the  nitrogen  present  in  large  quanti¬ 
ties  in  this  zone  to  form  NO.  As  discussed  by  Katta  et 
al.  [3,4],  these  observations  can  be  attributed  to  the 
preferential-diffusion  effects  in  hydrogen  diffusion 
flames  arising  from  the  unequal  diffusion  velocities. 
It  was  found  that  preferential  diffusion  enhances  the 
chemical  effects,  when  the  vortex  is  on  the  air  side. 
The  direct  effect  of  stretch  on  the  flamelet  is  an  in¬ 
crease  in  the  fluxes  of  reactants  into  the  flame  zone 
and  that  of  compression  is  a  decrease  in  them.  Thus, 
in  conjunction  with  the  preferential-diffusion  effects, 
this  was  predicted  to  increase  the  production  of  lighter 
species  such  as  OH,  O,  and  H  in  the  stretched  re¬ 
gion  but  to  decrease  it  in  the  compressed  region.  The 
experiments  performed  in  the  present  study  support 
those  predictions.  In  contrast,  the  maximum  [NO] 
was  found  in  the  compressed  flamelet  as  a  result  of 
its  sensitivity  to  the  temperature  and  longevity. 

6.  Conclusion 

Unsteady  flames  are  often  studied  to  gain  an  un¬ 
derstanding  of  turbulent-flame  structures  to  permit 
the  development  of  accurate  models  of  the  interac¬ 
tion  of  turbulence  and  chemistry.  An  experimental 
and  computational  study  was  conducted  in  a  low- 
speed,  H2/air,  jet  diffusion  flame  in  which  tempera¬ 
ture  and  species  change  rapidly  during  flame-vortex 
interactions.  A  time-dependent  CFD  code  (UNI¬ 
CORN)  incorporating  detailed  transport  coefficients 
and  a  chemical-kinetics  mechanism  was  used  for 
the  simulation  of  these  buoyancy-dominated  dynamic 
flames.  Single- shot  measurements  of  temperature  and 
species’  concentrations  were  made  using  different 
laser-based  techniques.  This  study  showed  that  a  ver¬ 
tically  mounted,  dynamic,  jet  diffusion  flame  can  be 
accurately  characterized  using  computational  meth¬ 
ods  and  advanced  optical-diagnostic  measurement 
techniques.  In  this  combined  numerical  and  exper¬ 
imental  study,  detailed  measurements,  which  were 
cross-verified  for  their  accuracy,  were  obtained.  The 
temporally  and  spatially  resolved  measurements  of 
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temperature  and  concentrations  of  H2,  H,  0,  OH,  and 
NO  established  a  database  for  the  H2/air  jet  diffusion 
flame,  which  can  be  used  for  the  development  and 
improvement  of  the  model.  The  measurements  cap¬ 
tured  the  depletion  of  radicals,  such  as  H,  O,  and  OH, 
where  the  flame  was  compressed  and  the  buildup  of 
these  species  where  stretching  occurred,  as  predicted 
by  the  UNICORN  model.  The  contradictory  behavior 
of  temperature  and  [NO],  which  increase/decrease  in 
the  compressed/stretched  flame  location,  respectively, 
was  also  quantified  by  time-resolved  measurements. 
The  techniques  demonstrated  in  this  study  for  measur¬ 
ing  absolute  concentrations  of  radicals  and  molecules 
during  a  vortex-flame  interaction  can  be  used  to  iden¬ 
tify  the  important  chemical  pathways  in  diffusion 
flames. 
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Abstract 

In  highly  fluctuating  flows,  it  happens  that  high  values  of  the  strain-rate  do  not  induce  extinction  of  the 
flame  front.  Unsteady  effects  minimize  the  flame  response  to  rapidly  varying  strain  fields.  In  the  present 
study,  the  effects  of  time-dependent  flows  on  non-premixed  flames  are  investigated  during  flame/vortex 
interactions.  Gaseous  flames  and  spray  flames  in  the  external  sheath  combustion  regime  are  considered. 
To  analyse  the  flame/vortex  interaction  process,  the  velocity  field  and  the  flame  geometry  are  simulta¬ 
neously  determined  using  particle  imaging  velocimetry  and  laser-induced  fluorescence  of  the  CH  radical. 
The  influence  of  vortex  flows  on  the  extinction  limits  for  different  vortex  parameters  and  for  different  gas¬ 
eous  and  two-phase  flames  is  examined.  If  the  external  perturbation  is  applied  over  an  extended  period  of 
time,  the  extinction  strain-rate  is  that  corresponding  to  the  steady-state  flame,  and  this  critical  value  mainly 
depends  on  the  fuel  and  oxidizer  compositions  and  the  injection  temperature.  If  the  external  perturbation  is 
applied  during  a  short  period  of  time,  extinction  occurs  at  strain-rates  above  the  steady-state  extinction 
strain-rate.  This  deviation  appears  for  flow  fluctuation  timescales  below  steady  flame  diffusion  timescales. 
This  behaviour  is  induced  by  diffusive  processes,  limiting  the  ability  of  the  flame  to  respond  to  highly  fluc¬ 
tuating  flows.  With  respect  to  unsteady  effects,  the  spray  flames  investigated  in  this  article  behave  essen¬ 
tially  like  gaseous  flames,  because  evaporation  takes  place  in  a  thin  layer  before  the  flame  front. 
Extinction  limits  are  only  slightly  modified  by  the  spray,  controlling  process  being  the  competition  between 
aerodynamic  and  diffusive  timescales. 

©  2004  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

In  non-premixed  turbulent  flames,  chemistry 
and  diffusion  processes  do  not  respond  to  rapidly 
varying  strain  fields  [1].  The  flame  acts  like  a  filter, 
and  the  scalar  fields  are  only  affected  by  low-fre- 
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quency,  perturbations.  When  the  characteristic 
timescales  of  the  flow  perturbations  are  compara¬ 
ble  to  those  of  diffusion  and  reaction  [2],  it  is  nec¬ 
essary  to  abandon  the  steady-state  analyses  and 
consider  time-dependent  effects  [3,4].  This  aspect 
is  illustrated  by  experiments  of  unsteadily  strained 
flames  [5,6].  Unsteady  effects  have  also  been  inves¬ 
tigated  using  time-dependent  calculations  of 
strained  flames  with  complex  chemistry  [7-9]  or 
activation  energy  asymptotics  [10].  It  is  shown  in 


1540-7489/$  -  see  front  matter  ©  2004  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved, 
doi:  1 0. 1 0 1 6/j  .proci.2004.08 . 130 


823 


476 


A.  Lemaire  et  al.  /  Proceedings  of  the  Combustion  Institute  30  (2005)  475-483 


these  various  studies  that,  when  the  frequency  of 
the  flow  field  fluctuation  increases,  a  time-lag  ap¬ 
pears  between  the  forcing  perturbation  and  the 
flame  response.  Above  a  cut-off  frequency  the 
flame  response  decreases  rapidly.  It  has  been  ob¬ 
served  that  the  flame  can  exist  beyond  the  stea¬ 
dy-state  extinction  limit  if  the  modulation 
frequency  is  sufficiently  high.  This  is  explained 
to  result  from  an  accumulation  of  reactants  in 
the  diffusive  layer  due  to  the  unsteady  straining 
imposed  by  the  flow  [11].  These  studies  show  that 
the  flame  response  to  unsteady  strain-rate  depends 
on  the  fluctuation  frequency,  the  amplitude  of  this 
oscillation  (related  to  the  maximum  strain-rate 
acting  on  the  flame  front),  and  the  initial  mean 
strain-rate.  In  the  present  studym  this  dependence 
is  investigated  in  the  case  of  flame/vortex 
interactions. 

Vortex/flame  interactions  are  often  considered 
to  typify  elementary  processes  of  turbulent  com¬ 
bustion.  During  successive  interactions,  the  flame 
front  is  submitted  to  a  variable  strain  field,  possi¬ 
bly  inducing  extinction  [12-14].  The  fact  that  a 
non-premixed  flame  interacting  with  a  vortex 
can  resist  to  strain-rates  up  to  5-10  times  the  qua¬ 
si-steady  extinction  strain-rate  [12]  once  more  re¬ 
veals  the  importance  of  unsteadiness  in  the  flame 
response.  The  flame  response  to  unsteady  strain- 
rate  constitutes  a  central  issue  in  turbulent  com¬ 
bustion  [15].  Since  the  extinction  process  plays 
an  important  role  in  flame  stabilization  processes 

[16] ,  it  is  of  importance  to  analyse  the  transition 
between  the  non-reacting  and  the  burning  state 

[17] .  The  present  study  focuses  on  the  local  extinc¬ 
tion  of  non-premixed  flames  and  on  the  influence 
of  the  flow  unsteadiness  on  the  flame  extinction 
limits  during  flame/vortex  interactions. 

In  many  practical  applications,  fuel  is  intro¬ 
duced  in  a  liquid  form,  usually  as  a  spray.  This 
modifies  the  combustion  process.  Multi-phase  tur¬ 
bulent  flames  typically  involve  a  large  set  of  cou¬ 
pled  phenomena  such  as  atomization,  dispersion, 
vaporization,  molecular,  and  turbulent  mixing, 
and  chemical  reactions.  Understanding  and  mod¬ 
elling  of  such  coupled  flow  fields  is  a  difficult  task. 
It  is,  for  example,  possible  to  use  flamelet  concepts 
for  non-premixed  turbulent  flames  extended  to 
spray  conditions  as  discussed  in  [18].  Understand¬ 
ing  the  interaction  between  unsteady  laminar 
flows,  sprays,  and  non-premixed  flames  may  be 
useful  to  this  type  of  modelling. 

The  present  study  aims  at  providing  informa¬ 
tion  on  such  processes  by  considering  the  interac¬ 
tion  between  a  vortex  ring  and  a  non-premixed 
two-phase  counterflow  flame.  Spray  combustion 
is  considered  for  non-dense  droplet  clouds  in  the 
external  sheath  combustion  regime.  The  spray 
vaporizes  in  an  evaporation  layer  bounding  the 
spray,  and  the  flame  is  fed  by  pre-evaporated  reac¬ 
tant  fluxes.  Initial  studies  of  a  similar  configura¬ 
tion  were  reported  by  Santoro  et  al.  [19,20].  It 


was  found  that  two-phase  flames  interacting  with 
a  vortex  sustain  instantaneous  strain-rates  higher 
than  those  required  for  quasi-steady  extinction. 
This  conclusion  was  obtained  by  comparing  two 
extinction  modes,  one  being  the  quasi-steady  state, 
the  other  a  vortex-induced  situation.  In  the  pres¬ 
ent  experiments,  different  vortex-induced  pertur¬ 
bations  interacting  with  flames  are  compared  to 
understand  how  unsteady  effects  influence  the 
flame  response  to  strain-rate.  A  non-premixed  flat 
flame  is  first  established  near  the  stagnation  plane 
of  a  counterflow  burner,  and  vortices  are  intro¬ 
duced  on  the  fuel-side.  The  behaviour  of  the  reac¬ 
tion  zone  is  studied  using  planar  laser-induced 
fluorescence  (PLIF)  of  the  CH  radical,  and  vor¬ 
tex-induced  strain-rate  is  simultaneously  mea¬ 
sured  using  particle-image  velocimetry  (PIV). 
Previous  studies  were  undertaken  using  qualitative 
CH  concentration  and  flame  surface  evolutions 
during  flame/vortex  interactions.  The  influence 
of  the  liquid  phase  on  flame  extinction  and  re-igni¬ 
tion  is  considered  in  [21].  The  strain-rate  history  is 
a  key  parameter  in  the  extinction  process.  The 
present  study  deals  with  unsteady  effects  on  gas¬ 
eous  and  two-phase  flame  response  by  analysing 
the  strain-rate  at  extinction  for  different  unsteady 
vortex  flows. 


2.  Experimental  setup 

2.1.  Burner  device 

The  experimental  device,  derived  from  an  ini¬ 
tial  steady  gaseous  counterflow  burner  [22],  in¬ 
cludes  a  piston-actuated  vortex  injection  system 
[23]  and  a  monodisperse  spray  generator  [21]. 

The  burner  (Fig.  1)  comprises  two  axisymmet- 
ric  opposite  nozzles  of  20-mm  diameter,  with  air 
in  the  upper  flow  and  a  nitrogen-fuel  mixture  in 
the  lower  flow.  The  distance  between  the  nozzle 
outlets  is  set  to  30  mm.  The  global  strain-rate  im¬ 
posed  by  the  steady  gaseous  injection  velocities  is 
kept  constant  at  90  s-1  following  the  definition  of 


Fig.  1.  Schematic  representation  of  a  two-phase  flame/ 
vortex  interaction  in  opposed-jets  burner. 
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Seshadri  and  Williams  [24].  The  fuel  mixture  is 
composed  of  methane  diluted  with  nitrogen  and 
seeded  with  2.5  pm-diameter  ^-heptane  droplets. 
The  spray  is  diluted  to  a  non-dense  condition. 
The  number  of  droplets  per  cubic  centimetre  is 
roughly  estimated  to  107  cm-3.  This  estimation 
is  done  at  the  2  cm-diameter  outlet  of  the  burner 
from  flowmeter  data  without  taking  account  of 
the  part  of  evaporated  n- heptane.  The  inlet  steady 
flow  conditions  are  characterized  by  the  inflow 
fuel  mass  fraction  Tf  0,  the  mass  ratio  Q  between 
the  liquid  mass,  and  the  total  fuel  mass  and  the 
global  mixture  ratio  0.  This  last  quantity  is  de¬ 
fined  as  0  =  s  Yf  o/  Tox,  o  where  s  is  the  stoichiom¬ 
etric  mass  ratio  of  the  reaction,  and  Tfj0  and 
Tox  o  are,  respectively,  the  inflow  fuel  and  oxidizer 
mass  fractions.  Inlet  flow  conditions  are  listed  in 
Table  1.  Case  M  refers  to  a  purely  gaseous  meth¬ 
ane  flame,  cases  D  and  E  refer  to  n-heptane  drop- 
let-seeded  flames.  Flame  D,  with  ^-heptane 
seeding,  is  the  two-phase  analog  of  flame  M,  while 
flame  E  differs  from  flame  D  by  a  higher  mass  ra¬ 
tio  of  liquid  fuel  and  a  lower  global  mixture  ratio. 

Vortices  are  generated  along  the  centreline  of 
the  fuel  nozzle  by  an  injection  tube,  fed  by  an  elec¬ 
tronic  piston-actuation  system.  This  tube  is  sup¬ 
plied  by  a  flow  derivation  from  the  main  fuel 
flow  such  that,  in  the  absence  of  a  vortex  the  exit 
velocity  matches  the  steady  flow  velocity.  The  pis¬ 
ton-actuation  system  controls  the  volume  ejected 
and  the  ejection  time,  to  generate  vortices  of  vary¬ 
ing  strengths.  Different  vortex  sizes  are  obtained 
by  changing  the  diameter  d  of  the  injection  tube, 
as  listed  in  Table  1.  The  non-reactive  vortices 
are  characterized  by  two  parameters:  the  vortex 
size  D  and  the  translational  velocity  UT.  These 
parameters  are  determined  from  the  vorticity  field 
measured  by  PIV,  as  explained  in  [25]  and  are  also 
listed  in  Table  1. 

Figure  2  shows  a  typical  interaction  between 
a  non-premixed  flame,  a  spray,  and  a  vortex 
(in  the  case  of  flame  E  interacting  with  vortex 
d).  As  CH  fluorescence  intensity  is  very  low, 
the  flame  front  is  observed  in  Fig.  2  by  induced 
fluorescence  of  the  OH  radical.  This  allows  to 
visualize  on  the  same  image  the  spray,  entrained 
by  the  vortex  flow,  interacting  with  the  flame 
front.  The  central  part  of  the  flame  is  extin¬ 
guished,  allowing  the  droplet-laden  vortex  to 
continue  past  the  flame. 


Fig.  2.  Two-phase  flame/vortex  interaction  visualized 
by  OH  fluorescence  and  light  scattering  on  the  droplet 
cloud  in  the  case  of  the  two-phase  flame  E  (TfO  =  0.21 
and  (2  =  52%)  interacting  with  vortex  d  (D  =  3.5  mm 
and  Ft  =  1.6  m/s). 


2.2.  CH  visualization  and  velocity  measurements 

The  flame  front  is  visualized  by  laser-induced 
fluorescence  of  the  CH  radical,  while  the  vortex 
flow-field  and  the  strain-rate  acting  on  the  flame 
are  determined  by  a  digital  cross-correlation  PIV 
technique.  Many  details  on  the  set-up  are  given 
in  [21],  only  a  brief  description  is  included  below. 

The  CH  radical  is  excited  at  a  wavelength  of 
389.5  nm  corresponding  to  the  Qi{5)  transition 
of  the  B2X"  <=  X2n  (0, 0)  CH  absorption  band. 
To  minimize  the  effects  of  laser-sheet  intensity 
non-uniformities  and  molecular  quenching  of 
CH,  the  laser  energy  is  chosen  to  nearly  saturate 
the  CH  transition.  Note  that  the  intention  of  this 
study  is  not  a  quantitative  determination  of  CH 
concentrations,  but  the  qualitative  observation 
of  vortex/flame  interactions  and  especially  the 
extinction-induced  CH  decrease  [21].  Fluores¬ 
cence  from  the  A-X  (0,0)  and  A-X  (1,1)  bands 
is  recorded  using  an  intensified  CCD  camera,  each 
CCD  pixel  corresponding  to  a  measurement  area 
of  100  x  100  pm2.  Then,  the  image  resolution 
(230  pm)  is  only  slightly  smaller  than  the  steady 
CH-layer  thickness  of  about  250  pm.  The  current 
set-up  cannot  discriminate,  therefore,  between  a 
decrease  of  intensity  or  thickness  of  the  CH  layer, 
but  these  effects  can  be  considered  analogous  for 
the  purpose  of  discussing  CH  layer  extinction. 

To  perform  PIV  measurements,  silicon-dioxide 
particles  are  seeded  in  the  air  stream,  while  the 


Table  1 

(Left  part)  Inlet  flow  conditions  of  single-  and  two-phase  steady  strained  flames,  case  M  refers  to  a  purely  gaseous 
methane  flame,  and  cases  D  and  E  refer  to  ^-heptane  droplet-seeded  flames 


Flames 

M 

D 

E 

Vortices 

a 

b 

c 

d 

A 

B 

Tf,o 

0.26 

0.27 

0.21 

d  (mm) 

2 

2 

2 

2 

3.7 

3.7 

Q  (%) 

0 

43 

52 

D  (mm) 

3.5 

3.5 

3.5 

3.5 

6 

6 

0 

4.43 

4.43 

3.44 

Ft  (m/s) 

0.39 

0.74 

1.0 

1.6 

0.46 

0.53 

(Right  part)  Vortex  properties. 
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/i-heptane  droplets  scatter  the  light  from  the  fuel 
stream.  The  particle  and  droplet  Stokes  numbers 
in  flows  with  characteristic  perturbation  times 
down  to  0.5  ms  (corresponding  to  strain-rates  of 
2000  s-1)  are  as  low  as  0.06.  Thus,  these  tracers 
and  droplets  follow  the  flow  induced  by  the  vortex 
and  are  well  suited  for  PIV  measurements.  The 
two  overlapping  PIV  laser  sheets  match  with 
the  CH-pumping  laser  sheet  on  the  burner  axis. 
The  PIV  pulse  intervals  are  varied  from  50  to 
200  ps  depending  on  the  vortex  speed.  A  dual¬ 
frame  camera  is  used  to  acquire  the  two  light  scat¬ 
tering  images.  PIV  images  are  processed  with  a 
commercially  available  software  using  an  adaptive 
mesh  technique  from  an  initial  64  x  64  pixel  inter¬ 
rogation  area  to  a  final  8x8  pixel  interrogation 
area.  This  gives  a  vector  spacing  of  143  pm.  Stan¬ 
dard  vector  rejection  techniques  are  applied  with 
less  than  6%  of  outliers. 

A  synchronization  system  ensures  that  signals 
controlling  all  the  experimental  devices  are  linked 
together.  With  appropriate  time  delays,  the  CH- 
pumping  laser  is  fired  between  the  two  PIV  laser 
pulses  to  avoid  light  scattering  from  particles. 
Various  phases  of  a  vortex/flame  interaction  can 
be  imaged  by  adjusting  the  relative  time-lag  be¬ 
tween  piston  actuation  and  laser  shots. 


3.  Results  and  discussion 

3.1.  Extinction  process 

Figure  3  presents  two  times  during  the  extinc¬ 
tion  process  induced  by  the  interaction  between 
two-phase  flame  E  and  vortex  b  (Table  1).  This 
interaction  sequence  is  described  by  superposing 
CH  PLIF  and  PIV  data,  each  obtained  by 
phase-averaging  10  images.  For  the  purpose  of 
this  visualization,  velocity  data,  not  available  in 


Fig.  3.  Flame  front  visualized  by  CH  fluorescence  and 
velocity  fields  during  the  extinction  of  the  two-phase 
flame  E  (Tfo  =  0.21  and  £2  =  52%)  interacting  with 
vortex  b  (D  =  3.5  mm  and  UT  =  0.74  m/s),  t0  refers  to 
the  beginning  of  the  interaction. 


the  neighbourhood  of  the  flame,  are  interpolated 
across  the  flame  front.  The  initial  time  t0  is  defined 
as  the  moment  when  the  vortex  starts  to  perturb 
the  CH  layer.  The  flame  is  clearly  wrinkled, 
7.8  ms  after  the  initial  time  t0  (Fig.  3A).  In  fact, 
the  reactive  front  follows  the  stoichiometric  line, 
which  is  deformed  by  the  vortex.  Until  the  flame 
extinguishes,  the  CH  layer  intensity  and  thickness 
decrease  on  the  centreline.  Flame  extinction  is  ini¬ 
tiated  10  ms  after  the  beginning  of  the  interaction 
and  is  observed  in  the  central  part  of  the  flame 
0.5  ms  later  in  Fig.  3B. 

Figures  4B  and  C)  shows  the  axial  velocity  pro¬ 
file  (crosses)  measured  by  PIV,  along  with  the 
positions  of  the  CH  front  (plain  line)  and  the 
evaporation  front  (dotted  line)  during  the  same 
interaction  as  visualized  in  Fig.  3.  Plots  corre¬ 
spond  to  the  time  t0  +  5  ms  and  to  the  extinction 
time  t0  +  10  ms.  The  relative  CH  layer  and  evapo¬ 
ration  front  positions  indicate  that  the  droplets 
get  closer  to  the  flame  as  their  velocity  is  aug¬ 
mented  by  the  vortex  flow  induced  on  the  fuel  side 
of  the  flame.  This  velocity  decreases  rapidly  to¬ 
wards  the  stagnation  plane,  imposing  a  high 
strain-rate  to  the  flame.  The  high  vortex  speed 
steepens  the  gradients  and  augments  the  species 
diffusion  velocities.  The  reaction  rate  can  then  be¬ 
come  the  limiting  process  compared  to  the  molec¬ 
ular  diffusion  fluxes.  If  the  heat  losses  to  the  cold 
reactants  exceed  the  heat  released  by  the  chemical 
reactions,  flame  extinction  occurs.  Extinction  in¬ 
duced  by  increasing  the  strain-rate  acting  on  the 
flame  front  reveals  the  finite  rate  of  chemical 
kinetics. 

3.2.  Strain-rate  determination 

To  examine  the  influence  of  unsteady  effects  on 
the  extinction  limits,  it  is  interesting  to  determine 
two  values  of  the  strain-rate  during  the  flame/vor¬ 
tex  interaction:  the  first,  A,  characterizes  the  aero¬ 
dynamic  perturbation  imposed  to  the  flame,  the 
second,  Aq,  defines  the  extinction  limit.  The  char¬ 
acteristic  strain-rate  A  is  defined  as  the  maximum 
value  of  the  strain-rate  during  the  temporal  vortex 
evolution.  The  extinction  strain-rate  Aq  is  mea¬ 
sured  at  the  moment  of  flame  extinction,  defined 
in  the  present  study  as  CH  layer  extinction. 

Figure  4  shows  how  these  two  values  are  deter¬ 
mined  from  the  experimental  axial  velocity  pro¬ 
files.  Since  flame  extinction  is  observed  on  the 
centreline,  the  effective  strain-rate  induced  by  the 
vortex  is  defined  on  the  axis  as  the  z-derivative 
of  the  vertical  velocity  component  v,  leading  to 
—dv/dz.  In  the  case  of  gaseous  flames,  strain-rates 
acting  on  the  flame  front  are  measured  on  the  fuel 
side  prior  to  the  flame  preheat  layer  avoiding  the 
influence  of  the  thermal  gas  expansion  (Fig.  4A). 
In  the  case  of  two-phase  flames,  as  shown  in  Figs. 
4B  and  C,  velocity  measurements  beyond  the 
vaporization  front  are  not  possible  due  to  the 
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Fig.  4.  (A)  Idealized  representation  of  the  axial  velocity  profile.  (B,C)  Experimental  axial  velocity  profiles  (crosses), 
along  with  CH  peak  (plain  line)  and  vaporization  front  (dotted  line)  positions,  corresponding  to  the  measurements  of: 
(B)  the  maximum  strain-rate  A,  (C)  the  extinction  strain-rate  Aq,  during  the  interaction  between  flame  E  and  vortex  b. 


evaporation  of  droplets  that  serve  as  tracers.  Since 
the  flow  can  locally  be  described  by  the  Euler 
equation  as  a  potential  flow  [22],  the  velocity  gra¬ 
dient  is  constant  in  the  outer  region  of  the  flame 
including  the  evaporation  front  (Fig.  4A).  The 
strain-rate  is  therefore  measured  on  the  borderline 
of  the  evaporation  front.  The  velocity  profile  is 
then  linearly  fitted  upstream  the  evaporation  front 
(upstream  the  preheat  layer  in  the  case  of  gaseous 
flames),  and  the  strain-rate  is  obtained  from  the 
slope  of  the  fitted  line  (Figs.  4B  and  C).  No  cor¬ 
rection  for  thermophoretic  effects  is  necessary 
since  these  strain-rate  measurements  are  carried 
out  prior  to  the  flame  preheat  layer  [26]. 

In  the  case  of  the  interaction  visualized  in  Fig. 
3,  between  two-phase  flame  E  and  vortex  b,  the 
vortex-induced  extinction  occurs  at  a  strain-rate 
Aq  of  260  s"1,  10  ms  after  the  initial  time,  while 
the  characteristic  perturbation  strain-rate  A  is 
equal  to  400  s_1.  The  flame  does  not  extinguish 
at  a  maximum  value  of  the  strain-rate,  as  it  could 
be  expected.  This  is  probably  due  to  the  kinetic 
energy  dissipation  in  the  flame  neighbourhood. 

The  strain-rate  results  are  listed  in  Table  2 
where  the  abbreviation  ‘n.ext.’  refers  to  a  flame/ 
vortex  interaction,  which  does  not  lead  to  flame 
extinction.  These  results  show  that,  for  identical 
flame  compositions,  the  extinction  strain-rate  in¬ 
creases  with  an  increase  in  the  vortex-induced 
strain-rate  imposed  to  the  flame.  For  example, 
two-phase  flame  E  interacting  with  three  identi¬ 
cal-sized  vortices  extinguishes  at  strain-rates  vary¬ 


ing  from  270  to  1300  s-1  depending  on  the  vortex 
speed.  The  extinction  limit  thus  depends  not  only 
on  the  initial  mixture  composition,  as  for  steady 
flames,  but  also  on  the  strain  rate  history. 

3.3.  Unsteady  effects  in  flame  response  to  variable 
strain 

The  results  listed  Table  2  can  be  analysed 
regarding  timescales.  In  unsteadily  strained  flat 
flame,  the  amplitude  of  the  flow  perturbation 
and  the  fluctuation  frequency  are  independent 
variables.  However,  in  the  flame/vortex  interac¬ 
tion,  these  two  parameters  are  proportional.  A 
faster  vortex  imposes  a  higher  strain-rate  to  the 
flame.  This  is  typical  of  turbulent  fluctuations 
where  the  characteristic  eddy  turn-over  is  inver¬ 
sely  proportional  to  the  strain-rate.  Then  the  char¬ 
acteristic  perturbation  time  rf  (which  is 
proportional  to  the  vortex  residence  time)  is  de¬ 
fined  as  the  inverse  of  the  maximum  strain-rate 
A(xf=  1  /A).  Figure  5  presents  the  flame  response 
in  terms  of  aerodynamic  extinction  limits  as  a 
function  of  the  characteristic  perturbation  time 
Tf.  In  this  figure,  square,  circle,  triangle  symbols 
correspond,  respectively,  to  gaseous  flame  M, 
two-phase  flame  D,  and  two-phase  flame  E.  The 
hollow  and  filled  symbols  relate  to  a  vortex  size 
D  of  3.5  and  6  mm,  respectively.  Figure  5  shows 
two  limiting  behaviours  of  the  flame  response  to 
the  strain-rate.  The  first  limit  is  the  quasi-steady 
extinction  regime  [27].  For  long  perturbation 


Table  2 


Characteristic  perturbation  strain-rate  A  and  extinction  strain-rate  Aq  for  different  flames  and  vortices  of  Table  1 


Vortices  (s  *) 

a 

b 

c 

d 

A 

B 

Gaseous  flame  M 

A 

— 

— 

— 

— 

330 

460 

Aq 

— 

— 

— 

— 

290 

420 

Two-phase  D 

A 

— 

350 

1300 

1350 

420 

530 

Aq 

— 

n.ext. 

1300 

1350 

330 

520 

Two-phase  flame  E 

A 

300 

400 

1100 

1300 

— 

— 

Aq 

n.ext. 

270 

1100 

1300 

— 

— 
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Fig.  5.  The  importance  of  unsteady  effects  is  outlined  by 
plotting  the  extinction  strain-rate  Aq  as  a  function  of  the 
characteristic  perturbation  time  if  —  1/A. 

times,  the  extinction  strain-rates  tend  to  a  con¬ 
stant  value  represented  by  the  dashed  horizontal 
line.  In  Fig.  5,  this  value  corresponds  to  the  qua¬ 
si-steady  extinction  strain-rate  of  flame  M,  equal 
to  A°  =  140  s_1.  The  second  limit  indicates  that 
a  flame  behaves  like  a  low  pass  filter  [8,6].  Analyt¬ 
ical  expressions  of  the  flame  response  to  unsteady 
strain-rate  exhibit  the  existence  of  a  cut-off 
frequency,  above  which  the  flame  response  de¬ 
creases  rapidly  [10,15].  As  a  consequence,  if  the 
characteristic  perturbation  timescale  decreases, 
the  strain-rate  necessary  to  induce  the  flame 
extinction  increases.  This  behaviour  corresponds 
to  a  vertical  asymptote,  represented  by  the  vertical 
dashed  line  in  Fig.  5.  The  dependence  of  the 
extinction  strain-rate  on  the  flow  timescale  can 
be  modelled  by  a  hyperbolic  curve  defined  as 
(Aq  —  Aq)(rf  —  t^)  =  C  (C  is  a  constant  close  to 
unity),  where  Aq  and  z\  correspond,  respectively, 
to  the  horizontal  and  vertical  asymptotes.  The 
best  fit  of  the  hyperbolic  curve  (dash-dotted  curve) 
in  Fig.  5  is  plotted  with  the  values  tc{  =  0.4  ms  and 
C  =  0.45.  Below  this  curve,  flame  extinction  does 
not  appear.  Figure  6  shows  extinction  strain-rate 
results  obtained  by  Brown  et  al.  [6]  plotted  versus 
the  characteristic  flow  time.  Experiments  consist 
of  a  counterflow  non-premixed  methane/air  flame 


Characteristic  perturbation  time  (ms) 

Fig.  6.  Extinction  strain-rate  results  obtained  by  Brown 
et  al.  [6]  plotted  versus  the  flow  timescale.  This  data 
representation  confirms  the  flame  behaviour  submitted 
to  varying-strain  observed  in  our  experiments. 


of  composition  (Ff  o  =  0.27)  close  to  flame  M, 
submitted  to  forcing  velocity  oscillations  from  25 
to  1 50  Hz  for  different  initial  mean  strain-rates 
A0  of  185  s-1  (crosses)  and  195  s-1  (circles). 
Strain-rates  measured  in  [6]  are  determined  as 
proposed  in  [24]  from  the  jet  exhaust  velocities. 
This  differs  from  the  method  adopted  in  the  pres¬ 
ent  study  and  explains  the  difference  in  the  strain- 
rate  values.  The  steady-state  extinction  occurs  at  a 
strain-rate  of  A°q  =  212  s_1,  represented  in  Fig.  6 
by  the  horizontal  dashed  line.  The  characteristic 
time  is  taken  to  be  the  inverse  of  the  oscillation 
frequency.  Experiments  described  by  Brown 
et  al.  [6]  on  unsteadily  strained  flat  flames  confirm 
that  the  extinction  strain-rate  depends  on  the  flow 
timescale  following  the  hyperbolic  behaviour  ob¬ 
served  in  the  present  study.  Figure  6  shows  also 
that  the  initial  steady  strain-rate  influences  the 
flame  response  to  unsteady  strain-rate.  For  initial 
highly  strained  flames,  the  extinction  strain-rate 
deviates  to  a  lesser  extent  from  the  steady-state 
value. 

Extinction  strain-rate  results  obtained  in  [6]  for 
a  mean  strain-rate  of  185  s-1  (crosses  in  Fig.  6) 
show  a  deviation  (Aq  —  Aq)/Aq  of  the  extinction 
strain-rate  Aq  from  the  steady  value  A°  smaller 
than  4%  for  perturbation  times  longer  than 
20  ms.  Deviations  from  the  steady-state  increase 
to  10%  and  30%  for  perturbation  times  down  to 
10  and  7  ms,  respectively.  Our  results  for  flame 
M  show  deviations  from  the  steady-state  up  to 
110%  and  230%  for  perturbation  times  of  3  and 
2  ms,  respectively.  The  experimental  results  show 
that  there  is  a  critical  value  of  the  characteristic 
perturbation  time,  under  which  the  extinction 
strain-rate  deviates  from  the  steady-state  extinc¬ 
tion  limit.  Beyond  this  value  the  flame  behaves 
in  a  quasi-steady  manner,  while  below  the  same 
unsteady  effects  appear.  In  non-premixed  flames, 
diffusion  fluxes  control  heat  and  mass  transfer  in 
the  flame  neighbourhood.  The  flame  structure 
therefore  depends  on  diffusion  processes  and  asso¬ 
ciated  timescales.  The  characteristic  time  zm  of  the 
diffusive  molecular  transport  can  be  defined  as  the 
inverse  of  the  scalar  dissipation  rate  x  (X  = 
2D|VZ|2  with  a  molecular  diffusion  coefficient  V 
for  methane/air  flame  M  of  around  0.3  cm2/s). 
The  Z-gradient  |VZ|st  can  be  approximated  by 
the  inverse  of  the  flame  thickness  5,  leading  to 
zm  =  32 /2V.  The  flame  thickness  deduced  from 
the  OH  layer  distribution  and  estimated  from 
OH  fluorescence  results  is  6  «  1  mm  for  the  steady 
flame  M.  The  species  diffusion  time  zm  is  then 
around  20  ms  for  methane/air  flame  M.  It  appears 
that  the  critical  value  of  the  characteristic  pertur¬ 
bation  time  under  which  the  extinction  strain-rate 
deviates  from  the  steady-state  extinction  limit  cor¬ 
responds  to  the  flame  diffusion  time  zm.  This  is 
confirmed  by  the  results  plotted  in  Fig.  6.  The 
more  strained  the  initial  flame,  the  shorter  is  the 
flame  diffusion  time.  In  that  case,  the  deviation 
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from  the  steady-state  appears  for  shorter  flow 
timescales,  as  shown  in  Fig.  6.  Unsteady  effects 
derive  from  a  competition  between  the  flow  per¬ 
turbations  and  the  ability  of  the  diffusive  layer 
to  follow  these  variations.  If  flow  timescales  be¬ 
come  very  small  compared  to  diffusion  timescales, 
the  inner  reaction  zone  becomes  totally  insensitive 
to  the  flow  perturbations,  corresponding  to  the 
asymptotic  value  xc{. 

Figure  5  shows  that,  in  the  external  sheath 
combustion  regime,  spray  flame  responds  to  vari¬ 
able  strain-rates  like  gaseous  flames.  Even  for 
highly  penetrating  vortices,  droplets  do  not  inter¬ 
act  individually  with  the  flame.  The  spray  vanishes 
in  the  evaporation  layer,  and  the  flame  is  fed  by 
gaseous  reactant  fluxes.  With  respect  to  unsteady 
effects,  only  diffusive  timescales  are  modified  by 
the  spray  shifting  slightly  the  critical  value  of  the 
flow  time,  above  which  the  flame  does  not  respond 
in  a  quasi-steady  manner. 

Figure  5  also  shows  that  the  strain-rate  is  a  key 
parameter  in  the  extinction  process.  The  flame 
curvature  effect  appears  to  be  weak.  This  is  so  be¬ 
cause,  first,  the  vortex  sizes  are  much  larger  than 
the  flame  thickness,  second,  the  hydrocarbon 
flames  extinguish  quite  rapidly  and,  as  shown  in 
Fig.  3,  the  flame  is  not  highly  wrinkled  at 
extinction. 

Finally,  it  can  be  observed  from  CH  images, 
not  shown  in  the  present  article,  that  the  spray 
flame  D  extinguishes  earlier  than  the  gaseous  flame 
M  when  submitted  to  a  vortex  of  identical  genera¬ 
tion  conditions.  This  may  be  due  to  heat  losses 
associated  with  droplet  evaporation  [19].  How¬ 
ever,  another  explanation  can  be  proposed  for 
the  extinction  of  unsteady  two-phase  flames.  As 
the  vortex  approaches  the  flame,  droplet  evapora¬ 
tion  leads  to  gas  expansion  and  then  the  two-phase 
vortex  imposes  a  higher  strain-rate  to  the  flame  as 
shown  in  Table  2.  Thus,  during  flame/vortex  inter¬ 
actions,  the  apparent  weakness  of  the  spray  flames 
can  also  be  explained  by  the  higher  strain-rates  ex¬ 
erted  on  the  two-phase  flames.  On  the  other  hand, 
unsteady  two-phase  flames  submitted  to  faster  per¬ 
turbations  sustain  extinction  strain-rates  higher 
than  those  characterizing  gaseous  flames.  This 
indicates  once  more  that  unsteadiness  plays  a  ma¬ 
jor  role  in  the  extinction  process. 


4.  Conclusions 

Vortex-strain-induced  extinction  of  gaseous 
and  two-phase  flames  has  been  examined  by  simul¬ 
taneous  measurements  of  the  velocity  field  and  the 
flame  geometry.  These  flow  and  flame  characteris¬ 
tics  have  been  obtained  by  particle  image  veloci- 
metry  and  laser-induced  fluorescence  of  CH 
radical.  These  experiments  show  that  extinction 
of  unsteady  flames  does  not  only  depend  on  the 
instantaneous  value  of  the  strain-rate,  above  which 


the  flame  extinguishes,  but  is  also  related  to  the 
history  of  the  perturbation.  Considering  initial 
and  boundary  conditions  of  unsteady  flames, 
extinction  limits  not  only  depend  on  initial  flame 
composition  and  temperature — as  for  steady 
extinction  mode,  but  also  depend  on  the  character¬ 
istic  perturbation  time.  The  faster  the  perturba¬ 
tion,  the  further  the  extinction  limit  is  extended 
beyond  the  quasi-steady-state  extinction  limit. 
From  the  longest  to  the  shortest  perturbation 
timescales,  the  flame  extinction  strain-rate  varies 
from  the  steady-state  value  to  high  values  of  10 
times  the  steady  value.  In  fact,  non-premixed 
flames  submitted  to  varying- strain  fields  extinguish 
at  strain-rates  following  a  hyperbolic  dependence 
with  the  flow  timescale,  where  the  steady-state 
extinction  strain-rate  and  the  fluctuation  time  be¬ 
low  which  the  flame  is  not  affected  by  flow  pertur¬ 
bations  are  the  asymptotic  limits.  Experiments 
show  that  deviation  from  the  quasi-steady  state 
extinction  appears  when  perturbation  timescales 
become  smaller  than  diffusion  timescales.  Unstea¬ 
dy  effects  in  non-premixed  combustion  originate 
in  diffusive  processes  by  means  of  mass  accumula¬ 
tion  in  the  diffusive  layer.  It  is  believed  that  the 
diffusive  layer  acts  as  a  buffer  between  the  convec¬ 
tive  region  of  the  flow  and  the  inner  reactive  flame 
layer.  Diffusion  processes  shift  the  extinction 
limits  so  that  the  extinction  conditions  are  modi¬ 
fied.  In  highly  fluctuating  flows,  unsteady  effects 
strongly  influence  the  flame  response  and  must 
be  considered  to  predict  extinction  processes  cor¬ 
rectly.  In  the  present  experiments,  we  have  chosen 
small  monodisperse  droplet  conditions  to  separate 
effects  of  droplet  piercing  through  the  flame  front. 
In  this  case,  as  the  evaporation  takes  place  in  a 
thin  layer  before  the  reaction  front,  the  flame  is 
fed  only  by  gaseous  reactant  fluxes.  With  respect 
to  unsteady  effects,  spray  flames  burning  in  the 
external  sheath  combustion  regime  behave  there¬ 
fore  like  gaseous  flames.  The  extinction  strain- 
rates  are  slightly  modified  by  the  presence  of  the 
spray,  controlling  process  being  the  competition 
between  aerodynamic  and  diffusive  timescales. 
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Comments 

Katharina  Kohse-Hoinghaus,  University  of  Bielefeld, 
Germany.  Your  results  about  the  correlation  of  extinc¬ 
tion  and  strain  rate  are  very  interesting.  There  is  ample 
literature  about  extinction  parameters  in  counterflow 
diffusion  burners.  Would  you  regard  this  data  now  as 
lower  limits  of  strain  rates  for  extinction? 

Reply.  The  correlation  between  extinction  and  strain 
rate  is  effectively  now  well  established.  The  fundamental 
relevance  of  this  study,  we  believe,  is  the  experimental 
evidence  of  the  existence  of  two  extinction  asymptotes 
limits,  one  lower  and  well  known  as  the  quasi-steady 
extinction  limits,  and  another  highest,  corresponding 
to  highly  unsteady  interactions  (short  characteristic  per¬ 
turbation  time).  The  deviation  from  the  quasi-steady 
state  extinction  is  controlled  by  the  competition  between 
the  perturbation  time  scales,  and  diffusion  time  scales. 
These  data  show  the  flammability  domain,  or  the  lower 
limits  of  strain  rates  for  extinction,  under  the  influence 
of  different  aerodynamics  conditions. 

• 

Michael  Drake,  General  Motors,  USA.  Is  the  amount 
of  liquid  fuel  added  enough  to  lead  to  a  lower  tempera¬ 
ture  of  the  fuel  stream  due  to  vaporization?  What  effect 
would  this  have  on  extinction  limits? 

Reply.  Answer  to  this  question  is  essentially  included 
in  the  original  paper,  concerning  the  amount  of  liquid 
fuel  added  (see  Section  2,  Experimental  setup),  and  the 
effects  this  has  on  the  extinction  limits  (see  Section  4, 
Conclusions,  two  last  sentences).  Summarizing,  in  this 
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paper,  spray  combustion  is  considered  for  non-dense 
droplet  clouds  in  the  external  sheath  combustion  regime, 
in  which  the  extinction  strain-rates  are  slightly  modified 
by  the  presence  of  the  spray,  controlling  process  being 
the  competition  between  aerodynamic  and  diffusive 
time- scales.  For  a  more  detailed  analysis  on  the  influence 
of  the  liquid  phase  on  flame  extinction  and  re-ignition, 
we  recommend  our  previous  work  using  qualitative 
CH  concentration  and  flame  surface  evolutions  during 
flame/vortex  interactions  in  (Ref.  [21]  in  paper). 

• 

Robert  Pitz,  Vanderbilt  University,  USA.  You  found 
that  the  extinction  of  unsteady  diffusion  flames  could  de¬ 
pend  on  the  history  of  the  strain  rate.  Would  a  better 
indicator  of  extinction  in  unsteady  laminar  diffusion 
flames  be  the  value  of  the  scalar  dissipation  at  the  flame 
surface? 

Reply.  While  we  agree  on  the  importance  of  the  sca¬ 
lar  dissipation  rate  as  been  a  better  indicator  of  extinc¬ 
tion  in  unsteady  laminar  diffusion  flames,  this  does  not 
necessarily  detract  from  the  significance  of  strain  rate 
history,  which  has  a  significant  impact  on  scalar  dissipa¬ 
tion  and  is  directly  connected  to  strain  rate  in  unsteady 
counter-flow  flames.  It  is  the  primary  focus  of  this  work. 
It  is  also  somewhat  early  to  declare  that  scalar  dissipa¬ 
tion  is  a  universal  criterion  for  extinction.  A  study  per¬ 
formed  by  the  group  at  Yale  [1],  for  example,  showed 
that  the  scalar  dissipation  rate  at  extinction  was  as  much 
as  26%  higher  than  the  value  for  quasi-steady  extinction. 
This  variation  could  be  greater  for  other  flame/vortex 
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conditions.  A  numerical  study  by  Katta  et  al.  [2],  for 
example,  found  differences  between  steady  and  unsteady 
scalar  dissipation  rates  at  extinction  of  up  to  73%. 
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• 

David  Hagen,  Vast  Power  Systems  ILC,  USA.  Do  you 
see  or  expect  any  surface  area  related  quenching  of  radi¬ 
cals  on  drop  surfaces  compared  to  enthalpic  or  evapora¬ 
tion  rate  or  strain  rate-quenching  phenomena  [1]? 

Reference 

[1]  G.O.  Thomas,  Combust.  Flame  130  (2002)  147-162. 

Reply.  In  order  to  obtain  qualitative  information 
about  the  effects  of  the  vortex  on  the  flame,  one  can 
calculate  the  time  evolution  of  the  flame  surface  and 
the  CH  layer  centerline  intensity  from  experimental 


images.  Data  from  CH  PLIF  diagnostics  effectively 
localize  the  diffusion  flame  front  and  extinction  zones 
(extinction  signal  refers  to  signal  that  falls  to  the  back¬ 
ground  noise).  One  can  define  the  flame  front  position 
by  following  the  maxima  of  CH  intensity  for  an  aver¬ 
age  of  about  10  images.  Comparing  flame  surface  evo¬ 
lutions,  measured  extinction  rates,  and  maximum  peak 
normal  strain  rates,  one  may  show  that  when  the  peak 
normal  strain  rate  increases,  the  flame  surface  and  the 
CH  intensity  during  extinction  decrease  prior  and  faster 
in  any  cases  we  studied.  We  may  say  that  the  peak  nor¬ 
mal  strain  rate  is  sufficient  to  predict  the  extinction  of 
the  CH  layer  and  is  the  main  controlling  parameter 
of  extinction  for  the  vortices  studied  in  this  paper. 
The  rate  of  CH  extinction  can  be  described  conve¬ 
niently  by  a  single  value  since  the  drop  in  CH  mole 
fraction  is  found  to  be  sufficiently  linear  with  respect 
to  time  for  a  variety  of  conditions.  In  all  cases  studied 
in  this  work,  quenching  of  radicals  (OH  and  CH  in  our 
measurements)  on  drop  surfaces  were  well  correlated  to 
a  strain  rate-quenching  phenomena.  Indeed,  it  can  be 
observed  from  CH  images  (see  our  previous  work 
Ref.  [21]  in  paper)  that  spray  flame  extinguishes  earlier 
than  the  gaseous  flame  when  submitted  to  a  vortex  of 
identical  generation  conditions.  This  may  be  effectively 
due  to  enthalpy  associated  with  droplet  evaporation 
rate  (Ref.  [1]  in  Pitz  reply). 
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flame  emission  are  discussed.  The  data  indicate  that  rich  pockets  of  premixed  fuel  and  air  along  the 
interface  between  the  spray  flame  and  the  recirculation  zone  serve  as  primary  sites  for  soot  inception. 
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in  soot  formation.  ©  2005  Optical  Society  of  America 
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1.  Introduction 

Swirl-stabilized  liquid-spray  injectors  are  commonly 
used  in  gas-turbine  engines  to  achieve  compact,  sta¬ 
ble,  and  efficient  combustion.  The  flow  field  in  the 
primary  zone  of  such  a  spray  flame  is  characterized 
by  high  shear  stresses  and  turbulent  intensities  that 
result  in  vortex  breakdown  and  large-scale  unsteady 
motions.1’2  These  unsteady  motions  are  known  to 
play  a  key  role  in  the  formation  of  pollutant  emissions 
such  as  carbon  monoxide  (CO),  nitric  oxide  (NO),  and 
unburned  hydrocarbons.3-5  Less  is  known,  however, 
about  the  mechanisms  that  lead  to  soot  formation  in 
swirl-stabilized,  liquid-fueled  combustors.  Previous 
investigations  have  relied  on  exhaust-gas  measure¬ 
ments  and  parametric  studies  to  gain  insight  into  the 
effects  of  various  input  conditions  on  soot  loading.6-10 
Much  of  the  fundamental  knowledge  concerning  soot 
formation  is  derived  from  investigations  of  laminar 
diffusion  flames,11  with  only  a  limited  number  of 
studies  having  focused  on  internal  combustion  en- 
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gines  and  unsteady  effects.12-14  The  importance  of 
considering  unsteadiness  and  fluid-flame  interac¬ 
tions  was  demonstrated  by  Shaddix  et  al.,14  who 
found  that  a  forced  methane-air  diffusion  flame  pro¬ 
duced  a  fourfold  increase  in  soot  volume  fraction  (as 
a  result  of  increased  particle  size)  as  compared  with  a 
steady  flame  having  the  same  mean  fuel  flow  velocity. 

The  goal  of  the  current  investigation  is  to  study 
soot  formation  in  the  highly  dynamic  environment  of 
a  swirl-stabilized,  liquid-fueled  combustor.  This  is  ac¬ 
complished  by  simultaneous  imaging  of  the  soot  vol¬ 
ume  fraction,  hydroxyl  radical  (OH)  distribution,  and 
spray  pattern  in  the  primary  reaction  zone  by  use  of 
laser-induced  incandescence  (LII),  OH  planar  laser- 
induced  fluorescence  (PLIF),  and  droplet  Mie  scatter¬ 
ing,  respectively.  The  utility  of  LII  for  two- 
dimensional  imaging  of  soot  volume  fraction  has  been 
demonstrated  in  laboratory  investigations15’16  as  well 
as  in  aircraft  engine  exhausts.910  Brown  et  al.17  per¬ 
formed  planar  LII  for  soot-volume-fraction  imaging 
in  the  reaction  zone  of  a  gas-turbine  combustor;  their 
preliminary  measurements  employed  LII  alone  for 
demonstration  purposes  and  did  not  image  the  tur¬ 
bulent  flame  structure  near  the  exit  of  the  swirl  cup. 
In  this  paper  we  extend  the  research  of  Brown  et  al. 17 
by  performing  LII  at  the  exit  of  the  swirl  cup  and  by 
adding  OH  PLIF  and  Mie-scattering  diagnostics. 

Use  of  OH  as  a  flame  marker  is  typical  in  studies  of 
soot  formation  in  diffusion  flames  because  of  its  close 
correlation  with  flame  temperature.18’19  It  has  also 
been  employed  in  a  number  of  investigations  of  swirl- 
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Fig.  1.  (a)  Swirl  injector  geometry  used  in  the  current  study,  and  (b)  photograph  of  near-field  flame  structure.  Flow  is  left  to  right.  Regions 

A-C  depict  the  fuel  evaporation  and  preheat  zone,  the  turbulent  flame  brush,  and  the  recirculation  region,  respectively. 


stabilized  combustors.20’21  Use  of  laser-saturated  OH 
laser-induced  fluorescence  (LIF)  for  quantitative 
measurements  has  also  been  demonstrated,22’23  al¬ 
though  saturation  is  quite  difficult  in  the  case  of  pla¬ 
nar  measurements.  In  the  current  investigation,  we 
demonstrate  qualitative  measurements  in  the  recir¬ 
culation  region  using  excitation  levels  well  below  sat¬ 
uration.  OH  PLIF  measurements  in  the  liquid-spray 
region  are  more  uncertain  because  of  simultaneous 
droplet  scattering  and  nonequilibrium  conditions,  al¬ 
though  meaningful  measurements  are  possible  with 
careful  consideration  of  potential  errors. 

The  performance  and  accuracy  of  the  planar  LII, 
OH  PLIF,  and  Mie-scattering  systems  are  character¬ 
ized  in  this  paper  and  described  below.  The  combined 
use  of  LII,  OH  PLIF,  and  droplet  Mie  scattering  is 
then  shown  to  provide  insight  into  the  unsteady  phys¬ 
ical  processes  that  govern  soot  formation  in  gas- 
turbine  engines.  OH  PLIF  is  employed  to  track  the 
local  equivalence  ratio  and  the  effects  of  flame  chem¬ 
istry.  Finally,  the  current  measurement  system  is 
demonstrated  to  be  useful  for  the  assessment  of  the 
performance  of  soot-mitigating  additives. 

2.  Experimental  Setup 

A.  Swirl-Stabilized  Combustor 

The  near-field  structure  of  swirl-stabilized  flames  is 
determined  by  the  characteristics  of  the  fuel  injector 
and  the  geometry  of  the  surrounding  flame  tube.  As 
shown  in  Fig.  1,  the  swirl-cup,  liquid-fuel  injector 
used  in  the  current  study  employs  pressure  atomiza¬ 
tion  and  dual-radial,  counterswirling  air  coflows  to 
entrain  the  fuel,  promote  droplet  breakup,  and  en¬ 
hance  mixing.  The  resulting  three-dimensional  coni¬ 
cal  flame,  shown  in  Fig.  1(b),  is  composed  of  an  outer 
droplet  vaporization  and  preheat  region  (A)  and  an 
inner  turbulent  flame-brush  region  (B).24  The  flame 
is  stabilized  by  a  recirculation  zone  (C)  that  brings 
hot  combustion  products  upstream  along  the  center- 
line.  The  4.3-cm-exit-diameter  swirl  cup  is  installed 
at  the  entrance  of  a  15.25  cm  X  15.25  cm  square 
cross-section  flame  tube,  as  shown  in  Fig.  2.  After 
exiting  the  primary  flame  zone,  the  combustion  prod¬ 


ucts  are  allowed  to  mix  thoroughly  along  the  48-cm- 
long  flame  tube  before  entering  a  43-cm-long,  5.7-cm- 
exit-diameter  exhaust  nozzle  that  is  designed  to 
create  uniform  exhaust-gas  temperature  and  concen¬ 
tration  profiles. 

The  combustor  shown  in  Fig.  2  is  used  in  the 
Atmospheric-Pressure  Combustor  Research  Complex 
of  the  U.S.  Air  Force  Research  Laboratory's  Propul¬ 
sion  Directorate  to  study  the  performance  character¬ 
istics  of  model  gas-turbine  engine  fuels  and  fuel 
additives.  An  overview  of  the  facility  is  available  in 
the  literature,25  although  certain  aspects  relevant  to 
the  current  study  are  described  here  for  reference. 
We  achieved  the  changes  in  the  overall  equivalence 
ratio  from  c|)  =  0.5  to  1.15  by  varying  the  pressure 
drop  across  the  fuel-spray  nozzle  from  approximately 
1.5  to  10  atm,  which  results  in  fuel  mass-flow  rates  of 
1.0  to  2.2  g/s,  respectively.  The  fuel  flow  rate  is  mea¬ 
sured  with  a  Max  Machinery  positive-displacement 
flowmeter  with  ±0.5%  full-scale  accuracy.  The  air¬ 
flow  system  consists  of  three  Sierra  5600-standard- 
liters-per-minute  mass-flow  controllers  with  ±1% 
full-scale  accuracy.  The  inlet  air  is  heated  to  450  K 
with  a  constant  flow  rate  of  0.028  kg/s.  The  air  pres¬ 
sure  drop  across  the  combustor  dome  is  —4.8 -5.2%  of 
the  main  supply.  Most  of  the  airflow  enters  the  com¬ 
bustor  through  the  swirl-cup  injector,  but  a  small 


Fig.  2.  Experimental  setup  for  simultaneous  planar  LII,  OH 
PLIF,  and  droplet  Mie  scattering  in  an  atmospheric  pressure, 
swirl-stabilized,  liquid-fueled,  model  gas-turbine  combustor.  FCU, 
frequency-conversion  unit. 
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Fig.  3.  Adiabatic  flame  temperature  calculations  in  which  equi¬ 
librium  combustion  products  are  assumed  along  with  OH  LIF 
efficiency  multiplied  by  the  Boltzmann  fraction  for  JP-8  fuel  at 
various  equivalence  ratios  9. 


percentage  enters  through  aspiration  holes  along  the 
aft  wall.  No  liner  air  jets  are  used  in  the  secondary 
zone;  therefore  the  fuel-air  ratio  depends  almost  en¬ 
tirely  on  the  flow  rates  through  the  injector  cup. 

The  combustor  is  optically  accessible  through  75- 
mm-wide  quartz  windows  along  the  top  and  sides  for 
in  situ ,  laser-based  diagnostics.  In  addition,  a  sam¬ 
pling  probe  used  to  measure  particle  number  density 
(counts  per  cubic  centimeter)  with  a  condensation 
nuclei  counter  is  located  at  the  exit  of  the  combustor. 

B.  Hydroxyl  Radical  Planar  Laser-Induced  Fluorescence 
System 

A  review  of  PLIF  fundamentals  can  be  found  in  Eck- 
breth.26  As  shown  in  the  optical  setup  in  Fig.  2,  50% 
of  the  laser  energy  from  a  frequency-doubled, 
Q-switched  Nd:YAG  laser  (Spectra-Physics  Pro290) 
is  used  to  pump  a  dye  laser  (Sirah  Precision  Scan), 
the  output  of  which  is  frequency  doubled  to  obtain 
wavelengths  in  the  (1,0)  band  of  the  OH  A-X  system. 
The  dye  laser  is  tuned  to  the  Qi(9)  transition  at 
283.922  nm  (in  air),  which  has  less  than  ±2.5%  vari¬ 
ation  in  the  ground-level  Boltzmann  fraction  from 
1600  to  2400  K.  As  shown  in  Fig.  3,  this  range  of 
temperatures  coincides  with  the  equilibrium  condi¬ 
tions  expected  for  JP-8  fuel  at  equivalence  ratios  used 
in  this  study  (4>  =  0.5-  1.1 5). 27  Considering  the  full 
range  of  temperatures  from  1100  to  2400  K,  which 
are  within  typical  lean  and  rich  flammability  limits,7 
the  Boltzmann  fraction  for  this  transition  varies  by 
up  to  ±12.5%. 

The  maximum  laser  energy  available  for  OH  PLIF 
is  24  mJ.  A  1.5-m  focal-length  spherical  plano¬ 
convex  lens  and  a  -75-mm  focal-length  plano¬ 
concave  lens  are  used  to  form  a  laser  sheet  that 
enters  the  combustor  through  the  top  window.  The 
laser-sheet  thickness  is  330  jxm  at  a  full  thickness  at 
half-maximum  that  we  measured  by  translating  a 
knife  edge  across  the  beam.  We  obtained  a  7-cm, 
top-hat-like  sheet-width  profile  that  transitions  to 
zero  laser  energy  within  approximately  1  mm  by  clip¬ 
ping  the  wings  of  the  laser  sheet  at  the  last  turning 


mirror  above  the  combustor.  The  sheet  slowly  ex¬ 
pands  with  a  3°  full-angle  divergence. 

We  collected  the  fluorescence  from  approximately 
306  to  320  nm  through  the  (1,1)  and  (0,0)  bands  of 
OH  using  an  intensified  charge-coupled-device 
(ICCD)  camera  (Princeton  Instruments  PI-MAX  SB) 
oriented  slightly  off  normal  to  the  sheet.  Two  1-mm 
WG295  Schott  Glass  filters  are  used  in  front  of  the 
camera  lens  to  reduce  scattering  from  droplets  at 
283.922  nm.  A  UG11  filter  nearly  eliminates  flame 
emission,  scattering  from  the  LII  laser  at  532  nm, 
and  fluorescence  from  polycyclic  aromatic  hydrocar¬ 
bons  (PAHs).  A  105-mm  focal-length  f/4.5  UV  lens  is 
used  to  collect  the  OH  fluorescence.  An  intensifier 
gate  width  of  20  ns  is  used  to  capture  the  OH  signal. 
Images  are  typically  collected  with  2X2  binning 
(512  X  512)  to  obtain  adequate  resolution  and  fram¬ 
ing  rate.  The  pixel  viewing  area  in  each  2x2  super¬ 
pixel  is  200  |xm  X  200  fxm. 

On  the  basis  of  the  dimensions  of  the  OH  PLIF 
laser  sheet  and  total  available  laser  energy  of  24  mJ, 
it  is  estimated  that  the  maximum  laser  irradiance  of 
1.36  X  107  W/cm2  is  2—3  orders  of  magnitude  lower 
than  that  required  to  achieve  90-95%  saturation.22’23 
Therefore  the  OH  PLIF  signal  is  linearly  related  to 
laser  energy  variations.  OH  PLIF  signal  corrections 
(typically  ±  15%)  in  the  axial  direction  are  performed 
in  postprocessing,  based  on  measurements  of  the 
laser-sheet  profile  after  each  run.  Signal  variation 
(typically  ±3%)  due  to  the  3°  laser-sheet  expansion  in 
the  cross-stream  direction  is  also  corrected  in  post¬ 
processing.  Corrections  are  not  made  for  laser  energy 
attenuation  due  to  OH  absorption  and  droplet  scat¬ 
tering  as  this  leads  to  signal  uncertainties  of  ±  10%  in 
the  lower  region  of  each  image.  The  effect  of  this  error 
is  substantially  reduced  in  the  upper  half  of  the  com¬ 
bustor,  where  most  of  the  data  in  this  study  are  ex¬ 
tracted.  Shot-to-shot  fluctuations  in  laser  energy  add 
an  estimated  ±5%  uncertainty,  as  determined  from 
data  collected  in  a  laminar  diffusion  flame  with  the 
same  OH  PLIF  system. 

For  measurements  with  low  laser  irradiance,  the 
effect  of  collisional  quenching  on  fluorescence  effi¬ 
ciency  must  also  be  considered.  For  a  given  imaging 
system  and  laser  irradiance,  the  OH  PLIF  signal  S0h 
from  each  pixel  volume  is  proportional  to  the  OH 
number  density  Nou  and  the  fluorescence  efficiency 
t],26  as  shown  in  approximation  (1): 


S(m~N0Br\— A0h  a  .  r\  (1) 

^oh  hr  oh 

The  fluorescence  efficiency  is  proportional  to  the  rate 
of  spontaneous  emission,  A0H>  from  molecules  in  the 
excited  state  and  inversely  proportional  to  the  rate  at 
which  excited  molecules  are  depleted  by  spontaneous 
emission  and  collisional  quenching,  Q0h-  Collisional 
quenching  is  a  function  of  the  temperature-  and 
pressure-dependent  quenching  coefficient  as  well  as 
the  number  densities  of  the  quenching  species.28  As  a 
result  of  offsetting  effects  in  the  equilibrium  combus- 
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tion  products  of  JP-8,  the  collisional  quenching  rate  is 
found  to  be  fairly  constant  for  equivalence  ratios  less 
than  unity,  as  shown  in  Fig.  3.  Under  rich  conditions 
the  conversion  of  CO  to  C02  decreases  substantially, 
leading  to  an  increase  in  collisional  quenching  and  a 
decrease  in  fluorescence  efficiency.  In  regions  where 
equilibrium  assumptions  are  valid,  the  LIF  signal 
can  be  used  along  with  approximation  (1)  and  the 
Boltzmann  distribution  to  determine  the  relative  OH 
number  density;  this  is  discussed  further  in  Section  3. 
In  the  liquid-spray  region  where  lean  and  rich  pock¬ 
ets  coexist,  qualitative  signal  interpretation  is  prob¬ 
lematic  since  fluorescence  efficiency  can  vary  by  more 
than  ±30%,  according  to  Fig.  3. 

C.  Mie-Scattering  System 

Mie  scattering  is  obtained  with  the  same  optical 
setup  as  that  for  the  OH  PLIF  system.  It  is  found  that 
use  of  up  to  six  optical  filters  can  reduce  but  not 
altogether  eliminate  scattering  from  large  droplets. 
Because  of  induced  birefringence  in  the  turning  mir¬ 
rors,  the  combustor  windows,  and  the  spray  flame 
itself,  use  of  parallel  polarization  in  the  detection 
scheme  further  reduces  but  does  not  altogether  elim¬ 
inate  droplet  scattering.  It  is  found  that  two  WG295 
color  glass  filters  (CVI  Laser)  and  parallel- 
polarization  detection  provide  optimal  OH  PLIF  sen¬ 
sitivity  and  minimizes  the  likelihood  of  damaging  the 
ICCD  due  to  intense  levels  of  droplet  scattering. 
When  the  laser  is  tuned  off  the  OH  absorption  line,  as 
shown  in  Fig.  4,  the  intense,  highly  localized  droplet 
scatter  can  be  distinguished  from  the  large,  more 
uniformly  distributed  OH  layers.  Large  droplet  clus¬ 
ters  appear  primarily  near  the  injector  exit,  and  sin¬ 
gle  droplets  with  trailing  flames  are  often  observed 
traveling  into  the  recirculation  region.  The  trailing 
flames  of  these  droplets  do  not  appear  in  the  off-line 
images  and  therefore  are  not  attributable  to  scatter¬ 
ing  from  fuel  vapor  or  fluorescence  from  broadband 
sources  such  as  PAH  compounds.  The  droplet¬ 
scattering  signal  intensity  is  approximately  1  order  of 
magnitude  higher  than  that  of  the  OH  PLIF,  but  the 
signal  occurs  primarily  at  isolated  points.  Therefore  a 
false-color  table  is  selected  based  on  probability  den¬ 
sity  functions  of  OH  PLIF.  The  full  range  of  OH  PLIF 
signal  levels  is  assigned  colors  from  black  to  red 
whereas  the  Mie-scattering  signals  are  above  this 
range  and  appear  in  white. 

D.  Laser-Induced  Incandescence  System 

Some  of  the  first  two-dimensional  visualizations  of 
soot  volume  fraction  with  LII  were  performed  by 
Quay  and  co-workers15  and  by  Vander  Wal  and  Wei- 
land.16  The  effects  of  various  parameters  such  as  la¬ 
ser  fluence,  laser-sheet  profile,  detection  wavelength, 
camera  gate  width,  and  camera  gate  delay  have  been 
explored  in  a  number  of  follow-up  investigations.29-31 
A  list  of  reviews  on  the  subject  is  provided  by  Urban 
and  Faeth.32 

The  LII  optical  layout  employed  in  the  current 
study  is  shown  schematically  in  Fig.  2,  where  50%  of 
the  energy  from  a  frequency-doubled  Nd:YAG  is 


Fig.  4.  Raw  signal  from  (a)  OH  PLIF  and  droplet  Mie  scattering 
while  on  the  Qi(9)  line  of  the  (1,0)  band  in  the  A-X  system  and  (b) 
droplet  Mie  scattering  while  off  the  OH  line.  Overall,  4>  =  0.7. 


formed  into  a  sheet  by  use  of  a  2-m  plano-convex 
spherical  lens  and  a  -50-mm  plano-concave  cylin¬ 
drical  lens.  The  full  thickness  at  half-maximum  of  the 
laser  sheet  is  approximately  700  jxm  within  the  mea¬ 
surement  volume,  which  we  measured  by  traversing 
a  knife  edge  across  the  sheet.  As  is  the  case  for  the 
OH  PLIF  laser  sheet,  the  long  2-m  focal-length  lens  is 
used  to  minimize  variations  in  laser-sheet  thickness 
within  the  measured  region.  The  sheet  width  is 
—  14  cm,  with  wings  that  are  clipped  prior  to  the  last 
turning  mirror  to  generate  a  top-hat-like  profile  that 
transitions  to  zero  laser  energy  within  approximately 
2  mm.  The  sheet  has  a  full  angle  divergence  of  6° 
within  the  test  section.  An  overall  tilt  of  5°  is  used  to 
overlap  the  LII  and  PLIF  laser  sheets.  The  laser  flu¬ 
ence  distribution  varies  by  ±15%  over  the  first  7  cm 
of  the  sheet,  corresponding  to  the  region  where  PLIF 
and  Mie  scattering  are  measured.  Over  the  remain¬ 
ing  7  cm  of  the  sheet,  the  laser  fluence  decreases 
more  quickly  from  a  peak  of  460  mJ/cm2  to  a  mini¬ 
mum  of  180  mJ/cm2.  To  reduce  systematic  errors  due 
to  laser-sheet- width  intensity  variations  in  the  down¬ 
stream  half  of  the  laser  sheet  and  due  to  laser  extinc¬ 
tion  in  the  measurement  volume,  the  LII  system  is 
operated  in  the  saturated  regime.  A  saturation  flu¬ 
ence  near  200  mJ/cm2,  shown  in  Fig.  5,  agrees  with 
previous  measurements  in  the  literature.29’31  Figure 
5  indicates  that  the  uncertainty  in  the  relative  soot- 
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Fig.  5.  LII  saturation  curve  from  averaged  images  in  a  swirl- 
stabilized  combustor  at  an  overall  4>  =  1.16.  The  solid  curve  is  for 
guidance  only. 
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volume-fraction  measurements  is  within  ±  10%  over 
the  full  width  of  the  laser  sheet. 

The  LII  signal  is  detected  with  a  1024  X  1024 
ICCD  camera  (Princeton  Instruments  PI-MAX  SB- 
MG)  and  an  f/ 1.2,  58-mm  focal-length  glass  lens. 
After  4  X  4  pixel  binning,  the  measurement  resolu¬ 
tion  is  approximately  575  X  575  fxm.  A  500-nm  short- 
pass  filter  (CVI  Laser)  is  used  for  detection  from  415 
to  500  nm,  which  reduces  contributions  from  nascent 
soot  particles,  OH  fluorescence  and  chemilumines¬ 
cence,  redshifted  fluorescence  from  PAH  compounds, 
and  C2  Swan-band  fluorescence  and  chemilumines¬ 
cence.  Chemiluminescent  flame  emission  is  further 
reduced  by  use  of  a  50-  or  200-ns  ICCD  intensifier 
gate  width;  light  leakage  from  flame  luminosity  while 
the  ICCD  intensifier  is  gated  off  is  minimized  by  use 
of  a  25-ms  gate  UNIBLITZ  shutter.  The  relatively 
short-lived  PAH  and  C2  Swan-band  fluorescence  are 
also  minimized  by  use  of  a  time-delayed  detection 
scheme.  Scattering  from  the  532-nm  laser  source  is 
eliminated  by  use  of  a  532-nm  zero-degree  reflective 
mirror  with  the  500-nm  short-pass  filter  and  delayed 
detection.  During  postprocessing  the  residual  back¬ 
ground  signal  from  flame  luminosity  is  subtracted 
from  each  image.  A  color  scale  is  chosen  with  a  min¬ 
imum  value  of  5%  above  the  background  and  a  max¬ 
imum  value  at  a  100%  signal. 

To  optimize  the  timing  of  LII  detection,  data  are 
collected  in  the  swirl-stabilized  flame  for  a  number  of 
camera  intensifier  gate  delays  and  widths.  A  camera 
delay  of  20  ns  after  the  laser  pulse  is  found  to  reduce 
laser  scatter  to  nearly  the  background  level  and 
maintain  LII  signal- to-noise  ratios  greater  than  20:1. 
The  LII  signal  decays  quickly  within  the  first  200  ns 
after  the  laser  pulse,  as  shown  in  Fig.  6.  The  long 
decay  in  the  signal  after  200  ns  is  dominated  by 
larger,  slow-cooling  particles.  With  an  intensifier 
gate  width  of  50  ns,  errors  due  to  particle-size  effects 
are  estimated  to  be  of  the  order  of  5-10%.29 

E.  Combined  Laser-Induced  Fluorescence  and 
Laser-Induced  Incandescence  System 

The  OH  PLIF  and  LII  cameras  are  synchronized  with 
an  external  delay  generator  (Stanford  Research  Sys- 


Delay  After  LII  Excitation  Pulse  (ns) 

Fig.  6.  Power-law  temporal  decay  of  the  LII  signal  in  a  swirl- 
stabilized  combustor  at  an  overall  cj>  =  1.1. 


terns  DG535)  driven  by  the  advanced  Q-switch  TTL 
output  of  the  Nd:YAG  laser.  The  laser  pulses  are 
separated  by  a  few  nanoseconds  to  avoid  fluid  move¬ 
ment  during  LIF  and  LII  detection.  The  precise  cam¬ 
era  delay  required  to  capture  each  image  is  imposed 
with  a  timing  generator  in  each  ICCD  controller.  Be¬ 
cause  of  spatial  constraints  within  the  test  cell,  both 
cameras  are  positioned  on  the  same  side  of  the  com¬ 
bustor  at  slight  3.5°  angles  to  overlap  the  two  imaged 
regions.  We  minimized  this  angle  by  placing  the  LIF 
image  to  the  far  right  of  the  camera  viewing  area  and 
using  a  relatively  large  LII  viewing  area.  Thus  the 
PLIF  image  area  overlaps  the  left  half  of  the  LII 
image  nearest  the  injector  cup.  After  camera  align¬ 
ment,  registration  images  are  collected  prior  to  each 
run  for  use  in  postprocessing.  At  higher  equivalence 
ratios  (>0.7),  thermal  loading  from  flame  radiation  is 
significant,  and  heat  shielding  is  employed  to  reduce 
misalignment  of  the  LII-PLIF  optics.  During  each 
run  the  OH  PLIF  and  LII  sheets  are  checked  period¬ 
ically  with  burn  paper  and  adjusted  to  ensure  that 
the  laser  intensity  distributions  and  positions  have 
not  changed. 

3.  Results 

A.  Instantaneous  Flame  Structure 

The  average  OH  distribution  at  4>  =  0.5  is  shown  in 
Fig.  7(a).  All  images  used  for  averaging  are  back¬ 
ground  subtracted  and  corrected  for  laser-sheet  in¬ 
tensity  variations  and  laser-sheet  divergence.  A 
slight  asymmetry  is  apparent  in  the  upper  and  lower 
halves,  with  the  effects  of  laser  attenuation  being 
evident  in  the  lower  half  of  the  image.  For  this  rea¬ 
son,  data  are  collected  primarily  in  the  upper  (laser 
entrance)  half  of  the  combustor.  As  discussed  in  Sub¬ 
section  3.C,  the  occurrence  of  soot  is  highly  intermit¬ 
tent  and  is  not  expected  to  significantly  alter  the  OH 
PLIF  data. 

The  intermittency  and  spatial  inhomogeneity  of 
the  instantaneous  flame  structure  is  shown  by  the 
OH  PLIF  images  in  Figs.  7(b)  and  7(c).  These  images 
indicate  that  the  fuel-preheat  and  reactant-mixing 
layers  are  highly  turbulent.  The  instantaneous  thick¬ 
ness  of  the  OH  layer  varies  significantly  because  of 
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Fig.  7.  Postprocessed  OH  PLIF  images  near  the  injector  exit  lip:  (a)  time-averaged  image  at  an  overall  4>  =  0.5,  (b)  instantaneous  image 
at  an  overall  4>  =  0.5,  (c)  instantaneous  image  at  an  overall  4>  =  0.9.  The  horizontal  and  vertical  extent  of  the  signal  is  4-70  mm  from  the 
injector  exit  and  -39-39  mm  from  the  injector  centerline.  The  false-color  scale  is  5%  (black)  to  100%  (white)  of  peak  signals.  Regions 
greater  than  100%  represent  droplet  scattering. 


fluid  entrainment  from  large-scale  vortex  structures. 
These  structures  are  shed  from  the  shear  layer  that  is 
anchored  on  the  lip  of  the  outer  air  swirler;  they 
enhance  the  mixing  process,  bring  fresh  reactants 
into  the  outer  conical  flame,  and  can  reach  across  the 
flame  layer  and  be  a  source  of  local  flame  extinction 
and  intermittency.  The  latter  is  more  prominent  in 
Fig.  7(c),  which  shows  an  instantaneous  OH  PLIF 
image  at  c|)  =  0.9  with  no  contiguous  flame  in  the 
viewing  area.  The  size  of  the  structures  in  Figs.  7(b) 
and  7(c)  that  are  generated  during  the  turbulent  cas¬ 
cade  from  large  to  small  scales  ranges  from  approxi¬ 
mately  0.5  mm  to  the  entire  width  of  the  flame  layer. 
Since  the  airflow  rate  is  held  constant,  much  of  this 
intermittency  can  be  attributed  to  the  behavior  of  the 
liquid  spray  as  it  impinges  on  and  sheds  off  the  lip  of 
the  outer  air  swirler.  This  indicates  that  experiments 
and  computations  based  on  gaseous-fuel  injection 
would  not  capture  the  significant  changes  in  large- 
scale  structure  dynamics  induced  by  increased  liquid- 
fuel  injection. 

To  quantify  the  intermittency  of  the  primary  flame 
layer,  probability  density  functions  (PDFs)  of  OH 
PLIF  signals  are  computed  and  plotted  in  Fig.  8  for 
locations  A  and  B  shown  in  Fig.  7(a).  Bin  sizes  of  200 
counts  are  used  along  with  200  images.  Normaliza¬ 
tion  is  performed  only  for  data  in  the  range  of  0-6000 
counts,  which  is  below  the  range  typically  observed 
from  droplet  Mie  scattering.  Location  A  is  within  the 
mixing  layer  dominated  by  large-scale  turbulent 
structures,  whereas  location  B  is  within  the  central 
region  of  the  outer  conical  flame.  The  PDFs  at  both 
locations  show  bimodal  distributions  but  with  oppo¬ 
site  peaks.  At  location  A  high  levels  of  intermittency 
lead  to  a  primary  peak  with  low  signal  counts  and  a 
secondary  peak  with  3000-3500  counts.  At  location  B 
low  signal  counts  have  decreased  in  probability  and 
high  signal  counts  have  increased  in  probability,  in¬ 


dicating  that  large-scale  structures  seldom  bring 
fresh  reactants  to  this  point  in  the  flame  at  c|)  =  0.5. 

B.  Determination  of  Local  Equivalence  Ratio 

Figures  7(b)  and  7(c)  also  show  the  distribution  of 
droplets  marked  by  Mie  scattering.  This  signal, 
which  scales  as  the  droplet  diameter  squared,  is  bi¬ 
ased  toward  larger  droplets  and  cannot  be  used  to 
interpret  the  true  size  distribution.  However,  it  can 
be  used  as  a  qualitative  marker  for  those  large  drop¬ 
lets  that  escape  the  initial  preheat  zone.  Interest¬ 
ingly,  the  droplets  in  Fig.  7(b)  have  trailing  flames, 
which  indicates  that  evaporation  and  mixing  with 
available  oxygen  is  occurring  in  their  wakes.  Figure 
7(c),  however,  shows  droplets  entering  the  recircula¬ 
tion  zone  without  trailing  flames.  Since  the  temper¬ 
ature,  evaporation,  and  reaction  rates  are  expected  to 
be  higher  in  this  region  for  the  higher  equivalence 


OH  PLIF  Counts 

Fig.  8.  PDFs  of  a  corrected  OH  PLIF  signal  at  location  A  (mixing 
layer)  and  location  B  (flame  center)  shown  in  the  time-average 
image  of  Fig.  7(a). 
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Overall  Combustor  Equivalence  Ratio 


Theoretical  Equivalence  Ratio 

Fig.  9.  Theoretical  OH  number  density  compared  with  OH  PLIF 
data  in  a  recirculation  zone  [region  C  in  Fig.  7(c)].  OH  PLIF  data 
are  corrected  for  variations  in  fluorescence  efficiency  and  Boltz¬ 
mann  fraction  with  4>  (see  Fig.  3).  Confidence  intervals  include 
PLIF  uncertainty  and  flame  fluctuation. 


ratio  of  Fig.  7(c),  the  absence  of  trailing  flames  indi¬ 
cates  a  lack  of  sufficient  oxygen  for  combustion. 

In  fact,  it  can  be  shown  that  the  local  equivalence 
ratio  for  the  case  of  Fig.  7(c)  is  higher  than  the  overall 
value  of  0.9.  Using  a  region  in  the  recirculation  zone 
that  is  free  of  droplet  scatter  [see  Fig.  7(c)],  we  per¬ 
formed  an  equilibrium  calculation27  for  JP-8  fuel  at 
overall  equivalence  ratios  varying  from  0.5  to  1.15. 
The  validity  of  equilibrium  assumptions  in  this  re¬ 
gion  is  not  known  a  priori  but  has  been  proposed  in 
previous  investigations  of  can-type  gas-turbine  com¬ 
bustors.34  The  temperatures  and  species  concentra¬ 
tions  from  this  equilibrium  calculation  are  then  used 
to  account  for  the  effects  of  LIF  efficiency  and  Boltz¬ 
mann  fraction  on  OH  PLIF  signals,  as  illustrated 
above  in  Fig.  3.  The  corrected  and  normalized  OH 
PLIF  data,  shown  in  Fig.  9,  display  good  agreement 
with  the  shape  of  the  theoretical  equilibrium  curve. 
Nonequilibrium  conditions  may  indeed  exist  in  this 
region  of  the  combustor,  but  it  appears  that  they  do 
not  significantly  alter  the  equivalence  ratio  profile. 
Note,  however,  that  the  OH  PLIF  data  peak  at  an 
overall  c[>  =  0.80-0.85  whereas  the  equilibrium  the¬ 
ory  predicts  that  the  peak  occurs  at  4>  =  0.95-1.0. 
This  indicates  that  the  local  equivalence  ratio  for 
combustion  products  feeding  the  recirculation  zone 
may  be  higher  than  the  overall  equivalence  ratio. 
Because  the  fuel  spray  is  located  in  the  center  of  the 
injector  and  air  flows  along  an  outer  cone,  the  recir¬ 
culation  zone  may  contain  a  higher  percentage  of 
products  from  the  inner,  fuel-rich  region  of  the  spray 
flame.  Correspondingly,  images  collected  at  an  over¬ 
all  4>  =  0.9  show  a  transition  from  burning  to  non¬ 
burning  wakes  behind  droplets  [see  Fig.  7(c)];  this 
indicates  that  the  equivalence  ratio  may,  in  fact,  be 
locally  rich  for  this  condition.  The  ability  to  track  the 
local  equivalence  ratio  is  important  for  understand¬ 
ing  soot  formation  in  combustors  with  more  complex 
secondary  dilution  configurations  for  which  the  over¬ 
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Fig.  10.  Overlay  of  OH  PLIF  and  LII  images  at  an  overall  4> 
=  1.0.  The  false-color  scale  for  OH  PLIF  images  are  same  as  for 
Fig.  7.  LII  images  shown  with  false-color  contours  from  5%  (red)  to 
100%  (blue)  of  peak  signals. 


all  equivalence  ratio  is  not  representative  of  the  pri¬ 
mary  flame  zone.  In  the  current  study,  the  local 
equivalence  ratio  is  important  for  understanding  soot 
formation  and  oxidation  induced  along  the  interface 
between  the  spray  flame  and  the  recirculation  zone. 

C.  Soot  Formation  Mechanisms 

Figure  10  shows  two  instantaneous  LII  contour  plots 
at  c|)  =  1.0  overlay ed  with  OH  PLIF  images  that  are 
collected  simultaneously.  It  should  be  noted  that 
these  LII  images  are  typical  for  approximately  5%  of 
the  data  set.  More  commonly,  the  spatial  extent  of  the 
LII  signal  from  highly  concentrated  soot  pockets  en¬ 
compasses  less  than  1%  of  the  primary  flame  zone. 
Images  such  as  those  in  Fig.  10  therefore  account  for 
the  turbulent  flame  brush  noted  in  Fig.  1(b)  that  may 
be  responsible  for  most  of  the  soot  production  in 
liquid-spray  flames.  The  flow  patterns  noted  in  Fig. 
10  are  derived  by  observations  from  high-speed  dig¬ 
ital  images  collected  in  the  same  combustor.  Soot  is 
generated  along  the  inner  cone  of  the  flame  in  regions 
of  low  OH  PLIF  intensity.  A  portion  of  the  soot  is 
advected  along  the  outer  path  of  the  recirculation 
zone,  whereas  a  portion  appears  to  enter  immediately 
into  the  recirculation  zone. 

Most  of  the  LII  signal  is  detected  in  regions  that  are 
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Fig.  11.  Effect  of  overall  9  on  normalized  soot  volume  fraction  in 
primary  flame  zone  and  particulate  number  density  from  conden¬ 
sation  nuclei  counter  data  in  exhaust.  LII  measurements  with 


Fig.  12.  Effect  of  methyl  acetate  (C3H602)  addition  (20%  by  vol¬ 
ume)  to  JP-8  fuel  on  LII  and  OH  PLIF  signals  in  the  primary  flame 
zone  of  a  swirl-stabilized  combustor.  Signals  are  averaged  for  100 
shots. 


camera  gate  of  50  ns  are  fit  with  an  exponential  function.  Data 
with  a  200-ns  camera  gate  are  used  to  check  for  particle-size  bias. 


free  of  droplet  Mie  scattering  (as  verified  with  the  OH 
PLIF  camera)  and  is  attributable  to  the  presence  of 
soot.  Some  of  the  signal  from  the  LLI  camera  does 
occur  in  regions  of  high  Mie  scattering  (region  A  in 
Fig.  10),  indicating  that  some,  if  not  most,  of  the 
signal  near  the  injector  exit  cannot  be  attributed  to 
the  presence  of  soot.  The  LII  signal  is  not  likely  to 
come  from  PAH  fluorescence,  which  would  appear 
more  consistently  and  have  peak  signals  near  the 
spray  region.  Background  images  collected  without 
the  laser  sheet  show  that  the  contribution  from  nas¬ 
cent  soot  incandescence  is  less  than  5%. 

Thus  it  is  likely  that  soot  formation  is,  in  fact, 
initiated  along  the  inner-cone  region  (B)  between  the 
spray  flame  (A)  and  the  recirculation  zone  (C).  The 
absence  of  OH  PLIF  in  region  B  is  quite  evident  in  the 
lower  half  of  the  spray  flame  (see  Fig.  10),  regardless 
of  whether  LII  is  detected.  This  region  likely  contains 
a  rich  mixture  of  fuel  and  air  that  escapes  the  main 
spray  cone  because  of  turbulent  interactions.  At  low 
overall  equivalence  ratios  [see  Fig.  7],  soot  formed 
within  this  rich  mixture  may  be  oxidized  by  oxygen 
and  the  OH  before  entering  the  recirculation  zone.  At 
fuel-rich  equivalence  ratios  soot  formation  is  aided 
both  by  a  drop  in  temperature  and  by  the  lack  of  an 
oxidizing  partner.  The  soot  formed  in  region  B  is 
advected  either  downstream  or  into  the  recirculation 
zone. 

D.  Averaged  Soot-Volume-Fraction  Measurements 

The  combined  use  of  LII,  OH  PLIF,  and  Mie  scatter¬ 
ing  has  been  shown  above  to  provide  physical  insight 
into  soot  formation  in  the  current  flame  environment. 
Data  described  in  the  discussion  that  follows  demon¬ 
strate  the  utility  of  LII  and  OH  PLIF  for  studying  the 
effects  of  fuel-inlet  conditions  on  soot  production. 
This  is  illustrated  in  Fig.  11,  where  the  temporally 
and  spatially  averaged  relative  soot  volume  fraction 
is  plotted  as  a  function  of  the  overall  equivalence 
ratio  for  the  current  spray  flame.  The  LII  data  show 
an  exponential  increase  in  soot  volume  fraction  with 


equivalence  ratio.  The  sampling  probe  condensation 
nuclei  counter  data  display  a  threshold  effect  at  ap¬ 
proximately  c|)  =  1.0,  below  which  soot  in  the  exhaust 
is  effectively  oxidized  due  to  long  residence  times  and 
greater  quantities  of  02  and  OH.  In  the  primary  zone 
of  the  combustor,  there  is  less  time  to  oxidize  the  soot. 
In  addition,  the  local  4>  is  higher  in  the  primary  zone 
than  in  the  exhaust. 

The  LII  experiment  is  also  performed  at  two  cam¬ 
era  gate  widths  to  assess  the  sensitivity  of  the  data  to 
particle-size  effects.  A  bias  toward  higher  particle 
sizes  for  the  longer  gate  duration  of  200  ns  would  be 
expected.  Because  of  normalization,  this  bias  appears 
as  a  slight  decrease  in  signal  at  lower  equivalence 
ratios  for  which  particle  sizes  are  expected  to  be 
smaller.  This  effect  appears  to  be  minimal  in  Fig.  11 
(to  within  experimental  uncertainty),  suggesting  that 
detection  with  a  50-ns  gate  is  also  free  of  significant 
particle-size  effects. 

Since  the  dependence  of  soot  volume  fraction  on  4>  is 
exponential,  care  must  be  exercised  to  differentiate  the 
effect  of  soot-mitigating  fuel  additives  on  4>  from  po¬ 
tentially  more  complex  chemical  or  physical  mecha¬ 
nisms.  An  example  is  shown  in  Fig.  12  where  methyl 
acetate,  a  high-oxygen-containing  solvent,  is  added  at 
20%  by  volume  to  JP-8  fuel  during  a  test  at  an  overall 
4)  =  1.05.  Note  the  large  decrease  in  soot  volume 
fraction  during  the  methyl  acetate  addition,  as  mea¬ 
sured  by  LII.  This  corresponds  to  a  large  decrease  in 
particle  counts  at  the  sampling  probe.  A  simulta¬ 
neous  increase  in  OH  PLIF  signal  is  also  evident  in 
Fig.  12  and,  according  to  Fig.  9,  corresponds  to  a 
decrease  in  overall  4>-  A  certain  ambiguity  exists  in 
the  9  dependence  of  Fig.  9,  however,  because  the  final 
value  could  lie  on  either  side  of  the  peak  OH  signal. 
Noting  that  the  OH  signal  increases  continuously 
during  methyl  acetate  addition,  it  is  possible  to  con¬ 
clude  that  the  overall  4>  remains  on  the  rich  side  of  the 
peak  value.  Using  Figs.  9  and  11  to  determine  the 
functional  dependencies  of  the  OH  PLIF  and  LII  sig¬ 
nals,  respectively,  we  found  that  a  decrease  from  an 
overall  4>  of  1.05-0.93  took  place  during  methyl  ace¬ 
tate  addition,  with  agreement  between  OH  PLIF  and 
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LII  to  within  1%.  The  value  of  0.93  estimated  from 
both  techniques  is  close  to  the  <£>  of  0.92  calculated 
from  mass  flow  rates.  This  agreement  suggests  that  a 
20%  methyl  acetate  addition  to  JP-8  in  the  current 
study  affects  soot  production  mainly  through  its  ef¬ 
fect  on  c|)  rather  than  on  a  fundamental  change  in  the 
oxidation  process.  Therefore  one  can  envision  use  of  a 
combined  LII  PLIF  system  to  track  the  performance 
of  soot-mitigating  additives  without  uncertainties  in 
the  equivalence  ratio. 

4.  Conclusions 

A  simultaneous  planar  LII,  OH  PLIF,  and  Mie- 
scattering  system  is  developed,  tested,  and  demon¬ 
strated  in  a  JP-8-fueled,  liquid-spray,  swirl-stabilized 
combustor.  These  combined  diagnostics  allow  us  to 
phenomenologically  characterize  soot  formation 
mechanisms  in  this  highly  turbulent  environment  by 
mapping  the  soot  volume  fraction,  instantaneous 
flame  zone,  and  fuel  droplet  behavior.  It  is  found  that 
large-scale  structures  play  a  key  role  in  flame  inter- 
mittency  and  that  soot  formation  is  a  strong  function 
of  spray-flame  interactions  as  well  as  the  local  equiv¬ 
alence  ratio.  Experimental  and  numerical  studies  in 
gaseous-fueled  combustors  may  not  capture  these  dy¬ 
namics  properly.  Soot  formation  in  the  inner  conical 
flame  region  correlates  with  rich  premixed  regions 
with  low  OH  PLIF  and  droplet  Mie  scattering.  A 
qualitative  study  of  equivalence  ratio  effects  on  the 
OH  PLIF  signals  shows  that  equilibrium  assump¬ 
tions  can  be  used  for  OH  signal  correction  in  the 
recirculation  zone.  LII  data  indicate  an  exponential 
dependence  on  the  equivalence  ratio  and  highlight 
the  importance  of  the  simultaneous  tracking  of  the 
local  equivalence  ratio  with  OH  PLIF,  especially  for 
the  study  of  soot-mitigating  additives. 
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Abstract 

Application  of  dual-pump,  dual-broadband  (DPDB)  coherent  anti-Stokes  Raman  scattering  (CARS)  for  the 
measurement  of  temperature  and  multiple- species  mole  fractions  is  presented  for  the  first  time  in  a  liquid-fueled 
combustor  of  practical  interest.  In  this  system  pure  rotational  transitions  of  O2-N2  and  the  ro-vibrational  tran¬ 
sitions  of  CO2-N2  are  probed  using  two  narrowband  pump  beams,  a  broadband  pump  beam,  and  a  broadband 
Stokes  beam.  This  technique  permits  highly  accurate  temperature  measurements  at  both  low  and  high  tempera¬ 
tures  as  well  as  mole-fraction  measurements  of  two  molecules  with  respect  to  N2  from  each  laser  shot.  Single-shot 
measurements  of  temperature  and  mole-fraction  ratios  of  CO2/N2  and  O2/N2  in  the  exhaust  stream  of  a  swirl- 
stabilized,  JP-8-fueled,  model  gas-turbine  combustor  are  presented  for  equivalence  ratios  ranging  from  0.45  to  1.0. 
Agreement  between  mean  rotational  and  ro-vibrational  temperatures  is  within  ~3%,  and  mean  measurements  of 
CO2/N2  and  O2/N2  mole-fraction  ratios  are  within  ~15%  of  equilibrium  theory.  To  illustrate  the  ability  of  the 
current  measurement  system  to  track  multiple  scalar  statistics  in  turbulent  reacting  flows,  histograms  and  scatter 
plots  of  temperature  and  species  mole  fractions  are  presented  within  the  potential-core  and  turbulent- shear-layer 
regions  of  the  exhaust  stream. 

©  2005  The  Combustion  Institute.  Published  by  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Characterization  of  advanced  propulsion  systems 
requires  the  determination  of  performance  and  com¬ 
bustion  efficiency  through  measurements  of  tempera¬ 
ture  and  species  mole  fractions  in  the  exhaust  stream. 
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Typically  these  types  of  data  are  acquired  using  physi¬ 
cal  probes  for  thermometry  or  extractive  sampling  and 
involve  the  use  of  several  independent  techniques  [1]. 
Diode-laser-based  absorption  is  a  nonintrusive  alter¬ 
native  to  extractive  sampling,  but  it  is  a  path-averaged 
approach  and  has  limited  spatial  resolution  [2].  For 
species  such  as  O2,  low  sensitivity  also  limits  the 
temporal  resolution  of  diode-laser-based  techniques. 
Ideally  measurements  of  temperature  and  multiple 
species  would  be  accomplished  simultaneously  with 
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high  spatial  and  temporal  resolution  while  using  a 
minimum  number  of  diagnostics.  Dual-pump,  dual¬ 
broadband  (DPDB)  coherent  anti-Stokes  Raman  scat¬ 
tering  (CARS)  offers  the  possibility  of  monitoring  the 
local  temperature  and  mole  fractions  of  two  target 
species  with  respect  to  a  reference  species  (usually 
N2)  using  a  single  hardware  platform.  The  spatial  res¬ 
olution  ranges  from  50  pm  normal  to  the  beam  propa¬ 
gation  direction  to  2  mm  along  the  beam  propagation 
direction.  The  temporal  resolution  is  on  the  order  of 
10  ns. 

We  present  here  the  first  application  of  DPDB 
CARS  for  temperature  and  mole-fraction  measure¬ 
ments  in  reacting  flows  of  practical  interest.  This 
work  extends  previous  DPDB  CARS  measurements 
in  laboratory  flames  [3]  and  demonstrates  the  unique 
capability  of  using  three  laser  wavelengths  for  acqui¬ 
sition  of  two  pure  rotational  spectra  (O2  and  N2)  and 
two  ro- vibrational  spectra  (CO2  and  N2).  The  ability 
to  compare  temperatures  measured  from  both  O2-N2 
and  CO2-N2  spectra  provides  a  check  on  the  accuracy 
and  increases  the  dynamic  range  of  the  single- shot 
temperatures  measurements.  In  the  combustion  zone 
or  the  exhaust  stream  of  a  real  combustor,  a  wide  spa¬ 
tial  and  temporal  variation  of  temperature  occurs  be¬ 
cause  of  the  inherent  turbulent  nature  of  the  flow  field. 
In  the  current  system  the  rotational  spectra  of  O2-N2 
ensure  high  accuracy  at  lower  temperatures,  gener¬ 
ally  below  1500  K,  because  a  higher  percentage  of  the 
population  resides  at  lower  energy  levels  [4].  The  ro- 
vibrational  spectra  of  CO2-N2  ensure  high  accuracy 
at  elevated  temperatures  because  a  higher  percentage 
of  the  population  is  transferred  to  higher  energy  lev¬ 
els. 

The  current  approach  is  a  variation  of  the  triple¬ 
pump  vibrational  CARS  technique,  which  provides 
two  pairs  of  ro-vibrational  spectra  using  single¬ 
longitudinal  mode  or  very  narrow-bandwidth  pump 
beams  [5].  The  DPDB  CARS  system  described  here 
also  employs  three  pump  beams,  but  two  are  nar¬ 
rowband  and  one  is  broadband;  this  can  be  viewed, 
therefore,  as  a  combination  of  the  dual-pump  and 
dual-broadband  approaches.  The  dual-pump  CARS 
technique,  which  was  first  demonstrated  by  Lucht  [6], 
has  been  used  for  the  simultaneous  measurement  of 
02-N2  [6,7],  C02-N2  [8-10],  H2-N2  [11],  CH4- 
N2  [12],  and  02-H2-N2  [13].  In  dual-pump  CARS 
the  wavelengths  of  the  input  beams  are  adjusted 
such  that  the  CARS  spectra  for  the  two  species  un¬ 
der  study  are  observed  at  nearly  the  same  frequency. 
This  arrangement  largely  eliminates  the  potential  er¬ 
rors  arising  from  wavelength-dependent  variations  in 
signal  transmission  or  detector  efficiency  that  compli¬ 
cate  other  multiple- species  CARS  techniques  such  as 
dual-Stokes  and  dual-broadband  CARS  [14].  Several 
other  CARS  techniques  that  have  also  been  used  for 


temperature  and  multiple- species  mole-fraction  mea¬ 
surements  are  dual-broadband  rotational  CARS  [15] 
and  simultaneous  vibrational  and  rotational  CARS 
[16]. 

In  the  DPDB  CARS  technique  implemented  in 
the  current  work,  three  pump  beams  and  a  Stokes 
beam  are  used  to  generate  four  CARS  signals  near 
two  distinct  wavelengths.  Both  wavelength  regions 
exhibit  an  N2-CARS  signal  along  with  the  CARS  sig¬ 
nal  from  another  target  molecule.  In  much  the  same 
way  as  dual-pump  CARS  described  above,  each  pair 
of  CARS  signals  is  generated  over  a  relatively  narrow 
wavelength  region  and  can  be  captured  with  fixed- 
wavelength  detection.  This  eliminates  potential  errors 
arising  from  wavelength-dependent  variations  in  sig¬ 
nal  transmission  or  detector  efficiency.  Temperature 
and  relative  mole  fractions  of  the  target  species  (with 
respect  to  N2)  are  extracted  either  by  fitting  the  mea¬ 
sured  CARS  spectrum  with  a  theoretical  spectrum  or 
through  a  Boltzmann  plot. 

The  objectives  of  this  investigation  were  to  per¬ 
form  single-laser- shot  measurements  of  temperature 
and  mole-fraction  ratios  of  CO2/N2  and  O2/N2  un¬ 
der  realistic  nonsooting  and  sooting  gas-turbine  con¬ 
ditions.  Measurements  were  carried  out  in  the  exhaust 
stream  of  a  liquid-fueled,  swirl- stabilized  CFM56 
combustor  for  lean  to  rich  overall  equivalence  ra¬ 
tios  ranging  from  0  =  0.45  to  1.0.  A  spatial  traverse 
across  the  exhaust  stream  normal  to  the  beam  propa¬ 
gation  direction  was  performed  to  illustrate  statistical 
differences  between  the  relatively  steady  centerline 
and  the  turbulent  shear  layer.  Temperature  and  mole- 
fraction  histograms  and  scatter  plots  are  used  to  dis¬ 
tinguish  the  relative  effect  of  fluid-dynamic  fluctua¬ 
tions  from  that  of  random  error.  The  current  work  pro¬ 
vides  benchmark  statistical  distributions  of  tempera¬ 
ture  and  mole-fraction  ratios  of  CO2/N2  and  O2/N2 
in  the  exit  plane  of  the  combustor  and  is  used  to  eval¬ 
uate  the  effects  of  fuel  composition  and  particulate- 
mitigating  additives  on  flame  chemistry.  These  mea¬ 
surements  complement  laser-induced  incandescence 
(LII)  and  planar  laser-induced  fluorescence  (PLIF) 
measurements  of  soot  volume  fraction  and  OH  rad¬ 
ical  mole  fraction,  respectively,  which  are  ongoing  in 
the  current  combustor  [17]. 


2.  Experimental  setup 

2. 1 .  DPDB -CARS  system 

The  DPDB -CARS  system  schematic  and  the 
energy-level  diagrams  shown  in  Figs,  la  and  lb, 
respectively,  are  described  in  Ref.  [3]  and  summa¬ 
rized  here  for  reference.  All  CARS  beams  are  gen¬ 
erated  from  the  frequency-doubled  532-nm  output 
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Fig.  1.  (a)  Schematic  diagram  of  DPDB-CARS  system  for 
detecting  temperature  and  mole-fraction  ratios  of  O2/N2  and 
CO2/N2.  (b)  Energy-level  diagram  of  DPDB-CARS  sys¬ 
tem  [3]. 

of  an  injection- seeded  Nd:YAG  laser  (Pro290,  Spec¬ 
tra  Physics),  the  20-mJ,  560-nm  output  of  a  532- 
nm-pumped  narrowband  dye  laser  (Precision  Scan, 
Spectra  Physics),  and  the  30-mJ,  607 -nm  output  of 
a  532-nm-pumped  custom-built  broadband  dye  laser. 
For  the  CO2-N2  CARS  system,  spatial  overlap  of  the 
532-nm  pump  beam  with  the  607 -nm  Stokes  beam 
produces  a  ro-vibrational  N2  Raman  polarization  that 
coherently  scatters  the  560-nm  pump  beam,  yielding 
an  N2  CARS  spectrum  near  496  nm.  At  the  same 
time,  the  560-nm  pump  beam  and  the  607-nm  Stokes 
beam  produce  a  ro-vibrational  CO2  Raman  polar¬ 
ization  that  scatters  the  20-mJ,  532-nm  pump  beam, 
yielding  a  CO2  CARS  spectrum  that  also  appears  near 
496  nm. 

As  shown  in  Fig.  1,  approximately  15  mJ  of  the 
broadband  607-nm  beam  is  redirected  for  use  as  a 
pump  beam  for  the  O2-N2  CARS  System.  The  spec¬ 
tral  width  (FWHM)  of  the  broadband  dye  laser  is 
~200  cm-1,  which  is  sufficiently  large  to  excite  the 
pure  rotational  transitions  of  O2  and  N2  molecules  at 
the  ground  and  excited  vibrational  state  up  to  rota¬ 
tional  levels  of  /  ~  30.  The  broadband  pump  beam 
and  the  broadband  Stokes  beam  produce  rotational 
Raman  polarizations  for  both  O2  and  N2  molecules, 
which  then  scatter  the  532-nm  pump  beam.  Both  pure 
rotational  CARS  spectra  appear  at  a  wavelength  of 
~525-531  nm. 


All  incident  beams  are  focused  with  a  600-mm 
focal-length  lens  and  phase-matched  using  the  folded 
BOXCARS  geometry,  with  the  560-  and  607-nm 
pump  beams  arranged  colinearly.  The  frequency  of 
the  rotational  CARS  signal  is  very  close  to  the  pump 
beam  at  532  nm.  This  poses  the  significant  challenge 
of  discriminating  the  scattered  light  at  532  nm  from 
the  CARS  signal  at  528  nm.  To  minimize  the  scat¬ 
tered  light  at  532  nm,  the  polarization  of  one  of  the 
broadband  pump  beams  at  607  nm  was  oriented  to 
be  orthogonal  to  that  of  the  532-nm  beam.  The  polar¬ 
ization  of  the  broadband  dye  beam  that  serves  as  the 
Stokes  beam  for  the  CO2-N2  CARS  was  not  rotated. 
With  this  configuration  the  polarization  of  the  pure 
rotational  CARS  signal  was  orthogonal  to  that  of  the 
532-nm  pump  beam.  The  CARS  signal  at  528  nm  was 
isolated  from  the  background  532-nm  scattered  light 
by  placing  a  polarizer  in  the  detection  channel,  with  a 
transmission  axis  perpendicular  to  the  532-nm  pump 
beam,  as  shown  in  Fig.  1. 

Note  that  the  ro-vibrational  CO2  and  N2  spectra 
near  496  nm  can  be  detected  on  a  single  spectrome¬ 
ter,  while  a  second  spectrometer  can  be  used  to  collect 
the  pure  rotational  O2  and  N2  spectra  near  528  nm. 
Simultaneous  detection  of  the  ro-vibrational  and  rota¬ 
tional  spectra  was  reported  in  a  previous  publication 
[5]  but,  in  the  current  work,  equipment  availability  ne¬ 
cessitated  the  use  of  a  single,  1 .0-m  spectrometer  and 
a  single  back-illuminated  CCD  camera  with  an  array 
of  2000  x  512  pixels  (DH734,  Andor  Technologies). 
For  each  flame  condition  the  spectrometer  was  first 
set  for  acquisition  of  the  ro-vibrational  spectra  near 
496  nm;  the  spectrometer  grating  was  then  moved  to 
acquire  the  rotational  spectra  near  528  nm. 

The  CARS  spectra  are  normalized  using  a  nonres¬ 
onant  spectrum  to  account  for  the  effects  of  pulse-to- 
pulse  laser-power  fluctuations,  long-term  power  drift, 
and  spectral  variations  in  dye  power  [13].  The  non¬ 
resonant  spectrum  is  recorded  by  flowing  pure  argon 
into  the  beam-overlap  region.  Temperatures  from  the 
CO2-N2  and  O2-N2  pairs  were  evaluated  by  fitting 
the  CARS  spectra  with  theoretical  spectra.  Since  the 
N2  mole  fraction  is  typically  known  to  within  a  few 
percent,  the  amplitude  of  the  target- species  signal  rel¬ 
ative  to  that  of  the  paired  N2  signal  can  provide  an 
absolute  measure  of  the  target-species  mole  fraction. 

2.2.  JP-8-fueled  model  combustor 

The  atmospheric-pressure  combustor  facility  em¬ 
ployed  in  the  current  study  has  been  described  in  de¬ 
tail  previously  by  Roy  et  al.  [10]  and  Meyer  et  al.  [17]. 
A  brief  overview  is  included  here  for  reference. 
A  single,  JP-8-fueled  pres  sure- swirl  injector  is  center- 
mounted  in  a  dual-radial  air- swirling  nozzle  that  feeds 
a48-cm-long,  15.25  x  15.25-cm  square-cross-section 
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Fig.  2.  Schematic  diagram  of  JP-8-fueled,  swirl- stabilized, 
model  gas-turbine  combustor.  DPDB-CARS  measurements 
performed  along  horizontal  traverse  1.0  cm  downstream  of 
exhaust-nozzle  exit  plane. 

flame  tube,  as  shown  in  Fig.  2.  Changes  in  equiv¬ 
alence  ratio,  0,  from  0.45  to  1.0  are  achieved  by 
varying  the  pressure  drop  across  the  fuel- spray  nozzle 
to  obtain  fuel  mass-flow  rates  of  0.9  to  1.9  g/s.  The 
air-flow  system  consists  of  three  Sierra  5600  SLPM 
mass-flow  controllers  with  ±1%  full-scale  accuracy. 
In  the  present  investigation  air  to  the  combustor  was 
heated  to  450  K,  and  the  flow  rate  was  held  con¬ 
stant  at  ~0.0283  kg/s.  The  air-pressure  drop  across 
the  combustor  dome  was  ~5%  of  the  main  supply. 
The  exhaust  gases  mix  thoroughly  and  exit  the  com¬ 
bustor  through  a  43-cm  long,  tapered  nozzle  with  an 
inner  diameter  of  4.8  cm  at  the  exit  plane.  At  high 
0,  unburned  fuel  forms  a  diffusion  flame  at  the  exit 
of  the  exhaust  nozzle;  while  it  does  not  contribute  to 
the  CARS  signal  in  the  center  of  the  nozzle,  it  does 
contribute  to  background  flame  emission.  The  entire 
combustor  test  stand  is  on  an  x-y-z  translation  sys¬ 
tem. 


3.  Results  and  discussion 

3.1.  Single-shot  spectra  and  statistics 

Single- shot  temperature  and  mole-fraction-ratio 
measurements  of  CO2/N2  and  O2/N2  were  performed 
in  the  exhaust  stream  of  the  JP- 8 -fueled,  swirl- 
stabilized  combustor  over  a  wide  range  of  equivalence 
ratios,  0,  using  the  DPDB-CARS  technique.  Typical 
postprocessed  single-shot  spectra  at  0  =  0.5  are  pre¬ 
sented  in  Fig.  3,  which  displays  signal-to-noise  ratios 
(SNRs)  of  100: 1  and  50: 1  in  the  ro-vibrational  and  ro¬ 
tational  CARS  systems,  respectively.  The  solid  lines 
represent  experimental  CARS  signals,  and  the  dotted 
lines  represent  corresponding  theoretical  CARS  spec¬ 
tra.  The  CO2-N2  CARS  spectra  were  fit  using  the 
Sandia  CARSFT  code  [18],  and  the  O2-N2  rotational 
spectra  were  fit  using  the  code  described  by  Bood 
et  al.  [15].  The  broad  vibrational- signal  contribution 
to  the  rotational  spectrum  was  subtracted  by  fitting  a 
smooth  profile  through  the  baseline  [15];  the  temper¬ 
ature  and  relative  CO2  and  O2  mole  fractions  were 
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Fig.  3.  Single-shot  (a)  ro-vibrational  spectra  of  CO2-N2  and 
(b)  rotational  spectra  of  O2-N2  acquired  in  center  of  exhaust 
stream  of  JP-8-fueled  combustor  at  0  =  0.5. 

evaluated  by  comparing  the  experimental  and  theo¬ 
retical  spectra.  The  CO2  and  N2  signals  in  Fig.  3a  are 
sufficiently  close  in  wavelength  to  be  detected  with 
a  single  spectrometer,  but  are  sufficiently  far  apart  to 
be  processed  separately.  This  enabled  determination 
of  temperatures  from  the  ro-vibrational  spectra  using 
only  the  N2  spectral  region,  thereby  reducing  errors 
associated  with  baseline  noise.  The  O2  lines  shown  in 
the  rotational  spectra  of  Fig.  3b  are  interspersed  with 
N2  lines,  and  both  are  processed  simultaneously. 

Assuming  that  the  center  of  the  exhaust  flow  ex¬ 
periences  minimal  temporal  variation  of  temperature 
and  mole  fraction,  the  histograms  collected  in  this  re¬ 
gion  display  the  best  possible  standard  deviations  of 
single- shot  measurements  in  the  current  application. 
Histograms  of  temperature  evaluated  from  the  single¬ 
shot  N2  ro-vibrational  spectrum  and  O2-N2  rota¬ 
tional  spectra  are  shown  in  Figs.  4a  and  4b,  respec¬ 
tively.  Standard  deviations  of  temperature  for  both 
techniques  are  less  than  3.5%  of  the  mean,  indicat¬ 
ing  that  the  two  different  measurement  systems,  in- 
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Fig.  4.  Single-shot  histograms  in  center  of  exhaust  stream,  showing  statistical  distributions  of  (a)  temperature  from  ro-vibrational 
N2  spectra,  (b)  temperature  from  O2-N2  rotational  spectra,  (c)  CO2/N2  mole-fraction  ratio,  and  (d)  O2/N2  mole-fraction  ratio 
at  0  =  0.5. 


eluding  the  theoretical  codes  used  for  fitting  the  ro- 
vibrational  and  rotational  spectra,  have  similar  preci¬ 
sion.  The  Gaus sian-like  symmetry  of  the  histograms 
and  the  similar  standard  deviations  indicate  that  tem¬ 
poral  variations  result  from  unbiased  experimental  er¬ 
ror  or  from  random  small-scale  fluid-dynamic  fluctu¬ 
ations. 

Histograms  of  CO2/N2  and  O2/N2  mole-fraction 
ratios  are  shown  in  Figs.  4c  and  4d,  with  standard  de¬ 
viations  of  about  10  and  5%,  respectively.  The  higher 
standard  deviation  in  the  CO2/N2  data  reflects  the  op¬ 
posite  trend  one  might  expect  from  the  SNRs  noted 
in  Fig.  3.  The  primary  reason  for  the  increased  vari¬ 
ation  in  CO2/N2  mole-fraction-ratio  measurements  is 
that  there  are  far  fewer  features  in  the  CO2  spectra 
than  in  the  O2  and  N2  spectra.  This  reduces  the  qual¬ 
ity  of  least- square  fitting  and  increases  the  standard 
deviation.  The  nearly  identical  standard  deviations  in 
temperature  reported  earlier  in  Figs.  4a  and  4b  make 
use  of  ro-vibrational  N2  features  and  rotational  O2- 


N2  features  and,  therefore,  do  not  exhibit  reduced  ac¬ 
curacy  in  least- square  fitting. 

Single- shot  accuracy  can  also  be  degraded  by  re¬ 
duced  SNR.  Histograms  of  single-shot  temperature 
and  CO2/N2  mole-fraction  ratio  at  0  =  1.0  are  shown 
in  Figs.  5a  and  5b,  respectively.  The  standard  devi¬ 
ations  are  higher  than  in  the  case  of  0  =  0.5  as  a 
result  of  increased  background  flame  emission  as  well 
as  signal  degradation  caused  by  thermal  displacement 
of  various  optics  and  mounts.  Based  on  the  data  of 
Fig.  5,  the  standard  deviation  of  the  temperature  data 
at  0  =  1.0  is  4.4%  of  the  mean,  and  the  standard  de¬ 
viation  of  CO2/N2  data  is  20%  of  the  mean,  which 
are  nearly  1.5  x  and  2x  the  respective  standard  de¬ 
viations  recorded  at  0  =  0.5.  In  addition  to  reduced 
SNR,  an  increase  in  fluid-dynamic  fluctuations  may 
also  accompany  an  increase  in  0. 

It  was  also  very  difficult  to  extract  single- shot  his¬ 
tograms  of  rotational-CARS  temperature  and  O2/N2 
mole-fraction  ratios  at  0  =  1.0  (not  shown),  not 
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Fig.  5.  Single-shot  histograms  of  (a)  temperature  and  (b) 
mole-fraction  ratio  of  CO2/N2  determined  from  CO2-N2 
ro-vibrational  spectra  acquired  in  center  of  exhaust  stream 
of  JP-8-fueled  combustor  at  0  =  1.0  [10]. 

only  because  of  thermal  misalignment  of  optics  and 
mounts  but  also  because  of  decreased  gas  density. 
An  increase  in  background  signal  from  nonresonant 
susceptibility  and  mole  fraction  further  degrades  mea¬ 
surement  accuracy  at  higher  0.  In  addition,  the  O2 
mole  fraction  decreases  rapidly  near  0  =  1.0  because 
of  increased  fuel  consumption  and  approaches  the 
CARS  detectability  limit  for  major  species.  Results 
from  averaged  spectra  at  higher  0  are  discussed  be¬ 
low. 

3.2.  Equivalence-ratio  study 

The  DPDB-CARS  system  used  in  the  present 
study  has  been  shown  to  exhibit  high  accuracy  from 
0  —  0.15  to  1.0  in  a  calibrated,  laminar  flame  [3]. 
Temperature  measurements  were  typically  within  5% 
of  equilibrium  calculations,  while  mole-fraction  ra¬ 
tios  of  CO2/N2  and  O2/N2  were  typically  within 
10%  of  theoretical  values.  In  the  current  model  gas- 


Fig.  6.  Comparison  of  experimental  data  with  equilibrium 
calculations  of  (a)  temperature  and  (b)  mole-fraction  ratios 
of  CO2/N2  and  O2/N2  acquired  in  center  of  exhaust  stream 
of  JP-8-fueled  combustor  at  various  0. 

turbine  combustor,  measurements  of  temperature  and 
CO2/N2  mole-fraction  ratio  were  performed  from 
0  =  0.45  to  1.0,  and  measurements  of  O2/N2  mole- 
fraction-ratio  were  performed  from  0  =  0.45  to  0.8. 
A  comparison  of  experimental  results  with  an  equilib¬ 
rium  calculation  using  the  theoretical  code  provided 
by  Turns  [19]  is  shown  in  Fig.  6.  The  molecular  for¬ 
mula  used  for  JP-8  fuel  is  C10.9H20.9,  and  the  heat  of 
formation  is  equal  to  —2.48  x  105  kJ/K  [9]. 

As  evident  in  Fig.  6a,  the  measured  temperatures 
(evaluated  from  the  ro-vibrational  N2  spectra)  are 
lower  than  the  adiabatic  flame  temperatures  by  ~20% 
during  lean  combustor  operation  and  by  ~25%  at  the 
richest  condition.  The  discrepancy  between  measured 
and  calculated  temperatures  occurs  primarily  because 
data  were  collected  ~0.9  m  from  the  fuel  nozzle 
and  primary  flame  zone,  leading  to  significant  heat 
loss  due  to  radiation  and  conduction.  The  increase 
in  this  discrepancy  at  higher  0  is  expected,  there¬ 
fore,  because  of  increased  heat  transfer.  Other  pos- 
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sible  reasons  that  are  associated  with  operation  in  a 
test-cell  environment  include  (1)  degraded  SNR  from 
increased  background  flame  emission  and  thermal 
displacement  of  optical  components,  (2)  the  means 
by  which  the  broad  vibrational- signal  contribution  to 
the  rotational  spectrum  is  subtracted  [15],  (3)  flame 
unsteadiness  and  spatial  averaging,  (4)  uncertainty 
in  mass  flow  rates,  and  (5)  ±10%  uncertainty  in 
the  composition  of  JP-8  fuel  and  associated  equilib¬ 
rium  calculations.  Temperatures  evaluated  from  the 
ro-vibrational  and  rotational  spectra  typically  agree 
to  within  40  K  or  3%.  This  agreement  indicates  that 
decreased  SNR  and  the  method  of  vibrational- signal 
subtraction  are  not  significant  factors,  even  at  0  =  1 .0 
where  the  peak  difference  between  the  two  techniques 
is  still  <5%. 

The  measured  CO2/N2  mole-fraction  ratios, 
shown  in  Fig.  6b,  track  equilibrium  conditions  to 
within  15%  from  0  =  0.45  to  1.0,  with  better  agree¬ 
ment  near  stoichiometric  conditions  where  CO2  mole 
fractions  are  higher.  The  O2/N2  mole-fraction  ratios 
are  also  within  15%  of  equilibrium  conditions  up 
to  0  =  0.7  but  are  significantly  below  equilibrium 
at  0  =  0.8.  It  was  not  possible  to  extract  the  mole- 
fraction-ratio  of  O2/N2  beyond  0  =  0.8  because  of 
decreased  mole-fraction  levels,  thermal  displacement 
of  optical  components,  increased  background  inter¬ 
ference,  and  increased  coupling  between  nonresonant 
susceptibility  and  mole  fraction. 

3.3.  Spatial  profiles  and  statistics 

The  spatial  distribution  of  temperature  in  the  ex¬ 
haust  stream  of  gas-turbine  combustors  is  an  impor¬ 
tant  performance  consideration.  In  the  current  work  a 
spatial  traverse  across  the  exit  of  the  exhaust  nozzle  is 
performed  to  demonstrate  the  diagnostic  capabilities 
of  the  current  measurement  system  as  well  as  to  test 
its  performance  under  unsteady,  turbulent  conditions. 
The  spatial  traverse  was  conducted  in  a  vertical  plane 
that  is  located  1  cm  downstream  of  the  nozzle  exit  and 
92  cm  downstream  of  the  fuel  injector,  as  shown  pre¬ 
viously  in  Fig.  2.  The  DPDB-CARS  optics  remained 
stationary,  while  the  entire  combustor  test  stand  was 
translated  until  the  probe  volume  reached  ambient 
conditions  on  either  side  of  the  exhaust  stream. 

The  spatial  distribution  of  temperature  at  0  =  0.5, 
shown  in  Fig.  7a,  exhibits  a  fairly  uniform,  flat- top 
profile.  The  full-width-half-maximum  (FWHM)  is 
48  mm  wide,  with  shear  layers  that  are  12.5  cm  wide 
on  either  side.  Note  that  the  ro-vibrational  and  rota¬ 
tional  spectra  yield  nearly  identical  results  through¬ 
out  the  entire  region,  indicating  that  previous  differ¬ 
ences  between  the  two  techniques  shown  in  Fig.  6a 
were  probably  due  to  the  effects  of  flame  emission  on 
relative  SNR  rather  than  on  spectroscopic  variations 


Fig.  7.  Measurements  of  (a)  temperature  and  (b)  mole- 
fraction  ratios  of  CO2/N2  and  O2/N2  in  spatial  traverse 
across  exhaust-nozzle  exit  plane  at  0  =  0.5. 

with  temperature.  The  spatial  distribution  of  CO2/N2 
and  O2/N2  mole-fraction  ratios,  shown  in  Fig.  7b, 
also  displays  uniform  and  flat-top  profiles  and  illus¬ 
trates  the  high  precision  of  the  ro-vibrational  and  ro¬ 
tational  DPDB-CARS  measurements.  In  addition,  the 
FWHM  locations  and  shear-layer  widths  are  nearly 
identical  for  both  mole-fraction  ratios  and  agree  with 
that  of  temperature,  shown  previously  in  Fig.  7a.  The 
CO2/N2  mole-fraction  ratio  approaches  zero  outside 
the  exhaust  stream,  as  expected;  and  the  O2/N2  mole- 
fraction  ratio  approaches  26%,  as  expected  for  ambi¬ 
ent  air. 

As  the  probe  volume  approaches  the  turbulent 
shear-layer  region  of  the  exhaust  stream,  histograms 
of  temperature  and  mole-fraction  ratio  are  expected 
to  broaden  to  reflect  increased  fluid-dynamic  fluctua¬ 
tions.  This  phenomenon  is  captured  in  the  shear-layer 
region  22  mm  from  the  exhaust-nozzle  centerline. 
Histograms  of  ro-vibrational  and  rotational  temper¬ 
ature  shown  in  Figs.  8a  and  8b,  respectively,  exhibit 
both  a  decrease  in  temperature  due  to  mixing  with  am- 
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Fig.  8.  Single-shot  histograms  within  shear  layer  22  mm  from  center  of  exhaust  stream,  showing  statistical  distributions  of  (a) 
temperature  from  ro-vibrational  N2  spectra,  (b)  temperature  from  O2-N2  rotational  spectra,  (c)  CO2/N2  mole-fraction  ratio,  and 
(d)  O2/N2  mole-fraction  ratio  at  (f>  =  0.5. 


bient  air  and  an  increased  standard  deviation  due  to 
turbulent  fluctuations.  The  increase  in  standard  devi¬ 
ation  in  the  shear  layer  as  compared  with  the  exhaust 
centerline  is  about  2.5  x  for  the  rotational  temperature 
and  5  x  for  the  ro-vibrational  temperature.  The  differ¬ 
ence  between  these  two  techniques  is  at  least  partially 
explained  by  the  lower  SNR  of  the  O2-N2  spectra. 
The  apparent  asymmetry  in  both  the  ro-vibrational 
and  rotational  temperature  histograms  is  another  fea¬ 
ture  of  interest  because  it  illustrates  the  effect  of  large- 
scale  structures  on  the  mixing  process.  Both  temper¬ 
ature  histograms  show  a  significant  number  of  laser 
shots  for  which  the  temperature  is  nearly  400  K  be¬ 
low  the  mean  temperature.  These  represent  instances 
when  large-scale  fluid-dynamic  structures  carry  am¬ 
bient  air  deep  into  the  shear  layer.  Because  the  mea¬ 
surement  volume  is  only  about  the  thickness  of  one 
shear  layer  downstream  of  the  exit  lip  of  the  exhaust 
nozzle,  one  would  expect  that  large-scale  structures 
would  not  have  broken  down  into  smaller  scales.  Be¬ 


cause  the  ro-vibrational  and  rotational  temperatures 
are  highly  dependent  on  N2  spectra,  high  CO2  and 
O2  mole-fraction  gradients  within  the  probe  volume 
are  not  expected  to  result  in  significant  differences  in 
the  temperatures  measured  by  each  technique. 

Histograms  of  CO2/N2  and  O2/N2  mole-fraction 
ratios  in  the  shear  layer  also  display  the  effects  of 
broadening  and  increased  asymmetry  due  to  turbu¬ 
lent  fluctuations,  as  shown  in  Fig.  8.  The  shear-layer 
CO2/N2  mole-fraction-ratio  histogram  of  Fig.  8c  has 
a  lower  mean  value  than  the  centerline  histogram  of 
Fig.  4c  and  has  a  longer  tail  toward  lower  values  of 
CO2/N2.  Both  effects  signify  incursions  of  ambient 
air  into  the  probe  volume.  As  expected  these  same  in¬ 
cursions  of  ambient  air  have  the  opposite  effect  on  the 
O2/N2  mole-fraction-ratio  histogram — increasing  the 
mean  and  extending  the  wing  toward  higher  values  of 
O2/N2,  as  shown  in  Fig.  8d. 

Another  approach  to  evaluating  the  nature  of 
single- shot  CARS -signal  fluctuations  is  the  use  of 
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Fig.  9.  Scatter  plots  of  CO2/N2  mole-fraction  ratio  vs  temperature  in  (a)  exhaust  centerline  and  (b)  shear  layer  22  mm  from 
centerline  at  (p  =  0.5.  Scatter  plots  of  O2/N2  mole-fraction  ratio  vs  temperature  in  (c)  exhaust  centerline  and  (d)  shear  layer 
22  mm  from  centerline  at  0  =  0.5. 


scatter  plots  of  mole-fraction  ratio  vs  temperature. 
In  Fig.  9a,  for  example,  the  scatter  plot  of  CO2/N2 
vs  temperature  shows  a  flat  distribution  at  the  cen¬ 
ter  of  the  exhaust  stream.  In  contrast,  the  scatter  plot 
of  Fig.  9b  within  the  shear  layer  region  22  mm  from 
the  centerline  shows  that  the  CO2/N2  mole-fraction 
ratio  is  correlated  with  increasing  temperature.  In¬ 
stances  of  high  temperature  correspond  to  cases  in 
which  the  probe  volume  is  within  a  fluid  element  that 
is  composed  primarily  of  exhaust  gases  and,  there¬ 
fore,  correspond  to  higher  levels  of  CO2/N2  mole- 
fraction  ratios.  This  correlation  between  temperature 
and  CO2/N2  mole-fraction  ratio  is  further  evidence 
that  signal  variations  are  related  to  large-scale  fluid- 
dynamic  fluctuations  and  are  not  random  in  nature. 

A  similar  trend  is  apparent  when  comparing  scat¬ 
ter  plots  of  O2/N2  mole-fraction  ratio  vs  tempera¬ 
ture  at  the  centerline  and  within  the  shear  layer.  The 
scatter  plot  of  O2/N2  mole-fraction  ratio  vs  temper¬ 
ature  in  the  exhaust  centerline,  shown  in  Fig.  9c,  is 
flat  and  fairly  narrow,  indicating  that  variations  are 


due  primarily  to  random  measurement  error  rather 
than  fluid  dynamic  fluctuations.  The  scatter  plot  of 
Fig.  9d  within  the  shear  layer  region  22  mm  from 
the  centerline,  however,  shows  that  the  O2/N2  mole- 
fraction  ratio  is  correlated  with  decreasing  temper¬ 
ature.  Instances  of  high  temperature  correspond  to 
cases  in  which  the  probe  volume  is  within  a  fluid  ele¬ 
ment  that  is  composed  primarily  of  exhaust  gases  and, 
therefore,  correspond  to  lower  values  of  the  O2/N2 
mole-fraction  ratio.  These  data  illustrate  the  ability 
of  the  current  DPDB-CARS  system  to  evaluate  both 
the  mean  and  the  dynamic  features  of  reacting  flows 
using  single- shot  measurements  of  temperature  and 
multiple- species  mole  fractions. 

4.  Conclusions 

The  application  of  DPDB  CARS  to  characterize 
the  exit  conditions  in  a  swirl- stabilized,  JP- 8 -fueled, 
model  gas-turbine  combustor  has  been  demonstrated. 
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A  variant  of  triple-pump  CARS,  DPDB-CARS  em¬ 
ploys  three  laser  wavelengths  for  one  broadband 
pump  beam,  two  narrowband  pump  beams,  and  a 
broadband  Stokes  beam  to  generate  ro-vibrational 
and  rotational  CARS  spectra  with  the  same  hardware 
platform.  This  technique  is  capable  of  providing  two 
separate  measurements  of  temperature  along  with  the 
mole  fraction  of  two  target  species  with  respect  to  N2. 
Single- shot  data  acquisition  using  the  combination 
of  ro-vibrational  and  rotational  CARS  enhances  the 
precision  and  accuracy  of  temperature  measurements 
because  of  the  correlation  afforded  by  the  common 
presence  of  N2  in  each  of  the  two  spectral  windows. 

Experiments  were  carried  out  to  measure  the  tem¬ 
perature  and  mole-fraction  ratios  of  CO2/N2  and 
O2/N2  in  the  exhaust  stream  of  the  JP- 8 -fueled 
combustor  for  equivalence  ratios  ranging  from  0  = 
0.45  to  1.0.  Mean  temperatures  measured  from  ro- 
vibrational  and  rotational  spectra  typically  agreed 
to  within  ~3%.  Standard  deviations  of  temperature 
and  CO2/N2  mole-fraction  ratio  as  determined  from 
single-laser- shot,  ro-vibrational  CARS  spectra  were 
~3-4  and  ~  10-20%  of  mean  values,  respectively,  for 
the  full  range  of  0.  Standard  deviations  of  temper¬ 
ature  and  O2/N2  mole-fraction  ratio  as  determined 
from  single-laser- shot,  rotational  CARS  spectra  were 
~5-20%  of  the  mean  values  for  0  ranging  from 
0.45  to  0.8.  The  spatial  variation  of  temperature 
and  species-mole-fraction  profiles  across  the  exhaust 
stream  was  also  studied  to  demonstrate  the  ability 
of  the  DPDB-CARS  system  to  capture  mean  and 
dynamic  features  of  reacting  flows.  Turbulent  fluc¬ 
tuations  were  distinguished  from  random  error  by 
identifying  asymmetries  in  temperature  and  mole- 
fraction  histograms  and  by  showing  direct  correla¬ 
tions  between  scatter-plot  fluctuations  of  temperature 
and  species  mole  fractions.  This  work  represents  the 
first  application  of  triple-pump  or  DPDB-CARS  in 
the  exhaust  of  a  liquid-fueled  combustor  of  practical 
interest. 
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Abstract 

Residence  time  and  thermo-chemical  environment  are  important  factors  in  the  soot-formation  process  in  flames. 
Recent  studies  have  revealed  that  the  soot  generated  in  an  inverse  diffusion  flame  (IDF)  is  not  fully  carbonized 
as  it  is  in  a  normal  diffusion  flame.  For  understanding  the  chemical  and  physical  structure  of  the  partially  car¬ 
bonized  soot  formed  in  inverse  diffusion  flames,  knowledge  of  the  flow  dynamics  of  these  flames  is  required. 
A  time-dependent,  detailed-chemistry  computational-fluid-dynamics  (CFD)  model  is  developed  for  simulation  of 
an  ethylene-air  inverse  jet-diffusion  flame  that  has  been  studied  experimentally.  Steady- state  simulations  show 
that  all  of  the  polycyclic- aromatic-hydrocarbon  (PAH)  species  are  produced  outside  the  flame  surface  on  the  fuel 
side.  Unsteady  simulations  reveal  that  buoyancy-induced  vortices  establish  outside  the  flame  because  of  the  low 
fuel  jet  velocity  (~40  cm/s)  employed.  These  vortices  in  inverse  diffusion  flames,  as  opposed  to  those  in  normal 
diffusion  flames,  appear  primarily  in  the  exhaust  jet.  The  advection  of  these  vortices  at  17.2  Hz  increases  mixing 
and  causes  PAH  species  to  be  more  uniformly  distributed  in  downstream  locations.  While  the  concentrations  of 
rapidly  formed  radical  and  product  species  are  not  altered  appreciably  by  the  flame  oscillation,  concentrations  of 
certain  slowly  formed  PAH  species  are  significantly  changed.  The  dynamics  of  20-nm  tracer  particles  injected 
from  the  1200  K  fuel- side  contour  line  suggest  that  soot  particles  are  reheated  and  cooled  alternately  while  being 
entrained  into  and  advected  by  the  buoyancy-induced  vortices.  This  flow  pattern  could  explain  the  experimentally 
observed  large  size  and  slight  carbonization  of  IDF  soot  particles. 

Published  by  Elsevier  Inc.  on  behalf  of  The  Combustion  Institute. 

Keywords:  Inverse  diffusion  flame;  Soot;  PAH;  Flicker;  Soot  inception;  Benzene 


1.  Introduction 

Soot  is  an  undesirable  combustion  product,  and 
its  formation  represents  one  of  the  most  complex 
chemical  systems  in  flames.  Considerable  progress 
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has  been  made  in  recent  years  in  understanding  the 
chemical  and  physical  aspects  of  soot  formation  in 
hydrocarbon  flames.  Soot  particles  containing  several 
thousands  of  carbon  atoms  are  formed  from  simple 
fuel  molecules  within  a  few  milliseconds  of  combus¬ 
tion  initiation.  After  the  first  aromatic  rings  such  as 
benzene  and  small  polycyclic  aromatic  hydrocarbons 
(PAHs)  are  formed  in  the  gas  phase,  acetylene  and 
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other  molecules  react  with  these  small  PAHs  to  form 
larger  PAHs  [1].  The  first  soot  particles  are  thought  to 
be  formed  when  two  or  more  PAHs  react  to  form  a 
three-dimensional  particle.  This  process  is  known  as 
particle  inception  [2].  The  formed  soot  particles  inter¬ 
act  with  the  gas-phase  molecules  by  adding  acetylene 
to  their  surface  (surface  growth)  and  by  reacting  with 
molecular  oxygen  and/or  hydroxyl  radicals  (oxida¬ 
tion).  Another  process  thought  to  increase  soot  mass 
is  the  collision  of  PAHs  with  a  soot  particle. 

Several  experimental  and  numerical  investiga¬ 
tions  of  soot  formation  have  been  performed  using 
coflow  and  counterflow  diffusion  flames  [3-6].  A  few 
have  focused  on  the  importance  of  soot-particle  path¬ 
ways  (i.e.,  residence  time,  temperature,  and  chem¬ 
istry)  [7,8].  Santoro  et  al.  [7]  used  soot- volume- 
fraction,  temperature,  and  velocity  measurements  in 
an  ethylene-air  jet-diffusion  flame  to  examine  the 
soot-growth  process  along  individual  particle  paths. 
Based  on  the  experimental  data,  they  argued  that  the 
soot-formation  rate  increases  in  the  annular  region  of 
the  flame  because  of  an  increase  in  residence  time. 
Lin  and  Faeth  [8]  found  that  the  direction  of  soot- 
particle  movement  with  respect  to  the  flame  sheet  is 
important.  They  argued  that  if  soot  particles  forming 
on  the  fuel-rich  side  of  the  flame  remained  entrained 
in  the  fuel-rich  region  for  a  long  time  before  cross¬ 
ing  the  flame  surface,  then  surface  growth  could  be 
enhanced.  In  contrast,  they  argued  that  the  amount  of 
soot  generated  could  be  reduced  if  the  soot  particle 
were  made  to  cross  the  flame  surface  quickly. 

One  method  of  altering  the  soot-particle  pathway 
is  to  use  inverse  diffusion  flames  (IDFs)  rather  than 
normal  diffusion  flames.  Wu  and  Essenhigh  [9]  stud¬ 
ied  inverse  diffusion  flames  by  exchanging  the  fuel 
and  air  jets  of  normal  jet-diffusion  flames.  They  found 
that  in  some  cases,  inverse  diffusion  flames  are  essen¬ 
tially  nonluminous,  with  no  apparent  soot  formation. 
However,  in  other  cases,  especially  at  higher  air-jet 
velocities,  a  luminous  region  forms  with  an  orange- 
yellow  cap  on  top  of  the  blue  cone-shaped  flame. 
Recently,  Blevins  et  al.  [10]  further  investigated  IDFs 
under  high-air-flow-rate  conditions  and  found  that  the 
soot  exiting  an  ethylene  inverse  flame  is  high  in  hy¬ 
drogen  and  PAH  content  and  chemically  similar  to 
precursor  particles.  They  referred  to  these  particles 
as  “young  soot.”  They  found  that  the  soot  particles 
in  IDFs  are  large  and  partially  carbonized  relative 
to  those  collected  from  normal  flames.  A  numerical 
study  to  aid  the  understanding  of  their  experimen¬ 
tal  findings  has  also  been  performed  by  Blevins  et 
al.  [11].  Thermal  and  fluid-dynamics  aspects  of  the 
flame  were  investigated  in  that  study  [11]  by  incor¬ 
porating  a  global  chemical-kinetics  model.  Particle 
tracking  in  the  steady- state  simulations  showed  that 
inverse-flame  soot  is  expected  to  cool  and  quench 


immediately  after  formation;  it  should  not  grow  ex¬ 
cessively  or  carbonize  as  the  experiments  indicated. 
It  was  speculated  that  the  experimentally  observed 
soot  maturation  is  caused  by  flame  unsteadiness  that 
was  not  captured  in  the  steady- state  solutions.  The 
purpose  of  the  present  study  was  to  employ  a  time- 
dependent  numerical  model  with  detailed  chemistry 
to  examine  such  a  possibility. 

A  numerical  simulation  of  the  IDF  examined  by 
Blevins  et  al.  [10-12]  was  carried  out  using  a  well- 
tested  CFD  code  and  a  detailed  chemical-kinetics 
model  for  PAH  formation  in  ethylene  flames.  Numer¬ 
ical  results  obtained  for  the  steady- state  and  unsteady 
flames  were  compared.  Calculations  were  also  made 
by  injecting  nanometer- size  particles  in  an  attempt  to 
determine  the  thermal  and  chemical  environments  en¬ 
countered  by  soot  particles  in  the  dynamic  inverse 
flame. 


2.  Experiment 

A  triaxial  IDF  burner  having  a  1-cm-diameter  cen¬ 
tral  air  jet  and  a  3-cm-diameter  coannular  fuel  jet  was 
used  in  the  present  study.  The  burner  is  described 
in  detail  in  Refs.  [10-12].  The  airflow  was  32  mg/s 
(~35  cm/s),  and  the  ethylene  (C2H4)  fuel  flow  was 
49  mg/s  (~7  cm/s).  The  visible  flame  height  was 
3.5  cm,  and  an  orange  cap  constituted  90%  of  this 
flame  height.  A  N2  blanket  flow,  necessary  to  prevent 
flame  formation  between  the  fuel  and  the  room  air, 
was  passed  through  the  outer  annulus  of  the  burner. 
A  nearly  invisible  soot  stream  exited  the  flame.  The 
flame  was  photographed  to  permit  comparison  of  ex¬ 
perimental  and  computed  results.  Extensive  experi¬ 
mental  studies  have  been  performed  previously  with 
this  flame  [10-12]. 


3.  Mathematical  model 

A  time-dependent,  axisymmetric  mathematical 
model  known  as  UNICORN  (UNsteady  Ignition  and 
COmbustion  using  ReactioNs)  [13,14]  was  used  to 
simulate  the  potentially  unsteady  jet-diffusion  flames 
considered  in  this  study.  It  solves  for  u-  and  v- 
momentum  equations,  continuity,  and  enthalpy-  and 
species-conservation  equations  on  a  staggered-grid 
system.  The  body-force  term  due  to  the  gravitational 
field  is  included  in  the  axial-momentum  equation  for 
simulating  vertically  mounted  flames.  A  clustered 
mesh  system  is  employed  to  trace  the  large  gradients 
in  flow  variables  near  the  flame  surface.  A  detailed 
chemical-kinetics  model  of  Wang  and  Frenklach  [15] 
was  incorporated  into  UNICORN  for  the  investiga¬ 
tion  of  PAH  formation  in  C2H4  flames.  It  consists 
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of  99  species  and  1066  elementary-reaction  steps. 
Thermo-physical  properties  such  as  enthalpy,  viscos¬ 
ity,  thermal  conductivity,  and  binary  molecular  dif¬ 
fusion  of  all  of  the  species  are  calculated  from  the 
polynomial  curve  fits  developed  for  the  temperature 
range  300-5000  K.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  and 
Kee  expressions,  respectively.  Molecular  diffusion  is 
assumed  to  be  of  the  binary-diffusion  type,  and  the 
diffusion  velocity  of  a  species  is  calculated  using 
Fick’s  law  and  the  effective  diffusion  coefficient  of 
that  species  in  the  mixture.  A  simple  radiation  model 
based  on  the  optically  thin-media  assumption  [16] 
is  incorporated  into  the  energy  equation.  Only  radi¬ 
ation  from  CH4,  CO,  CO2,  and  F^O  is  considered 
in  the  present  study.  Due  to  lack  of  soot  modeling 
in  the  present  study,  radiation  from  soot  is  not  con¬ 
sidered.  This  simplification  could  result  in  slightly 
higher  flame  temperatures  but  would  not  affect  the 
dynamic  behavior  of  the  flame,  which  is  the  main  fo¬ 
cus  of  this  study. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme  [17],  and  those  of  the  species  and  energy 
equations  are  obtained  using  a  hybrid  scheme  of  up¬ 
wind  and  central  differencing.  At  every  time  step, 
the  pressure  field  is  accurately  calculated  by  solv¬ 
ing  all  of  the  pressure  Poisson  equations  simultane¬ 
ously  and  using  the  LU  (Lower  and  Upper  diagonal) 
matrix-decomposition  technique.  The  boundary  con¬ 
ditions  are  treated  in  the  manner  reported  in  earlier 
papers  [18]. 

The  IDF  [10-12]  considered  in  the  present  study 
has  a  visible  flame  height  of  ~35  mm  only.  However, 
since  the  formation  of  PAHs  is  important  not  only  in 
the  flame  zone  but  also  in  the  exhaust  products,  ax- 
isymmetric  calculations  were  made  on  a  physical  do¬ 
main  of  200  x  50  mm  using  a  401  x  121  non-uniform 
grid  system.  The  computational  domain  is  bounded 
by  the  axis  of  symmetry  and  an  outflow  boundary  in 
the  radial  direction  and  by  the  inflow  and  another  out¬ 
flow  boundary  in  the  axial  direction.  The  outer  bound¬ 
aries  in  the  z  and  r  directions  are  located  sufficiently 
far  from  the  burner  exit  (~20  inner- tube  diameters) 
and  the  symmetry  axis  (~5  inner-tube  diameters),  re¬ 
spectively,  that  propagation  of  boundary-induced  dis¬ 
turbances  into  the  region  of  interest  is  minimized. 
Flat  velocity  profiles  are  imposed  at  the  fuel  and  air 
inflow  boundaries,  while  an  extrapolation  procedure 
with  weighted  zero-  and  first-order  terms  is  used  to  es¬ 
timate  the  flow  variables  at  the  outflow  boundary.  Ad¬ 
ditional  details  on  the  boundary  conditions  are  given 
in  Ref.  [18]. 

The  simulations  presented  here  were  performed  on 
a  Pentium  III  1-GHz  personal  computer  with  1.2  GB 
of  memory.  Typical  execution  time  was  ~120  s/time- 


N2  C2H4  Air  C2H4  N2 


Fig.  1.  IDF  setup.  Direct  photograph  of  experimental  flame 
(left)  and  steady- state  solution  obtained  using  UNICORN. 

step.  Steady- state  flames  were  usually  obtained  in 
about  1000  time  steps,  starting  from  the  solution 
obtained  using  the  combustion  part  of  the  kinetics 
(i.e.,  not  including  PAH  species).  Unsteady  simula¬ 
tions  were  performed  for  more  than  20,000  time  steps 
(~0.5  s  real  time  or  ~9  flicker  cycles)  to  obtain  a  pe¬ 
riodically  oscillating  flame  structure. 

4.  Results  and  discussion 

A  direct  photograph  of  the  experimental  flame  is 
shown  in  Fig.  1,  along  with  the  computed  tempera¬ 
ture  contours.  This  luminous  flame  is  stably  attached 
to  the  burner  rim  and  has  a  luminous  flame  height  of 
about  1 8  mm,  based  on  the  lower  bright-yellow  region 
of  the  computation.  The  blue  emission  in  the  base  re¬ 
gion  of  the  photographed  flame  (where  very  little  soot 
is  generated)  indicates  that  the  flame  becomes  curved 
slightly  inward  as  the  air  jet  emerges  from  the  burner. 
Unlike  a  normal  diffusion  flame,  the  IDF  does  not 
expand  in  the  radial  direction.  This  is  due,  in  part, 
to  the  low  stoichiometric  equivalence  ratio  of  0.292 
for  C2H4-air  combustion,  which  establishes  the  flame 
surface  on  the  air  side.  The  inward  curvature  of  the 
flame  base  may  also  be  caused  by  the  high  air-to- 
fuel  velocity  ratio  (5:1)  used  for  this  flame.  Overall, 
the  shape  of  the  simulated  flame  matches  that  of  the 
experimental  flame  very  well.  The  yellow  contour, 
which  represents  a  temperature  of  1800  K,  matches 
the  outer  surface  of  the  orange  emission  in  the  exper¬ 
iment.  To  further  assess  the  accuracy  of  the  IDF  re¬ 
sults  predicted  by  UNICORN,  the  validation  and  grid- 
dependence  studies  described  below  were  performed. 
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4.1.  Model-validation  studies 

The  CFD  model  UNICORN  has  been  extensively 
validated  in  the  past  (for  hydrogen  and  methane 
flames)  by  simulating  various  steady  and  unsteady 
counterflow  [13,19]  and  coflow  [13,20]  jet-diffusion 
flames  and  comparing  the  results  with  experimental 
data.  Thus,  confidence  has  been  gained  in  the  ability 
of  UNICORN  to  simulate  the  structure  of  dynamic 
flames  accurately.  However,  the  integration  of  C2H4 
and  PAH  chemistry  into  UNICORN  must  be  validated 
to  establish  the  accuracy  of  the  present  predictions. 
Validation  was  achieved  by  simulating  the  burner- 
stabilized  flame  investigated  extensively  by  Harris  et 
al.  [21]  and  Wang  and  Frenklach  [15]. 

The  flame  chosen  was  a  premixed  C2H4/02/Ar 
flame  with  an  equivalence  ratio  of  2.76.  The  veloc¬ 
ity  of  the  cold  reactants  was  7.8  cm/s.  The  Ar:02 


mole  ratio  was  79:21.  Two-dimensional  calculations 
for  this  burner- stabilized  flame  were  made  by  enforc¬ 
ing  periodic  boundary  conditions  at  the  two  bound¬ 
aries  in  the  radial  (r)  direction  and  using  the  measured 
temperature  profile  as  input.  These  two-dimensional 
calculations  eventually  resulted  in  a  one-dimensional 
flame,  with  all  the  variations  in  the  radial  direction  di¬ 
minishing. 

Predicted  variations  in  concentrations  of  several 
species  with  respect  to  flame  height  are  compared 
with  experimental  data  in  Fig.  2.  The  temperature 
profile  used  in  these  calculations  has  a  peak  value 
of  1600  K  (Fig.  2a).  The  calculations  predict  the 
proper  trends  in  major-species  concentrations  such  as 
the  decrease  in  O2  and  C2H4  concentrations  and  the 
increase  in  CO  and  CO2  concentrations.  However, 
the  computed  H2  concentrations  are  somewhat  lower 
than  the  measured  ones.  Such  a  discrepancy  was  also 


z  (mm) 
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Fig.  2.  Comparison  of  measured  and  computed  species  distributions  for  burner- stabilized  premixed  flame.  Calculations  for  this 
one-dimensional  flame  were  made  using  UNICORN  and  imposing  the  temperature  profile  shown  in  (a).  Solid  lines  represent 
simulations  made  with  the  Wang/Frenklach  mechanism;  broken  lines  indicate  simulations  made  with  the  NIST  mechanism. 
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Fig.  2.  (Continued.) 


observed  by  Wang  and  Frenklach  [15]  while  model¬ 
ing  this  flame  using  the  same  chemistry  model  with 
the  one-dimensional  code  CHEMKIN;  the  discrep¬ 
ancy  was  attributed  to  the  higher  concentrations  of 
OH  obtained  with  the  present  chemical  mechanism. 

It  is  important  to  recall  that  the  main  purpose 
of  simulating  this  premixed  C2H4/02/Ar  flame  was 
to  determine  whether  the  detailed  chemical-kinetics 
mechanism  of  Wang  and  Frenklach  [15]  was  accu¬ 
rately  incorporated  into  the  multidimensional  code 
UNICORN.  Even  though,  the  Wang/Frenklach  chem¬ 
ical-kinetics  mechanism  is  one  of  the  most  widely 
used  [22,23]  mechanisms  for  simulating  ethylene/ 
acetylene  flames,  the  large  discrepancies  noted  be¬ 
tween  the  results  of  measurements  and  those  pre¬ 
dicted  from  simulations  for  certain  important  species 
such  as  the  hydrogen  molecule  prompted  further 
validation  studies.  Calculations  for  the  premixed 
C2H4/02/Ar  flame  were  repeated  using  a  recent  and 
comprehensive  mechanism  of  the  National  Institute  of 


Standards  and  Technology  (NIST)  [24].  This  mecha¬ 
nism  containing  197  species  that  are  involved  in  2757 
reactions  was  incorporated  into  UNICORN.  Results 
obtained  with  the  NIST  mechanism  are  also  shown  in 
Fig.  2  (broken  lines). 

The  two  chemical-kinetics  models  (Wang/Frenk¬ 
lach  and  NIST)  predicted  nearly  identical  concentra¬ 
tions  for  the  major  species  C2H4,  O2,  CO2,  CO,  and 
H2,  especially  at  the  downstream  locations  (Fig.  2a). 
Fuel  pyrolysis  seems  slower  in  the  NIST  model  than 
in  the  Wang/Frenklach  model  and  the  predictions 
from  the  former  compared  more  favorably  with  the 
measured  values  for  the  major  species  in  the  upstream 
locations.  However,  the  NIST  model  also  did  not  pre¬ 
dict  the  high  concentrations  of  hydrogen  molecules 
obtained  in  the  experiments.  Since  the  two  models 
yielded  nearly  the  same  concentration  distributions 
for  H2  with  height,  it  is  possible  that  some  errors 
could  have  been  involved  in  the  measurements  for  hy¬ 
drogen  molecules. 
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The  computed  and  measured  mole  fractions  of 
CH4,  C2H2,  and  C4H2  at  different  heights  are  com¬ 
pared  in  Fig.  2b  and  those  of  C4H4,  and  C4H6 
are  compared  in  Fig.  2c.  In  general,  the  two  mod¬ 
els  yielded  nearly  the  same  distributions  for  these 
species.  As  evident  from  Figs.  2b  and  2c,  the  key 
intermediate  species  are  generally  predicted  well  by 
both  models.  The  computed  peak  concentrations  of 
these  species  are  within  a  factor  of  2  of  the  measured 
values,  which  is  probably  within  the  experimental 
uncertainty  [15].  Similarly,  the  predicted  concen¬ 
tration  profiles  of  one-ring  aromatics  (Al,  AIC2H, 
and  AIC2H3),  as  shown  in  Fig.  2d,  compare  rea¬ 
sonably  well  (allowing  some  degree  of  uncertainty 
in  the  experiments)  with  the  measured  ones.  The 
steady  increase  of  benzene  (Al)  is  typical  of  C2H4 
burner- stabilized  flames  and  is  well  reproduced  by 
both  the  Wang/Frenklach  and  NIST  mechanisms. 
A  closer  look  at  the  concentration  profiles  in  Figs.  2a- 
2d  suggests  that  the  NIST  model  produces  a  better 
comparison  with  the  measurement  results;  however, 
additional  studies  must  be  performed  before  a  general 
conclusion  can  be  reached  on  the  relative  accuracy  of 
the  models  since  the  uncertainty  in  the  measurements 
could  mask  the  actual  performance  of  these  models. 
Nevertheless,  based  on  the  comparisons  in  Fig.  2,  it 
can  be  concluded  that  both  the  Wang/Frenklach  and 
the  NIST  mechanisms  are  accurately  incorporated 
into  the  UNICORN  code  and  that  the  modified  code 
can  simulate  C2H4  flames  reasonably  well. 

Calculations  made  for  the  steady- state  IDF  using 
the  Wang/Frenklach  mechanism  are  shown  in  Fig.  1, 
and  the  calculations  performed  using  the  NIST  mech¬ 
anism  (not  shown)  yielded  nearly  the  same  flame 
shape  and  distributions  for  the  temperature  and  ma¬ 
jor  species.  The  focus  of  this  study  was  to  inves¬ 
tigate  the  effect  of  unsteadiness  on  the  production 
of  PAH  species  and  on  soot  formation  in  the  IDF 
shown  in  Fig.  1.  Since  the  accuracy  of  a  chemical- 
kinetics  mechanism  remains  the  same  in  the  simu¬ 
lation  of  steady- state  and  unsteady  flames,  the  dis¬ 
crepancy  noted  in  Fig.  2  between  the  calculations 
and  the  experiments  is  expected  to  play  only  a  minor 
role  in  the  present  studies.  Since  the  NIST  mecha¬ 
nism  has  two  times  the  number  of  species  and  nearly 
three  times  the  number  of  reactions  as  compared  to 
the  Wang/Frenklach  mechanism,  unsteady  calcula¬ 
tions  for  the  IDF  were  made  using  the  latter  mech¬ 
anism  for  the  sake  of  convenience. 

4.2.  Grid  independence 

To  determine  the  grid  sensitivity  in  simulating 
the  IDF  shown  in  Fig.  1,  several  calculations  were 
performed  using  UNICORN  and  adopting  different 
grid  systems.  The  photograph  of  the  flame  in  Fig.  1 


suggests  that  the  surface  of  the  flame  is  smooth; 
its  structure  resembles  that  of  a  laminar  steady- state 
flame.  Calculations  were  initially  performed  on  a 
100  x  50  mm  physical  domain  using  a  251  x  91 
grid  system  by  omitting  the  unsteady  terms  in  the 
model.  The  resulting  laminar  flame  is  shown  in  Fig.  1. 
The  minimum  spacing  achieved  with  this  grid  sys¬ 
tem  was  0.2  mm  in  both  the  r  and  z  directions.  In 
the  simulations  to  minimize  grid- stretching  errors  that 
might  arise  where  flow  variables  change  rapidly,  this 
minimum  spacing  was  enforced  everywhere  in  the 
neighborhood  of  the  high- temperature  region.  Even 
though  the  simulated  flame  matched  that  of  the  exper¬ 
iment  (Fig.  1),  calculations  were  also  made  using  a 
401  x  121  grid  system  to  determine  the  grid  sensitiv¬ 
ity  of  the  results.  The  physical  domain  was  extended 
to  200  mm  in  the  axial  direction  for  this  fine-grid  sys¬ 
tem.  Although  the  total  number  of  grid  points  was 
increased  only  by  a  factor  of  2,  the  grid  spacing  in 
the  radial  direction  in  the  flame  region  was  signif¬ 
icantly  reduced  (by  a  factor  of  4)  in  the  fine-mesh 
calculations.  The  minimum  spacings  achieved  with 
the  401  x  121  grid  system  were  0.05  and  0.2  mm  in 
the  r  and  the  z  direction,  respectively. 

Steady- state  flames  obtained  with  the  coarse  and 
fine  mesh  systems  are  compared  in  Fig.  3  using  iso¬ 
temperature  color  contours.  The  two  grid  systems  pre¬ 
dicted  the  same  flame-tip  height  (18  mm,  based  on  the 
peak-temperature  location  along  the  centerline)  and 
peak  temperature  (2440  K).  On  the  other  hand,  the 
fine-grid  system  seems  to  yield  slightly  sharper  tem¬ 
perature  profiles  on  the  fuel  side  and  a  shorter  core 
length  of  the  air  jet  for  this  IDF.  The  2440  K  peak 
flame  temperature  is  ~60  K  higher  than  the  adiabatic 
flame  temperature  of  the  ethylene-air  mixture  at  an 
equivalence  ratio  of  one.  The  less-than-unity  Lewis 
number  associated  with  ethylene  fuel,  in  conjunction 
with  the  concave  curvature  at  the  flame  tip  (with  re¬ 
spect  to  the  outer  fuel  jet),  has  increased  the  local 
flame  temperature  beyond  the  adiabatic  value. 

The  temperature  and  species  distributions  along 
the  centerline,  obtained  with  the  coarse  and  fine 
meshes,  are  compared  in  Fig.  4.  While  most  of  the 
species  predicted  by  the  two  mesh  systems  are  similar, 
the  fine  mesh  predicts  lower  concentrations  of  heavier 
aromatics  such  as  pyrene  than  the  coarse  mesh.  Simi¬ 
lar  observations  can  be  made  by  comparing  the  radial 
distributions  (Fig.  5)  of  various  species  obtained  with 
these  two  grid  systems  at  16  mm  above  the  burner. 
The  biphenyl  concentration  computed  with  the  fine 
mesh  is  slightly  lower  than  that  computed  with  the 
coarse  mesh.  The  comparisons  shown  in  Figs.  3-5 
suggest  that  the  results  obtained  with  the  251  x  91 
grid  system  are  nearly  grid  independent.  However,  to 
avoid  any  concerns  that  might  arise  in  the  predictions 
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Fig.  3.  Effect  of  grid  resolution  on  temperature  field  com¬ 
puted  for  IDF.  Coarse-mesh  (left)  and  fine-mesh  (right)  cal¬ 
culations  utilized  grid  spacings  of  0.2  and  0.05  mm,  respec¬ 
tively. 


of  PAH  concentrations,  the  401  x  121  grid  system 
was  used  throughout  the  present  study. 

4.3.  Dynamics  of  the  inverse  diffusion  flame 

Studies  of  normal  jet-diffusion  flames  (i.e.,  with 
the  fuel  jet  at  the  center)  suggest  that  when  the  annu¬ 
lar  air  flow  is  low  (<40  cm/s),  the  flame  tends  to 
flicker  with  the  development  of  buoyancy-induced 
vortices  outside  the  flame  surface.  Generally,  the 
flickering  frequency  for  these  flames  is  independent 
of  or  weakly  dependent  on  fuel-jet  diameter,  fuel  type, 
and  air-flow  velocity.  The  low  annular  fuel  velocity 
of  ~7  cm/s  and  the  high-enthalpy  C2H4  fuel  (flame 
temperatures  of  about  2400  K)  used  for  the  IDF  create 
an  appropriate  environment  for  flame  flicker.  The  ex¬ 
perimental  image  shown  in  Fig.  1  was  obtained  with  a 
long  shutter  opening  (~1  s);  hence,  the  instantaneous 
structure  of  this  flame  that  might  be  oscillating  at  a 
frequency  of  10-20  Hz  would  not  be  captured. 


To  investigate  the  possibility  that  the  IDF  oscil¬ 
lates  naturally,  unsteady  calculations  were  performed 
for  the  same  flow  conditions.  Surprisingly,  the  un¬ 
steady  simulations  resulted  in  a  flame  with  large  vor¬ 
tices  forming  outside  the  flame  surface.  However,  un¬ 
like  in  the  case  of  normal  diffusion  flames,  formation 
and  advection  of  these  vortices  are  observed  only  in 
locations  downstream  of  the  flame  tip.  Instantaneous 
images  of  the  simulated  unsteady  IDF  captured  at  two 
different  phases  (49  ms  apart)  are  shown  in  Fig.  6. 
Here,  iso-contours  of  temperature  and  benzene  con¬ 
centration  are  plotted  in  the  left  and  right  halves, 
respectively.  The  temperature  field  upstream  of  the 
flame  tip  (0  <  z  <  18  mm)  is  similar  to  that  of  the 
steady- state  flame  shown  in  Fig.  3.  On  the  other  hand, 
a  large  vortical  structure  ~30  mm  in  length  is  evident 
in  the  downstream  locations.  At  this  instant,  exhaust 
gases  with  a  temperature  of  less  than  1000  K  were 
entrained  into  the  vortex.  A  significant  amount  of  ben¬ 
zene  is  also  entrained  into  the  vortex.  In  contrast  to  the 
observations  made  for  the  steady-state  flame,  benzene 
concentration  does  not  monotonically  decrease  (after 
reaching  the  peak  value)  with  flame  height  in  the  un¬ 
steady  flame  (Fig.  6b). 

The  unsteady  flame  in  Fig.  6  is  oscillating  at  a  low 
frequency,  with  large  toroidal  vortices  naturally  form¬ 
ing  outside  the  flame  surface.  It  is  important  to  note 
that  no  artificial  perturbation  is  introduced  in  the  cal¬ 
culations  for  the  development  of  these  outer  vortices. 
In  the  presence  of  gravitational  force,  the  accelera¬ 
tion  of  hot  gases  along  the  flame  surface  generates 
the  outer  structures  as  part  of  the  solution.  However, 
since  the  flame-tip  height  is  only  18  mm,  much  of 
the  vortex  (or  instability)  growth  takes  place  down¬ 
stream  of  the  flame  tip  in  the  exhaust  gases.  Close 
examination  of  the  flame  images  obtained  at  several 
instants  suggests  that  the  flame  tip  is  also  oscillating 
weakly.  The  computed  frequency  that  corresponds  to 
the  passage  of  these  outer  vortices  (also  known  as  the 
flame-flickering  frequency)  is  17.2  Hz.  Experimental 
images  similar  to  the  one  shown  in  Fig.  1  cannot  re¬ 
veal  the  flame  fluctuations  at  this  frequency  since  the 
1-s  shutter  opening  used  for  capturing  these  images 
yields  a  flame  structure  that  is  averaged  over  ~58 
cycles.  However,  recent  experiments  [11]  using  fast 
cameras  for  IDF  under  slightly  modified  boundaries 
(adapted  for  microgravity  experiments)  demonstrated 
the  existence  of  such  low-frequency  fluctuations. 

The  effect  of  flame  unsteadiness  on  PAH  species 
is  shown  in  Figs.  7a  and  7b  in  plots  of  evolutions 
of  the  flame  at  40  and  120  mm  above  the  burner, 
respectively.  The  color  content  of  these  plots  repre¬ 
sents  the  changes  in  radial  distributions  of  naphtha¬ 
lene  (left)  and  benzene  (right)  concentrations  with 
time  as  observed  by  one  viewing  the  flame  at  a  given 
height.  The  changes  in  temperature  at  these  heights 
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Fig.  4.  Effect  of  grid  resolution  on  temperature  and  species  distributions  along  centerline. 


Fig.  5.  Effect  of  grid  resolution  on  species  distributions  in  radial  direction  at  z  =  16  mm. 


are  also  shown  in  Fig.  7  by  a  superimposition  of 
iso-temperature  contour  lines.  Strong  fluctuations 
in  PAH- species  concentrations  are  evident  at  z  = 
40  mm.  It  is  interesting  to  note  that  an  island  of 
high  temperature  (>1200  K)  appears  at  the  center, 
between  20  and  45  ms,  when  naphthalene  and  ben¬ 
zene  concentrations  are  low.  The  strong  outer  vortex 
is  pinching  off  the  products  from  the  jet  and  rolling 
them  back  into  itself.  This  is  also  evident  in  the  instan¬ 
taneous  plot  in  Fig.  6b.  At  this  instant,  hot  products 
and  benzene  are  cut  off  by  the  vortex  at  z  =  50  mm. 
As  seen  in  Fig.  7b,  the  vortex  has  dissipated  signifi¬ 
cantly  by  the  time  it  reaches  a  height  of  120  mm  above 
the  burner.  Only  a  weak  roll-up  of  PAH  species  by  the 
vortices  is  observed  at  this  location.  The  remnant  of 
the  jet  pinching  that  occurred  at  upstream  locations 
caused  the  species  concentrations  to  fluctuate  at  the 
center.  In  contrast  to  those  observed  at  z  =  40  mm,  the 
concentrations  of  naphthalene  and  benzene  at  120  mm 


are  high  in  the  island  of  high  temperature  (>750  K) 
at  the  center  between  27  and  42  ms. 

4.4.  Inadequacy  of  steady-state  simulations 

The  experimental  flame  image  in  Fig.  1  represents 
a  low-speed  IDF  in  pseudo-steady  state.  The  flow  con¬ 
ditions  and  the  presence  of  gravitational  force  natu¬ 
rally  make  these  flames  dynamic.  One  could  model 
these  low- speed  IDFs  using  either  a  steady- state  ap¬ 
proach,  assuming  that  the  effects  of  flow  unsteadiness 
are  negligible,  or  a  more  cumbersome  unsteady  ap¬ 
proach.  Figs.  1  and  6  show  the  results  obtained  us¬ 
ing  these  two  approaches.  Apparently,  the  structure 
of  the  dynamic  flame  in  Fig.  6  is  quite  different  from 
that  captured  using  the  steady-state  approach.  It  is 
important  to  understand  the  differences  one  would 
obtain  in  species  concentrations,  especially  those  of 
PAH  species,  if  a  steady-state  approach  were  used 
rather  than  an  unsteady  one.  On  the  other  hand,  mea- 
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Fig.  6.  Instantaneous  temperature  (left)  and  benzene  concentration  (right)  obtained  in  unsteady  simulations  at  (a)  to  ms  and  (b) 
to  +  49  ms. 
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Fig.  7.  Evolutions  of  benzene  (right)  and  naphthalene  (left)  concentrations  at  axial  distances  of  (a)  40  and  (b)  120  mm  from  the 
burner  exit. 
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surements  for  PAH  species  are  typically  made  using 
filters  [10]  and  collection  probes  [21],  which  would 
yield  only  time- averaged  data.  From  the  point  of  view 
of  these  measurements,  it  is  also  necessary  to  estimate 
the  differences  between  the  averaged  and  the  actual 
concentrations  in  IDFs. 

The  instantaneous  temperature  field  of  the  un¬ 
steady  flame  (Fig.  6)  downstream  of  the  flame  tip  is 
different  from  that  of  the  steady-state  flame  (Fig.  3). 
However,  such  a  comparison  between  steady- state 
and  unsteady  flames  is  not  appropriate  since  the  so¬ 
lutions  shown  in  Fig.  6  exist  only  during  a  fraction 
of  a  second.  Solutions  plotted  at  other  instants  look 
very  different  from  those  shown  in  Fig.  6.  To  deter¬ 
mine  the  effect  of  flow  unsteadiness  on  the  genera¬ 
tion  of  PAH  species,  a  more  reasonable  comparison 
was  made  by  constructing  a  time-averaged  flame  from 
several  instantaneous  solutions.  For  example,  time- 
averaged  temperature  (rave)  at  each  grid  point  is  ob¬ 
tained  using  the  formula 

£0+T 


r  J 


to 

Here,  r  is  the  period  of  oscillation,  and  t$  is  an  arbi¬ 
trary  time  in  the  simulation.  Integration  in  the  above 
equation  is  performed  using  2325  instantaneous  solu¬ 
tions. 

The  time-averaged  temperature  distribution  of  the 
unsteady  flame  and  the  temperature  distribution  of  the 
steady  flame  are  compared  in  Fig.  8a.  The  peak  tem¬ 
peratures  in  these  two  images  are  the  same  and  equal 
to  2440  K.  As  expected,  these  distributions  are  sim¬ 
ilar  in  the  regions  upstream  of  the  flame  tip  where 
the  flame  oscillations  are  negligibly  weak.  The  low- 
temperature  region  outside  the  flame  surface  and  the 
exhaust-product  region  in  the  downstream  locations 
are  broader  and  more  diffuse  in  the  time-averaged 
result  than  in  the  steady  result.  The  formation  and 
advection  of  vortices  outside  the  flame  surface  (i.e., 
on  the  fuel  side)  entrain  cold  fuel  and  globally  en¬ 
hance  mixing  between  the  high-temperature  products 
and  the  cold  fuel.  Note  that  even  though  the  local  mix¬ 
ing  between  the  cold  fuel  and  the  hot  products  takes 
place  molecularly  in  this  laminar  flow,  an  increase  in 
global  mixing  occurs  through  the  increased  interface 
surface  area. 

Short-lifetime  radicals  such  as  O,  H,  and  OH  and 
major  combustion  products  such  as  H2O  and  CO2 
are  produced  in  the  flame  zone.  As  shown  in  Fig.  8b, 
their  peak  concentrations  are  not  affected  significantly 
by  the  advection  of  vortices.  However,  the  prod¬ 
uct  species  that  are  present  in  the  exhaust  (such  as 
H2O  and  CO2)  are  spread  more  evenly  in  the  time- 
averaged  flame,  indicating  that  these  species  are  af¬ 
fected  more  significantly  by  the  outer  vortices. 


The  influence  of  vortices  on  the  distribution  of  a 
species  becomes  more  pronounced  as  the  production 
of  that  species  is  delayed  in  the  flame.  The  benzene- 
concentration  distribution  of  the  time-averaged  un¬ 
steady  flame  and  the  steady- state  flame  is  compared 
in  Fig.  8c.  Since  most  of  the  benzene  is  produced 
in  the  low-temperature  region  (<1200  K)  on  the  fuel 
side  of  the  flame,  its  time-averaged  concentration  dis¬ 
tribution  is  significantly  affected  by  the  vortex  dy¬ 
namics.  The  peak  benzene  concentration  for  the  time- 
averaged  flame  is  reduced  by  ~20%  from  its  peak 
value  of  150  ppm  in  the  steady-state  flame.  On  the 
other  hand,  the  flame  radius  based  on  benzene  con¬ 
centration  at  a  40-mm  height  increased  from  7.5  mm 
for  the  steady  calculation  to  10  mm  for  the  time- 
averaged  calculation.  The  presence  of  weak  oscilla¬ 
tions  at  locations  far  upstream  of  the  flame  tip  (up 
to  z  =  8  mm)  is  evident  in  the  benzene  concentration 
(note  the  changes  in  peak  concentration  between  the 
steady-state  and  the  time-averaged  flames  in  Fig.  8c). 

For  example,  production  of  styrene,  as  compared 
to  benzene,  is  delayed  further  in  the  flame.  As  a  result, 
the  distribution  of  styrene  in  the  time-averaged  flame 
became  dramatically  different  from  that  observed  in 
the  steady-state  flame  (Fig.  8d).  Both  the  location  and 
the  value  for  the  peak  styrene  concentration  are  sig¬ 
nificantly  modified  in  the  time-averaged  flame  by  the 
advecting  vortices.  The  comparisons  in  Fig.  8  suggest 
that  unsteady  effects  cannot  be  ignored,  especially 
in  the  low-temperature  regions  of  the  IDF.  They  fur¬ 
ther  suggest  that  a  steady- state  simulation  is  not  ad¬ 
equate  for  predicting  the  time-averaged  distributions 
of  species — especially  those  formed  in  temperatures 
<1200  K;  this  implies  that  one  must  exercise  caution 
in  the  use  of  steady- state  simulations  for  comparing 
predicted  values  with  time- averaged  measured  values 
when  the  flow  is  unsteady. 

The  interaction  of  vortices  with  various  species 
and  temperature  has  the  following  two  important  con¬ 
sequences  in  time-averaged  studies:  (1)  As  shown  in 
Fig.  8,  the  interaction  causes  time- averaged  species 
concentrations  to  be  lower  than  those  actually  pro¬ 
duced  in  the  flame  zone,  which  are  pronounced  in  the 
locations  upstream  of  the  flame  tip;  and  (2)  the  in¬ 
teraction  enhances  overall  mixing  through  increased 
interface  surface  area,  which  will  be  pronounced  in 
the  locations  downstream  of  the  flame  tip.  The  signif¬ 
icance  of  the  latter  effect  is  discussed  below. 

As  shown  in  Fig.  7b,  flame  oscillations  are  weak¬ 
ened  in  locations  farther  downstream  of  the  flame  tip, 
which  is  due,  in  part,  to  the  reduced  buoyancy  forces 
acting  upon  cooler  exhaust  products  and  due,  in  part, 
to  the  dissipation  of  the  vortices  in  the  highly  viscous 
exhaust  flow.  The  dynamic  IDF  flame  shown  in  Fig.  6 
became  nearly  steady  state  at  a  height  of  180  mm. 
The  buoyancy-induced  vortices  have  completely  dis- 
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Fig.  8.  Time-averaged  (left)  and  steady-state  (right)  data  for  IDF.  (a)  Temperature,  (b)  CO2,  (c)  benzene,  and  (d)  styrene  concen¬ 
trations. 
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Fig.  9.  Comparison  of  time-averaged,  instantaneous,  and  steady-state  data  (axial  velocity  and  temperature)  at  z  =  180  mm. 
Time-averaged  data  were  generated  from  several  instantaneous  solutions  obtained  during  one  flicker  period  of  58  ms.  Instanta¬ 
neous  data  represent  the  instantaneous  solution  that  deviates  maximum  from  time-averaged  data. 


sipated,  and  only  faint  oscillations  in  flow  variables 
are  observed  at  this  height.  Radial  distributions  of 
temperature  and  axial  velocity  obtained  at  a  height  of 
180  mm  from  various  simulations  (steady  state,  in¬ 
stantaneous,  and  time- averaged)  are  shown  in  Fig.  9. 
The  instantaneous  solution  was  selected  from  several 
instants  to  ensure  that  the  data  would  deviate  most 
from  the  time- averaged  data.  As  shown  from  Fig.  9, 
the  instantaneous  and  time-averaged  profiles  are  very 
similar,  suggesting  a  nearly  steady- state  flow  field 
at  this  height.  However,  the  steady-state  simulations 
resulted  in  significantly  different  profiles.  Overall, 
the  unsteady  simulation  yielded  somewhat  broadened 
profiles,  which  can  occur  only  if  the  mixing  upstream 
of  this  location  is  different  in  the  steady-state  and 
unsteady  simulations.  The  buoyancy-induced  vortices 
in  unsteady  simulations  entrained  low- speed  fuel  into 
the  high-speed  exhaust  jet,  thereby  increasing  the  in¬ 
terface  surface  area  between  those  two  fluids.  Over 
time,  the  cumulative  molecular  mixing  that  took  place 
along  the  interface  was  also  increased — causing  the 
unsteady  profiles  to  be  more  diffusive  in  Fig.  9,  as 
compared  to  the  steady- state  ones. 

In  recent  measurements  of  the  IDF  shown  in 
Fig.  1,  amounts  of  PAH  species  [10]  were  measured 
by  collecting  gas  samples  in  the  exhaust  products  at 
locations  farther  downstream  of  the  high-temperature 
flame  tip  (~150  mm  from  the  burner).  To  aid  in  the 
understanding  of  the  differences  one  might  expect 
by  performing  a  steady-state  simulation  of  this  flame 


rather  than  an  unsteady  one,  time-averaged  radial  dis¬ 
tributions  of  several  species  at  a  location  180  mm 
above  the  burner  are  compared  with  the  steady- state 
solutions  in  Fig.  10.  In  general,  the  concentration  of 
every  species  is  overpredicted  in  the  steady- state  sim¬ 
ulations.  The  products  that  were  generated  inside  and 
within  the  high-temperature  region,  such  as  CO  and 
CO2,  are  overpredicted  or  remain  nearly  the  same 
everywhere  in  the  radial  direction  (at  this  height)  in 
the  steady- state  simulations.  On  the  other  hand,  PAH 
species,  which  were  generated  outside  the  flame  sur¬ 
face  in  the  lower  temperature  regions,  appeared  in 
higher  concentrations  in  the  steady- state  flame  at  the 
center  and  in  lower  concentrations  away  from  the  cen¬ 
ter. 

The  combustion  products  CO  and  CO2  are  gener¬ 
ated  in  large  quantities  in  the  IDF  and  remain  closer  to 
the  central  jet.  As  the  vortices  form  outside  the  flame 
surface  away  from  the  central  jet,  they  do  not  effec¬ 
tively  distribute  these  abundant  product  species.  On 
the  other  hand,  PAH  species  are  generated  in  smaller 
quantities  and  are  formed  away  from  the  central  jet; 
hence,  they  are  mixed  more  effectively  by  the  vor¬ 
tices.  These  differences  in  the  distributions  of  major- 
product  and  PAH  species  are  also  evident  in  Fig.  8.  At 
a  flame  height  of  40  mm,  the  PAH  species  are  located 
in  a  narrower  region  than  the  CO2  in  the  steady- state 
simulation,  while  all  of  these  species  are  equally  dis¬ 
tributed  in  the  time-averaged  data.  A  close  examina¬ 
tion  of  the  results  in  Fig.  10  suggests  that  a  15  to  20% 
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Fig.  10.  Comparison  of  time-averaged  and  steady-state  mole  fractions  for  different  species  at  z  =  180  mm.  Time-averaged  data 
were  generated  from  several  instantaneous  solutions  obtained  during  one  flicker  period  of  58  ms. 


reduction  in  the  peak  PAH  concentrations  occurs  in 
the  IDF  at  a  height  of  180  mm  because  of  the  pres¬ 
ence  of  vortices  in  the  unsteady  simulation. 

4.5.  Prediction  of  thermo- chemical  environment  for 
PAHs 

The  formation  of  benzene  in  flames  initiates  the 
generation  of  PAH  species  from  fuel  molecules.  Some 
of  the  lower  weight  PAHs  are  likely  to  remain  in  the 
gaseous  state,  while  some  of  the  heavier  PAHs  may 
condense  on  particles.  Small  and  large  PAHs  may  also 
participate  in  surface  growth.  The  use  of  a  rigorous 
soot  model  developed  based  on  particle  dynamics  and 
physical  growth  processes  for  understanding  the  ef¬ 
fects  of  flow  unsteadiness  on  soot  formation  in  the 
IDF  is  beyond  the  scope  of  this  work.  However,  one 
can  assess  the  need  for  the  accurate  simulation  of  flow 


dynamics  in  the  prediction  of  soot  formation  by  un¬ 
derstanding  the  thermo-chemical  environments  that 
soot  particles  might  encounter  in  the  IDF. 

Particle  tracking  is  used  in  the  present  study  to 
examine  the  time/temperature/PAH-chemistry  path¬ 
ways  of  incipient  soot  particles  produced  in  the  flow. 
Nanometer- size  tracer  particles  are  introduced  into 
the  flow  from  different  locations,  and  their  trajecto¬ 
ries  are  calculated  while  the  flow  is  evolving.  Particles 
are  assumed  to  be  sparsely  distributed  and;  hence, 
the  particle-particle  interaction  is  ignored.  The  trajec¬ 
tory  of  the  individual  particle  is  calculated  based  on  a 
Lagrangian  approach  and  by  including  inertial  (mo¬ 
mentum  and  drag),  thermophoretic,  and  gravitational 
forces  [25]  acting  on  it.  The  particle  transport  model 
employed  is  based  on  the  dynamics  of  small-size  par¬ 
ticles  described  by  Fortiadis  and  Jensen  [26,27].  Each 
particle  is  considered  to  be  an  isolated  small  sphere 
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whose  Brownian  diffusivity  is  negligible  compared 
with  the  surrounding  gas  diffusivity.  Since  the  soot 
particles,  which  are  several  orders  larger  in  size  than 
the  incipient  particles,  do  not  diffuse  through  Brown¬ 
ian  motion  [28]  and  noting  that  the  tracer  particles  are 
used  only  for  the  purpose  of  tracking  soot,  neglecting 
Brownian  diffusivity  for  the  particles  is  justified.  The 
drag  force  is  calculated  assuming  that  both  the  par¬ 
ticle  Reynolds  number  (based  on  particle  diameter, 
gas  density  and  viscosity)  and  the  Knudsen  number 
(Kn  =  2k /dp,  where  k  =  gas  molecule  mean  free  path 
and  dp  =  particle  diameter)  are  less  than  unity.  The 
thermophoretic  force  is  computed  by  means  of  an  in¬ 
terpolating  formula  derived  by  Talbot  et  al.  [29]  to 
span  a  range  of  Knudsen  numbers. 

The  trajectory  of  a  particle  depends  strongly  on 
the  injection  location;  hence,  care  must  be  exercised 
in  identifying  the  appropriate  injection  locations  if  the 
particles  are  to  mimic  soot.  After  conducting  exper¬ 
iments  on  counterflow  and  coflow  ethylene  flames, 
Du  and  Axelbaum  [6]  postulated  that  soot  suppres¬ 
sion  was  possible  in  their  experiments  since  the  for¬ 
mation  of  soot  was  essentially  bounded  between  two 
limits.  They  found  that  a  temperature  around  1300  K 
would  set  the  limit  on  the  fuel  side,  and  the  concen¬ 
tration  of  OH  would  set  the  limit  on  the  air  side.  More 
recently,  Sunderland  et  al.  [30]  found  that  soot  forma¬ 
tion  in  diffusion  flames  commences  at  1250  K.  Using 
chemical-kinetics  calculations,  Violi  et  al.  [31]  deter¬ 
mined  that  the  reaction  rate  of  1-acenaphthyl  reaches 
values  comparable  to  those  of  5-acenaphthyl,  starting 
from  1200  K.  Based  on  these  reaction  rates,  they  pre¬ 
dicted  that  molecular  growth  in  combustion  systems 
begins  at  1200  K.  For  brevity,  in  the  present  study 
it  was  assumed  that  soot  inception  occurs  at  around 
1200  K.  Similarly,  the  size  of  the  soot  tracer  particles 
was  set  as  20  nm  in  diameter.  This  size  represents  the 
smallest  of  the  sizes  observed  by  Dobbins  et  al.  [32] 
(20-30  nm)  and  by  Blevins  et  al.  [12]  (50-100  nm). 

The  unsteady  IDF  calculations  were  continued 
from  the  solution  shown  in  Fig.  6b  by  introducing  20- 
nm  particles  into  the  flow  field.  Since  soot  inception  is 
thought  to  occur  around  1200  K  on  the  fuel  side,  these 
nanometer- size  tracer  particles  are  introduced  along 
the  1200  K  contour  line.  The  motion  of  the  particles 
at  every  particle  time  step  (which  is  set  to  be  1  /10th  of 
the  flow  time  step)  is  calculated  and  thermophoretic, 
gravitational,  drag,  and  viscous  forces  [25]  acting  on 
the  particles  are  included.  The  instantaneous  distrib¬ 
ution  of  the  particles  after  120  ms  of  real-time  cal¬ 
culations  is  shown  in  Fig.  1 1  along  with  the  instan¬ 
taneous  temperature  (left)  and  benzene-concentration 
(right)  fields.  Particle  locations  are  shown  in  black, 
and  the  line  (1200  K  contour)  along  which  these  par¬ 
ticles  were  released  is  shown  in  white.  No  particles 
were  released  from  the  air-side  1200  K  line. 


T  (K)  X  Benz  (ppm) 


r  (mm) 


Fig.  11.  Instantaneous  locations  of  20-nm-size  particles  su¬ 
perimposed  on  temperature  (left)  and  benzene  concentration 
(right).  Nanometer-size  tracer  particles  were  injected  from 
1200  K  iso-temperature  line  (white  line)  on  fuel  side. 

Fig.  1 1  suggests  that  particles  closely  follow  the 
gas  flow.  Particles  enter  the  vortex  along  with  the 
gaseous  benzene.  This  is  an  important  feature  of 
the  dynamic  flame  since  the  entrained  particles  have 
longer  residence  times  in  the  vortex  and  are  more  sus¬ 
ceptible  to  coagulation,  surface  condensation,  and/or 
surface  growth.  This  trend  may  explain  the  exper¬ 
imentally  observed  large- size  soot  particles  emitted 
by  the  IDF.  Close-up  views  of  the  trajectories  of  the 
particles  originating  from  3  and  30  mm  above  the 
burner  are  shown  in  Fig.  12.  The  residence  times  as¬ 
sociated  with  these  particles  are  also  shown  in  this 
figure.  Particles  originating  near  the  flame  base,  i.e., 
at  a  height  (zpo)  of  3  mm  and  at  a  radial  distance  (rpo) 
of  ~5.2  mm,  are  traveling  between  radial  locations  of 
2  and  9.2  mm.  These  particles  also  remain  close  to 
the  core  of  the  vortex  as  it  convects  downstream.  On 
the  other  hand,  the  particles  originating  from  a  loca¬ 
tion  downstream  of  the  flame  tip  (zpo  =  30  mm  and 
rpo  =  1.9  mm)  remain  in  the  periphery  of  the  vortex 
while  also  traveling  over  a  radial  distance  of  6.5  mm. 
Interestingly,  particles  originating  near  the  flame  base 
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Fig.  12.  Trajectories  and  corresponding  residence  times  of  particles  originating  from  1200  K  fuel-side  at  locations  1  and  30  mm 
above  the  burner. 


reside  in  the  flame  longer  than  those  originating  at 
downstream  locations.  For  example,  consider  a  flame 
region  between  0  and  90  mm.  The  particles  originat¬ 
ing  from  a  height  of  3  mm  reside  in  this  flame  zone  for 
~127  ms,  while  those  originating  from  a  30-mm  lo¬ 
cation  reside  only  for  75  ms.  Taking  into  account  the 
27-ms  time  required  for  the  former  particles  to  reach 
the  flame  height  of  30  mm,  it  should  be  noted  that  the 
former  particles  spend  25  ms  (or  33%)  longer  in  the 
flame  than  the  latter  ones.  This  difference  in  residence 
time  arises  from  the  entrainment  characteristics  of  the 
buoyancy-induced  vortices. 

To  ensure  that  the  particle  entrainment  and  the 
resulting  increase  in  particle  residence  time  are  not 
specific  to  the  1200  K  temperature  locations  cho¬ 
sen  in  the  flame  for  soot  inception,  calculations  are 
also  performed  using  1000,  1100,  and  1300  loca¬ 
tions  for  particle  injection.  The  trajectories  of  the 
particles  injected  at  a  height  of  3  mm  from  various 
initial-temperature  locations  are  shown  in  Fig.  13.  In¬ 
terestingly,  particles  injected  from  1000,  1100,  and 
1200  K  locations  converged  to  nearly  the  same  path 
as  they  traveled  downstream,  and  those  injected  from 
the  1300  K  location  deviated  significantly.  This  means 
that  particles  injected  from  the  1200  K  location  fol¬ 
low  the  dividing  streamline  of  the  IDF.  The  dividing 
streamline  of  a  jet  flame  is  defined  as  the  stream¬ 
line  that  encompasses  the  equivalent  fluid  mass  that 
originated  from  the  central  jet  [28].  This  is  an  impor¬ 
tant  boundary  in  soot  studies  since  soot  particles  may 
not  cross  this  line  (diffusion  of  soot  particles  due  to 
Brownian  motion  is  negligibly  small)  [28]. 


r  (mm) 

Fig.  13.  Trajectories  of  particles  originating  at  locations 
3  mm  above  the  burner  and  from  several  temperature  loca¬ 
tions  on  the  fuel  side. 


866 


48 


V.R.  Katta  et  al.  /  Combustion  and  Flame  142  (2005)  33-51 
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Fig.  14.  Local-temperature  and  local-benzene  histories  of 
particles  originating  from  1200  K  fuel-side  location  at  dif¬ 
ferent  heights  above  burner  exit. 

The  computed  trajectories  of  the  tracer  particles 
are  following  the  flow  in  the  IDF  as  shown  in  Figs.  1 1 
and  13,  which  suggests  that  the  tracer  particles  are  in¬ 
deed  mimicking  soot  in  the  flame.  On  the  other  hand, 
neglecting  particle  diffusion  in  the  particle-dynamics 
model  may  have  an  effect  during  the  very  early  stages 
of  soot  formation  in  which  the  size  of  the  precursor 
particles  is  small  enough.  However,  the  effect  of  such 
Brownian  diffusion  of  the  incipient  soot  particles  may 
be  viewed  as  a  shift  in  the  soot  inception  location  in 
the  soot  trajectory  studies.  Fig.  13  suggests  that  even 
though  the  particles  injected  from  the  1300  K  location 
follow  a  path  that  is  different  from  the  trajectories  of 
the  1000,  1100,  and  1200  K  particles,  all  the  parti¬ 
cles  are  entrained  by  the  buoyancy-induced  vortices 


Fig.  15.  Local-fuel  and  local-acetylene  histories  of  parti¬ 
cles  originating  from  1200  K  fuel-side  location  at  different 
heights  above  burner  exit. 

and  consequently  their  residence  times  are  increased. 
Therefore,  irrespective  of  the  chosen  temperature  (or 
location)  for  soot  inception,  the  soot  particles  will 
be  entrained  by  the  buoyancy-induced  vortices  in  the 
IDF. 

The  thermo-chemical  environment  that  soot  parti¬ 
cles  might  encounter  in  the  IDF  is  shown  in  Figs.  14 
and  15.  The  local-temperature  and  local-benzene- 
concentration  histories  for  1200  K  particles  originat¬ 
ing  from  different  flame  heights  are  plotted  in  Fig.  14. 
All  of  the  particles  start  with  a  temperature  of  1200  K; 
however,  initially  their  temperatures  decrease  rapidly 
initially  as  they  move  away  from  the  flame.  As  the 
particles  are  entrained  into  the  vortex,  they  are  drawn 
closer  to  the  flame,  and  their  temperatures  increase 
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(a) 


(b) 

Fig.  16.  Variations  in  thermo- chemical  environments  with  residence  time  of  particles  injected  at  3-mm  height  from  different 
temperature  locations,  (a)  Local-temperature  and  local-benzene  histories  and  (b)  local-fuel  and  local-acetylene  histories. 


by  more  than  100  K.  This  reheating  of  particles  may 
lead  to  a  slight  degree  of  carbonization  if  there  were 
actual  soot  particles,  which  is  consistent  with  the  ex¬ 
perimental  finding.  Note  that  the  particle  trajectories 
in  the  steady- state  flame  did  not  reveal  such  reheating 
of  particles  [11]. 

The  local  benzene  concentration  encountered  by  a 
1200  K  particle  as  it  is  convected  downstream  in  the 
IDF  varies  between  40  and  130  ppm  (Fig.  14).  In  gen¬ 
eral,  the  changes  in  benzene-concentration  environ¬ 
ment  follow  those  of  temperature — suggesting  that 
the  so-called  soot  particles  are  periodically  exposed 
to  higher  temperatures  and  benzene  concentrations  as 
they  travel  downstream  in  the  flame.  Interestingly,  the 
peaks  in  temperature  and  higher  benzene  concentra¬ 
tion  associated  with  the  first  vortex  are  shifted  by 
about  4  ms  in  time,  with  the  former  appearing  ahead 
of  the  latter.  Because  of  the  longer  reaction  times  as¬ 
sociated  with  PAH  formation,  in  a  significant  region 


in  the  IDF,  nonequilibrium  chemistry  is  taking  place 
and  causing  a  delay  in  benzene  production  with  re¬ 
spect  to  temperature. 

The  fuel  and  acetylene  environments  encountered 
by  the  1200  K  particles  originating  from  different 
flame  heights  are  shown  in  Fig.  15.  The  IDF  shown 
in  Fig.  1  is  an  underventilated  (less  oxygen)  flame; 
hence,  the  particles  originating  at  the  1200  K  loca¬ 
tion  encounter  a  significant  amount  of  fuel  throughout 
their  journey.  Moreover,  the  fluctuations  in  the  fuel 
concentration  encountered  by  these  particles  are  more 
severe  than  those  in  temperature  or  any  other  major 
species.  As  the  1200  K  particles  advect  downstream, 
they  encounter  less  acetylene  concentration.  During 
the  100-ms  time  period  that  the  particles  are  spending 
in  the  flame,  they  are  encountering  acetylene  concen¬ 
trations  between  2  and  6%. 

The  presence  of  similar  spikes  in  temperature 
(Fig.  14)  for  the  particles  originating  from  different 
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heights  indicates  that  all  of  the  particles  formed  along 
the  1200  K  line  are  entrained  into  the  vortices  and 
are  subjected  to  the  reheating  process.  In  fact,  Fig.  14 
further  suggests  that  the  particles  entrained  into  the 
vortices  roll  inside  the  vortex  and  are  reheated  again 
and  again  as  they  advect  downstream.  This  is  consis¬ 
tent  with  the  peaks  appearing  in  the  temperature  and 
benzene-concentration  distributions  shown  in  Figs.  6 
and  7.  Therefore,  the  vortices  appearing  in  the  IDF 
not  only  increase  the  mixing  among  the  species  but 
also  alter  the  thermal  and  chemical  environment  for 
the  entrained  species  and  particles.  The  latter  process 
could  lead  to  additional  soot  formation,  enhanced  sur¬ 
face  growth,  increased  coagulation,  and/or  partial  car¬ 
bonization  of  the  young  soot. 

The  thermo-chemical  environments  for  the  soot 
particles  originating  at  a  height  of  3  mm  above  the 
burner  and  from  different  temperature  locations  are 
shown  in  Fig.  16.  As  expected  from  the  trajectories  of 
the  1000,  1100,  and  1200  K  particles  (Fig.  13),  their 
thermo-chemical  environments  are  also  converging 
with  time  (or  height).  However,  the  typical  behavior 
of  cyclic  exposure  to  higher  and  lower  concentrations 
is  the  same  for  all  of  the  particles,  which  suggests  that 
the  findings  of  the  present  study  are  not  subject  to  the 
choice  of  soot-inception  temperature. 

5.  Conclusions 

A  time-dependent,  axisymmetric,  detailed-chem¬ 
istry  CFD  model  was  developed  for  the  simulation  of 
C2H4-air  inverse  jet-diffusion  flames.  PAH  formation 
was  simulated  using  the  99-species,  1066-reactions 
mechanism  of  Wang  and  Frenklach  [15].  The  CFD 
model  (UNICORN)  was  validated  by  simulating 
a  burner- stabilized  premixed  flame  and  comparing 
the  results  with  those  from  the  measurements.  Both 
steady- state  and  unsteady  simulations  for  the  IDF 
were  performed.  Steady- state  simulations  yielded  a 
laminar  flame  and  predicted  that  all  PAH  species 
are  produced  outside  the  flame  surface  on  the  fuel 
side.  Unsteady  simulations  revealed  that  buoyancy- 
induced  vortices  establish  outside  the  flame  surface 
because  of  the  low  fuel  jet  velocity.  No  artificial  per¬ 
turbation  was  used  in  these  unsteady  simulations. 
Unlike  the  case  of  normal  diffusion  flames,  vortices 
in  the  IDF  appeared  mainly  in  the  exhaust  gases. 

The  need  for  capturing  the  flow  oscillations  in  the 
IDF  simulations  is  assessed  by  comparing  the  flame 
obtained  through  steady- state  simulation  and  that 
constructed  from  several  instantaneous  flames  cap¬ 
tured  in  the  unsteady  calculations.  While  the  quickly 
formed  radical  and  product  species  are  not  affected 
significantly  by  the  flame  oscillations,  the  generation 
of  certain  slowly  formed  PAH  species  is  significantly 


modified.  It  was  found  that  the  advection  of  these  vor¬ 
tices  at  17.2  Hz  increased  mixing  of  the  species  and 
caused  PAH  species  to  be  distributed  more  uniformly 
in  the  downstream  locations.  Trajectories  of  20-nm 
particles  injected  along  the  fuel- side  1200  K  contour 
line  indicated  that  soot  particles  could  be  cyclically 
heated  and  cooled  while  being  entrained  into  and 
advected  by  the  buoyancy-induced  vortices.  These 
particles  also  encounter  a  time-varying  chemical  en¬ 
vironment  as  they  travel  downstream.  The  computed 
unsteady  flow  field  may  explain  the  slight  maturation 
of  young  soot  in  the  IDF  that  was  observed  experi¬ 
mentally. 
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Measurements  of  OH  mole  fraction  and 
temperature  up  to  20  kHz  by  using  a 
diode-laser-based  UV  absorption  sensor 
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Diode-laser-based  sum-frequency  generation  of  ultraviolet  (UV)  radiation  at  313.5  nm  was  utilized  for 
high-speed  absorption  measurements  of  OH  mole  fraction  and  temperature  at  rates  up  to  20  kHz.  Sensor 
performance  was  characterized  over  a  wide  range  of  operating  conditions  in  a  25.4  mm  path-length, 
steady,  C2H4-air  diffusion  flame  through  comparisons  with  coherent  anti-Stokes  Raman  spectroscopy 
(CARS),  planar  laser-induced  fluorescence  (PLIF),  and  a  two-dimensional  numerical  simulation  with 
detailed  chemical  kinetics.  Experimental  uncertainties  of  5%  and  11%  were  achieved  for  measured 
temperatures  and  OH  mole  fractions,  respectively,  with  standard  deviations  of  <3%  at  20  kHz  and  an 
OH  detection  limit  of  <1  part  per  million  in  a  1  m  path  length.  After  validation  in  a  steady  flame, 
high-speed  diode-laser-based  measurements  of  OH  mole  fraction  and  temperature  were  demonstrated  for 
the  first  time  in  the  unsteady  exhaust  of  a  liquid-fueled,  swirl-stabilized  combustor.  Typical  agreement 
of  ~  5%  was  achieved  with  CARS  temperature  measurements  at  various  fuel/ air  ratios,  and  sensor 
precision  was  sufficient  to  capture  oscillations  of  temperature  and  OH  mole  fraction  for  potential  use  with 
multiparameter  control  strategies  in  combustors  of  practical  interest.  ©  2005  Optical  Society  of  America 
OCIS  codes:  120.1740,  280.2470,  300.1030,  300.6260,  300.6540. 


1.  Introduction 

The  hydroxyl  radical  (OH)  is  a  key  species  in  the 
chain-branching  reactions  for  hydrocarbon  flames.  As 
such,  knowledge  of  both  OH  mole  fraction  and  tem¬ 
perature  is  important  for  understanding  combustion 
chemistry  and  validating  numerical  models  of  com¬ 
bustors  in  a  variety  of  applications.  In  addition,  OH 
has  been  proven  to  be  a  good  measure  of  heat  release 
in  unsteady  strain-rate  conditions1  and  a  good 
marker  of  the  reaction  zone  in  highly  strained  diffu¬ 
sion  flames.2  Laser-induced  fluorescence  (LIF)  and 
absorption  spectroscopy  are  the  most  commonly  used 
techniques  for  quantitative  measurements  of  OH 
mole  fraction  in  flames.  Both  methods  have  typically 
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focused  on  electronic  transitions  of  OH  in  the  ultra¬ 
violet  (UV)  region  of  the  spectrum  where  the  large 
absorption  cross  section  and  minimal  spectral  inter¬ 
ference  allow  sensitive  mole-fraction  measurements. 
Until  recently,  frequency-doubled  tunable  dye-laser 
systems  were  used  for  these  experiments.3  Advances 
in  laser  technology,  however,  have  led  to  the  use  of 
compact,  less-expensive  diode-laser-based  absorption 
systems4  that  allow  measurements  in  more  practical 
and  realistic  combustion  environments. 

Although  path  averaged  in  nature,  such  absorption 
measurements  can,  in  principle,  capture  combustor 
instabilities  and  large-scale  transients  such  as  igni¬ 
tion  and  global  extinction  provided  that  a  high-speed 
tunable  laser  source  is  available.  Until  recently,  such 
sources  have  only  been  demonstrated  in  the  near- 
infrared  wavelength  region,  allowing  high-speed 
measurements  of  combustion  species  such  as  CO, 
C02  and  H20.5<3  High-speed  time-series  measure¬ 
ments  of  species  such  as  OH  in  the  UV  have  only  been 
demonstrated  through  the  use  of  picosecond  time- 
resolved  laser-induced  fluorescence7  (PITLIF).  For 
operation  in  more  demanding  test-cell  environments 
and  to  achieve  higher  detection  rates,  we  have  devel¬ 
oped  a  high-speed  UV  absorption  sensor  for  OH  based 
on  sum-frequency  mixing  (SFM)  the  output  of  a  rap- 
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Fig.  1.  Experimental  layout  of  UV  absorption  sensor  for  measurements  of  OH  mole  fraction  and  temperature  at  rates  up  to  20  kHz. 


idly  tunable  distributed-feedback  (DFB)  diode  laser 
with  the  output  of  a  high-power  frequency-doubled 
Nd:YV04  laser.  As  reported  in  a  preceding  paper,8  we 
maintain  the  high  sensitivity  and  selectivity  in  the 
UV  spectral  region  with  a  compact,  fiber-coupled, 
portable  system.  The  resulting  sensor  provides  quan¬ 
titative,  simultaneous  measurements  of  OH  mole 
fraction  and  temperature  for  tracking  global  instabil¬ 
ities  in  unsteady  flames  at  rates  up  to  20  kHz. 

In  this  paper,  we  first  characterize  the  performance 
of  the  OH  sensor  in  a  steady  C2H4-air  diffusion  flame 
stabilized  over  a  Hencken  burner  for  a  wide  range  of 
temperatures  and  OH  mole  fractions,  and  we 
present  comparisons  with  planar  laser-induced  flu¬ 
orescence  (PLIF),  coherent  anti-Stokes  Raman 
spectroscopy  (CARS),  equilibrium  calculations,  and 
a  two-dimensional  computational  fluid  dynamics 
(CFD)  code  with  detailed  chemical  kinetics.  We  dis¬ 
cuss  the  accuracy  of  the  sensor  at  moderate  to  high 
detection  rates  based  on  these  comparisons,  and  we 
assess  its  precision  and  sensitivity.  OH  absorption 
data  are  then  acquired  for  the  first  time  in  the 
unsteady  exhaust  of  a  liquid-fueled,  swirl-stabilized 
combustor  and  compared  with  available  CARS  data 
under  the  same  conditions,  thus  testing  the  accu¬ 
racy  of  the  sensor  and  its  ability  to  track  unsteady 
phenomena  in  combustors  of  practical  interest.  The 
measurement  approach  presented  here  brings 
diode-laser-based  sensor  technology  one  step  closer 
to  enabling  combustor-control  strategies  based  on 
simultaneous,  high-speed  detection  of  multiple  pa¬ 
rameters  representing  flame  intermediates  and 
overall  heat  release. 

2.  Diode-Laser-Based  OH  Absorption  System 

A.  Lasers  and  Optics 

Solid-state  laser  sources  for  high-speed  OH  absorp¬ 
tion  spectroscopy  in  the  UV  are  not,  to  our  knowledge, 
commercially  available.  In  the  current  paper,  there¬ 
fore,  narrow-linewidth  radiation  near  313.5  nm  was 


generated  by  sum-frequency  mixing  the  output  of  a 
763-nm  distributed  feedback  (DFB)  diode  laser  (Sa- 
cher  Lasertechnik  Group)  with  the  output  of  a 
532-nm  diode-pumped,  frequency-doubled  Nd:YV04 
laser  (Coherent,  Inc.)  in  a  beta-barium  borate 
((3-BBO)  crystal.8  The  optical  layout,  shown  schemat¬ 
ically  in  Fig.  1,  is  similar  to  a  system  first  described 
by  Hanna  et  al9  for  detection  of  nitric  oxide  in  flames. 
The  763  nm  beam  was  sent  through  a  Faraday  iso¬ 
lator  (Electro-Optics  Technology,  Inc.),  a  half-wave 
plate,  and  a  telescope  if  =  -200  mm  and/*  =  100 
mm)  before  being  overlapped  with  the  532  nm  beam. 
Both  beams  were  focused  into  the  crystal  (Inrad, 
Inc.;  5  mm  X  7  mm  X  6  mm  long;  37.4°)  with  a  bo- 
rosilicate  lens  if  =  50  mm).  A  fused-silica  lens  (f 
=  50  mm)  was  used  to  collimate  the  generated  UV 
radiation,  which  was  separated  from  the  fundamen¬ 
tal  beams  using  two  mirrors  coated  for  308  nm.  The 
UV  radiation  was  split  into  a  reference  beam  (30%) 
that  was  sent  directly  to  a  detector  and  an  absorption 
beam  (70%)  that  was  coupled  into  a  2  m  long,  0.6  mm 
diameter  core,  fused-silica  fiber.  Before  detection,  the 
reference  beam  was  directed  through  a  10  nm  full- 
width-half-maximum  (FWHM)  interference  filter 
centered  at  313  nm  to  block  residual  fundamental 
radiation.  The  absorption  beam  was  launched  across 
the  flame  and  through  another  narrowband  interfer¬ 
ence  filter  before  being  focused  onto  a  second  detec¬ 
tor.  To  allow  measurements  of  OH  along  different 
paths  through  the  flame,  the  fiber  collimator,  inter¬ 
ference  filter,  lens,  and  absorption  signal  detector 
were  mounted  together  on  a  two-axis  translation 
stage.  This  provided  controlled  motion  both  vertically 
along  the  flame  axis  (z  direction  in  Fig.  1)  and  hori¬ 
zontally  across  the  flame  width  (y  direction  in  Fig.  1) 
with  10  fxm  resolution. 

The  absorption  and  reference  signal  detectors  em¬ 
ployed  UV-enhanced  silicon  PIN  photodiodes  (Ad¬ 
vanced  Photonix),  each  with  20.3  mm2  active  area.  To 
improve  the  bandwidth  of  the  large-area  detectors, 
each  photodiode  was  installed  in  a  transimpedance 
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amplifier  circuit  to  maintain  photovoltaic  operation 
and  to  convert  the  photocurrent  into  voltage.  The 
3  dB  bandwidth  of  the  detectors  was  estimated  to  be 
50  kHz.  Output  voltages  from  each  detector  were  fil¬ 
tered  and  amplified  with  low-pass  filter /preamplifi¬ 
ers  (Stanford  Research  Systems)  prior  to  digitization 
on  a  personal  computer  with  a  10  MHz  analog  input/ 
output  card  (National  Instruments)  and  Lab  VIEW 
software. 

After  alignment  of  the  sensor,  we  typically  ob¬ 
served  just  under  1  jxW  of  UV  radiation  on  the  detec¬ 
tors  with  pump-laser  powers  of  10  W  and  35  mW  for 
the  532  nm  and  763  nm  lasers,  respectively.  The  UV 
power  was  calculated  from  the  signal  levels  on  each 
photodiode  (without  power  to  the  operational  ampli¬ 
fiers)  and  the  quoted  sensitivity  of  0.15  A/Wat 
310  nm.  Accounting  for  losses  in  the  fiber  (93%T), 
fiber  coupling  (~30%T),  and  filter  (12%T),  an  esti¬ 
mated  25  jxW  is  generated  during  the  SFM  process  in 
the  BBO  crystal.  The  maximum  theoretical  power  for 
the  mixing  process  is  calculated  to  be  roughly  130  jxW 
for  the  input  powers  stated  above  and  a  spot  size  of 
50  jxm  at  the  focus.10  The  generated  power  was  likely 
lower  than  expected  because  of  differences  in  the  spa¬ 
tial  intensity  profiles  of  the  763  nm  and  532  nm 
beams,  but  this  power  was  more  than  sufficient  for 
making  high-resolution,  high-speed  absorption  mea¬ 
surements  of  OH. 

For  each  experiment,  the  UV-radiation  frequency 
was  tuned  back  and  forth  across  the  transition  by 
modulating  the  DFB  laser  current.  The  same  com¬ 
puter  and  analog  input/output  card  were  used  to 
generate  a  triangle-wave  function  to  modulate  the 
injection  current  of  the  DFB  laser  and  tune  across  a 
single  OH  absorption  line  at  rates  of  2  to  20  kHz. 
During  scanning,  the  frequency  of  the  DFB  laser  was 
monitored  with  an  etalon  (Burleigh;  2  GHz  free  spec¬ 
tral  range)  that  was  simultaneously  recorded  along 
with  the  absorption  and  reference  signals.  Prior  to 
each  experiment,  the  center  wavelength  of  the  DFB 
laser  was  tuned  to  762.96  nm  (vacuum)  to  produce 
UV  radiation  at  313.526  nm  (31895.31  cm1),  which 
is  in  resonance  with  the  P2(10)  transition  of  the  (0,0) 
band  of  the  A2  2+-A2n  electronic  transition  of  OH. 

B.  Data  Collection  and  Processing 

The  theory  behind  absorption  spectroscopy  is  de¬ 
scribed  previously,11  and  relates  the  normalized 
transmission  Tv  of  radiation  of  frequency  v  (cm-1) 
through  an  absorbing  medium  of  length  L  (cm)  to  the 
gas  state  and  the  molecular  properties  through  Beer’s 
Law: 


/ 

Tv  =  t  =  exp 


kv(x)dx 


(1) 


where  I0  is  the  spectral  intensity  of  the  incident  ra¬ 
diation  at  jc  =  0, 1  is  the  attenuated  spectral  intensity 
at  x  =  L,  and  kv{x )  is  the  spectral  absorption  coeffi¬ 
cient  (in  cm-1).  Here  we  assume  a  homogeneous  me¬ 


Fig.  2.  Raw  signals  acquired  over  four  laser  sweeps  in  Hencken 
burner  at  O  =  1.0.  Flame-off  signal  is  shifted  vertically  for  clarity. 
Free  spectral  range  of  etalon  is  2  GHz. 


dium  with  constant  kv  across  the  absorption  path, 
such  that 


I 

Tv  =  T  =  exp(-kvL).  (2) 

io 

The  spectral  absorption  coefficient  depends  on  both 
the  line  strength  of  the  particular  transition  and  the 
frequency  separation  between  the  laser  and  species 
transition  through  the  lineshape  function.  The  line 
strength  is  dependent  upon  the  number  density  of  the 
absorbing  species  as  well  as  the  ground-state  popu¬ 
lation  as  determined  from  the  Boltzmann  distribu¬ 
tion.  For  the  molecular  lineshape,  we  assume  a  Voigt 
profile  to  account  for  both  collisional  and  Doppler 
broadening.  In  the  current  work,  the  laser  spectral 
linewidths  are  typically  over  two  orders  of  magnitude 
smaller  than  the  width  of  a  Doppler-broadened  OH 
transition  at  flame  temperatures.  Thus,  the  laser 
linewidth  can  be  assumed  equal  to  a  delta  function, 
and  the  measured  spectral  intensities  I0  and  I  can  be 
related  directly  to  theory  by  Eqs.  (1)  and  (2). 

For  the  absorption  measurements,  a  “scan”  refers 
to  10-500  cycles  of  the  triangle-wave  current  func¬ 
tion  applied  to  the  DFB  laser.  The  up-ramp  or  down- 
ramp  of  each  cycle  represents  a  laser  sweep  across 
the  OH  transition,  during  which  the  absorption  (/) 
and  reference  (70)  photodiode  voltages  and  the  etalon 
output  voltage  are  recorded  simultaneously,  as 
shown  in  Fig.  2.  The  etalon  trace  was  used  to  convert 
the  normalized  transmission  from  the  time  domain 
into  the  frequency  domain  because  the  frequency  tun¬ 
ing  of  the  DFB  laser  was  not  perfectly  linear  with 
time.  Background  flame  emission  was  recorded  with 
the  UV  beam  blocked  and  used  for  subtraction  from 
the  absorption  signal  during  postprocessing. 

The  least-squares  fit  to  the  experimental  absorp- 
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Fig.  3.  Variation  of  best-fit  OH  mole  fraction  and  temperature 
with  collision  width  for  averaged  absorption  spectrum  acquired 
15  mm  above  Hencken  burner  at  =  1.0.  Vertical  lines  show 
range  of  collision  widths  for  O  =  1.0  ±  0.5. 


tion  spectrum,  performed  using  an  evolutionary  rou¬ 
tine  called  differential  evolution,12  could  vary  seven 
parameters,  including  mole  fraction,  gas  tempera¬ 
ture,  pressure,  path  length,  collision  width,  frequency 
offset,  and  scale  factor.  The  frequency  offset  allowed 
the  entire  experimental  absorption  spectrum  to  be 
shifted  in  frequency  to  match  the  theoretical  spec¬ 
trum.  The  scale  factor  accounted  for  slight  broadband 
absorption  or  scattering  in  the  flame  by  scaling  the 
normalized  transmission  so  that  the  off-resonant 
baseline  matched  the  theoretical  baseline.10  To  deter¬ 
mine  the  OH  mole  fraction  and  temperature  in  the 
flame,  the  pressure  (~1  atm),  path  length,  and  colli¬ 
sion  width  were  held  fixed  while  the  remaining  pa¬ 
rameters  were  allowed  to  vary  in  the  fitting  routine. 
The  path  length  was  measured  using  an  OH  PLIF 
system  and  is  discussed  further  in  Subsection  4.B. 
For  the  flames  in  the  current  study,  the  major-species 
composition  was  estimated  using  an  equilibrium 
code13  so  that  the  collision  width  could  be  determined 
using  known  collision-broadening  coefficients  and 
temperature-broadening  exponents  for  the  major 
species.  In  this  procedure,  also  used  by  Donovan  et 
al.14  for  measurements  in  a  Hencken  burner,  one 
must  make  an  initial  estimate  of  the  temperature  in 
order  to  calculate  the  collision  width  and,  in  turn, 
measure  the  OH  mole  fraction  and  temperature.  A 
sensitivity  analysis  performed  for  an  equivalence  ra¬ 
tio  of  O  =  1.0  indicated  that  one  can  vary  the  equi¬ 
librium  composition  and  temperature  by  values 
corresponding  to  O  =  0.5  to  1.5  and  induce  maximum 
errors  of  only  4%  in  the  best-fit  OH  mole  fraction  and 
6%  in  the  best-fit  temperature  (see  Fig.  3).  Successive 
iteration  of  the  collision-width  calculation  was  unnec¬ 
essary,  therefore,  in  the  current  study.  Values  of 
collision-broadening  coefficients  and  temperature  ex¬ 
ponents  were  taken  from  Rea  et  al.  for  N2,15  Rea  et  al. 
for  H20  and  C02,16  and  Kessler  et  al.  for  H2.17  Fol¬ 
lowing  Rea  et  al .,15  we  assumed  the  remaining  minor 
species  and  02  broadened  to  the  same  extent  as  ar- 


Table  1.  Equivalence-Ratio  Settings  and  Flow  Rates  in  Standard  Liters 
per  Minute  (SLPM)  in  C2H4-air  Hencken-Burner  Flame 


<t> 

C2H4  SLPM 

Air  SLPM 

N2  Coflow  SLPM 

0.51 

0.40 

11.2 

7.3 

0.62 

0.48 

11.2 

7.3 

0.71 

0.61 

12.2 

12.0 

0.81 

0.69 

12.2 

12.0 

0.91 

0.78 

12.2 

12.0 

0.96 

0.82 

12.2 

12.0 

1.01 

0.86 

12.2 

12.0 

1.06 

0.90 

12.2 

12.0 

1.11 

0.95 

12.2 

12.0 

1.21 

1.03 

12.2 

12.0 

1.30 

1.11 

12.2 

12.0 

1.40 

1.20 

12.2 

12.0 

1.50 

1.28 

12.2 

12.0 

gon.  Uncertainty  in  the  calculated  collision  widths 
was  approximately  ±10%,  estimated  from  uncer¬ 
tainties  given  in  each  reference. 

3.  Combustor  Test  Articles 

A.  C2H4-Air  Hencken-Burner  Diffusion  Flame 

A  Hencken  calibration  burner  was  used  to  produce  a 
flat,  uniform,  steady  C2H4-air  flame  for  characteriz¬ 
ing  sensor  performance  in  a  hydrocarbon-fuel  envi¬ 
ronment  with  similar  major  species  equilibrium  mole 
fractions  as  found  in  liquid-fueled  combustors.  The 
Hencken  burner  (Research  Technologies,  RD1  X  1) 
has  a  25.4  mm  X  25.4  mm  square  array  of  small- 
diameter  fuel  and  oxidizer  tubes  that  allow  the  reac¬ 
tants  to  rapidly  mix  above  the  burner  surface.  An 
inert  gas  coflow  around  the  edges  of  the  burner  im¬ 
proves  flame  stability  and  helps  to  isolate  the  flame 
from  room  air.  Details  of  the  burner  can  be  found  in 
Woolridge  et  al.18  or,  for  a  larger  burner,  in  Kulati- 
laka  et  al. 19  and  Hancock  et  al.20  With  the  proper  flow 
conditions,  the  Hencken  burner  produces  a  nearly 
adiabatic  flame  with  near-equilibrium  species  con¬ 
centrations.  The  reactant  flow  rates  used  in  this  ex¬ 
periment  are  shown  in  Table  1.  Tylan  mass-flow 
controllers  (Mykrolis  Corporation)  were  used  to  reg¬ 
ulate  the  gas  flow  rates,  and  calibration  was  per¬ 
formed  with  a  DryCal  DC-2  (Bios  International 
Corporation)  flowmeter.  The  accuracies  of  the  flow 
controllers  in  standard  liters  per  minute  (SLPM) 
are  ±0.05,  ±0.2,  and  ±0.12  for  C2H4,  air,  and  N2, 
respectively,  and  the  accuracy  of  the  calibration  is 
±1.4%. 

B.  Liquid-Fueled,  Swirl-Stabilized  Combustor 

After  validation  in  the  Hencken  burner,  the  OH  sen¬ 
sor  was  tested  in  the  exhaust  of  a  preheated, 
atmospheric-pressure,  JP-8-fueled,  swirl-stabilized 
model  gas-turbine  combustor.  This  combustor  is  uti¬ 
lized  for  laser-based  studies  of  flame  structure  and 
pollutant  formation  in  the  Atmospheric-Pressure 
Combustor  Research  Complex  of  the  Air  Force  Re¬ 
search  Laboratory's  Combustion  Branch.  After  exit- 
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in g  the  primary  flame  zone,  the  combustion  products 
are  allowed  to  mix  thoroughly  along  a  48  cm  long 
flame  tube  before  entering  a  32  cm  long,  7.6  cm  exit- 
diameter  exhaust  nozzle.  For  this  reason,  the  com¬ 
bustion  products  have  cooled  several  hundred 
degrees  K  due  to  radiative,  conductive,  and 
convective  heat  transfer,  although  the  major  species 
concentrations  are  expected  to  be  frozen  in  a  near¬ 
equilibrium  condition.  This  is  confirmed  by  previous 
measurements  of  02  and  C02  for  the  same  condi¬ 
tions.21  Further  details  on  the  design  and  operation  of 
the  burner  are  included  in  Ref.  22. 

4.  Validation  Techniques 

A.  Numerical  Model 

A  well-validated,  time-dependent,  axisymmetric  CFD 
code  with  detailed  chemical  kinetics  known  as  UNI¬ 
CORN  (Unsteady  Ignition  and  Combustion  using  Re¬ 
actions)23  is  employed  for  simulation  of  the  Hencken- 
burner  flames.  It  solves  for  the  u-  and  u-momentum 
equations,  continuity,  and  the  enthalpy-  and  species- 
conservation  equations  on  a  staggered-grid  system. 
The  body-force  term  due  to  the  gravitational  field  is 
included  in  the  axial-momentum  equation  for  simu¬ 
lating  vertically  mounted  flames.  A  clustered  mesh 
system  is  employed  to  trace  large  gradients  in  flow 
variables  within  the  flame  zone.  The  detailed 
chemical-kinetics  model  of  Wang  and  Frenklach24  is 
incorporated  into  UNICORN  for  the  investigation 
of  temperature  and  species  distributions  in  C2H4 
flames.  It  consists  of  99  species  and  1066  elementary- 
reaction  steps. 

Thermo-physical  properties  such  as  enthalpy,  vis¬ 
cosity,  thermal  conductivity,  and  binary  molecular 
diffusion  of  all  the  species  are  calculated  from 
polynomial-curve  fits  developed  for  the  temperature 
range  300-5000  K.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  and 
Kee  expressions,  respectively.  Molecular  diffusion  is 
assumed  to  be  of  the  binary-diffusion  type,  and  dif¬ 
fusion  velocities  are  calculated  using  Fick’s  law  and 
effective-diffusion  coefficients  for  various  species  in 
the  mixture.  A  simple  radiation  model  based  on  the 
optically  thin-media  assumption  is  incorporated  into 
the  energy  equation.  Only  radiation  from  CH4,  CO, 
C02,  and  H20  is  considered  in  the  present  study. 

The  finite-difference  forms  of  the  momentum  equa¬ 
tions  are  obtained  using  an  implicit  QUICKEST 
(quadratic  upstream  interpolation  for  convective  ki¬ 
nematics  with  estimated  streaming  terms)  scheme,25 
and  those  of  the  species  and  energy  equations  are 
obtained  using  a  hybrid  scheme  of  upwind  and  cen¬ 
tral  differencing.  At  every  time  step,  the  pressure 
field  is  accurately  calculated  by  solving  all  the  pres¬ 
sure  Poisson  equations  simultaneously  using  the  LU 
(lower  and  upper  diagonal)  matrix-decomposition 
technique.  The  boundary  conditions  are  treated  in 
the  same  way  as  that  reported  in  earlier  papers.26 

The  square  geometry  of  the  Hencken  burner  con¬ 
sists  of  an  inner  layer  of  tubes  for  reactants  and  an 
outer  layer  of  tubes  for  nitrogen  flow.  Within  the 


Fig.  4.  Sample  OH  PLIF  images  acquired  at  =  0.71,  1.0,  1.5 
for  determining  path  length  in  Hencken  burner. 


inner  layer,  fuel  and  air  are  issued  through  separate 
tubes,  which  leads  to  the  formation  of  171  small  dif¬ 
fusion  flames.  The  highly  regular  pattern  of  these 
flames  can  be  viewed  as  concentric  layers  of  diffusion 
flames.  The  burner  geometry  is  assumed  to  be  formed 
with  coannular  rings  of  0.7  mm  fuel  and  0.3  mm  air 
jets  arranged  alternatively.  A  total  of  9  fuel  jets  and 
10  air  jets  are  required  to  represent  the  25.4  mm 
X  25.4  mm  wide  Hencken  burner.  The  physical  do¬ 
main  of  70  mm  high  X  50  mm  radius  is  represented 
using  a371  X  301  nonuniform  grid  system.  The  com¬ 
putational  domain  is  bounded  by  the  axis  of  symme¬ 
try  and  an  outflow  boundary  in  the  radial  direction 
and  by  the  inflow  and  another  outflow  boundary  in 
the  axial  direction.  Flat  velocity  profiles  are  imposed 
at  the  fuel  and  air  inflow  boundaries,  while  an  ex¬ 
trapolation  procedure  with  weighted  zero-  and  first- 
order  terms  is  used  to  estimate  the  flow  variables  at 
the  outflow  boundary.26 

The  simulations  presented  here  are  performed  on 
an  AMD  Opteron  1.4-GHz  personal  computer  with 
2.0  GBytes  of  memory.  Typical  execution  time  was 
—70  s  per  time  step,  and  steady-state  flames  were 
usually  obtained  in  about  10000  time  steps. 

B.  OH  PLIF 

The  array  of  small,  lifted  diffusion  flames  and  subse¬ 
quent  flow  structure  above  the  Hencken  burner  are 
shown  clearly  in  the  OH  PLIF  images  of  Fig.  4,  which 
were  obtained  with  a  different  laser  system  than  that 
used  for  OH  absorption.  The  PLIF  system  utilized  the 
pulsed  output  of  a  frequency-doubled,  Nd:YAG- 
pumped  dye  laser  for  excitation  of  the  Qi(9)  transi¬ 
tion  in  the  (1,0)  band  of  the  OH  A2S+-A2n  system, 
followed  by  detection  of  the  (1,1)  and  (0,0)  bands.22 
Relatively  uniform  conditions  are  achieved  within 
2  to  5  mm  above  the  burner  surface.  As  the  distance 
from  the  burner  surface  increases,  a  mixing  layer  or 
thin  diffusion  flame  can  develop  along  the  interface 
with  the  N2  coflow  and  ambient  air.  These  images  and 
corresponding  line  plots  (e.g.,  Fig.  5)  are  intended  to 
enable  direct  measurements  of  the  OH  absorption 
path  length,  provide  information  on  the  ideal  loca- 
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Fig.  5.  Horizontal  OH  profiles  at  10  mm  and  20  mm  above 
Hencken  burner  obtained  from  PLIF  images  and  CFD  code  with 
detailed  kinetics  at  =  0.91. 


Fig.  6.  Effect  of  temperature  on  Boltzmann  fraction  for  J  =  9.5 
rotational  level  of  OH  and  on  equilibrium  mole  fraction  of  OH  for 
C2H4-air  combustion  at  O  =  0.91. 


tions  and  conditions  for  validation  studies,  and  help 
track  qualitative  trends  in  OH  mole  fraction  for  com¬ 
parison  with  absorption  measurements. 

The  OH  PLIF  system  was  used  to  determine  the 
path  lengths  for  all  Hencken-burner  conditions 
shown  in  Table  1  and  for  all  burner  locations  in  which 
absorption  data  were  collected.  In  the  linear  LIF  re¬ 
gime,  the  OH  fluorescence  signal  is  proportional  to 
the  number  density  of  OH  and  the  fluorescence  quan¬ 
tum  efficiency.  Assuming  the  temperature  and 
major-species  mole  fractions,  and  hence  the  fluores¬ 
cence  quantum  efficiency,  are  relatively  constant 
across  the  flame,  then  the  OH  PLIF  signal  gives  the 
relative  OH  number-density  profile.  The  effective 
path  length  was  found  from 


nou(x)dx 


^OH,peak 


(3) 


where  the  number-density  profile,  n0ii(x),  and  the 
peak  relative  OH  number  density,  7ioH,Peak>  were  ob¬ 
tained  from  200-shot-average  OH-PLIF  signals.  This 
effective  path-length  formulation  was  used  to  fit  all 
theoretical  and  experimental  absorption  spectra  in 
the  current  work,  and  the  reported  OH  mole  fractions 
represent  the  peak  values  in  the  central  core  region  of 
the  flame. 

Due  to  the  complex  nature  of  the  mixing  layer,  no 
corrections  for  spatial  variations  in  OH  PLIF  quench¬ 
ing,  fluorescence  trapping,  or  laser-sheet  attenuation 
were  implemented  for  the  path-length  measure¬ 
ments.  We  stress,  therefore,  that  these  data  are  most 
accurate  near  the  surface  of  the  burner  where  the 
flame  has  a  nearly  top-hat  profile  and  the  path  length 
is  dominated  by  the  relatively  uniform  core  region  of 
the  flame.  In  this  region,  the  sudden  drop  in  temper¬ 
ature  near  the  coflow  fluid  leads  not  only  to  a  sudden 


drop  in  OH  mole  fraction,  as  illustrated  in  Fig.  6,  but 
also  to  a  sharp  drop  in  the  Boltzmann  fraction  for 
both  the  OH  PLIF  and  absorption  rotational  transi¬ 
tions.  Indeed,  a  comparison  of  OH  PLIF  line  plots 
with  data  from  the  two-dimensional  numerical  sim¬ 
ulation  described  in  Subsection  4.A  (see  Fig.  5)  indi¬ 
cates  that  this  approach  is  accurate  to  within  5%  near 
the  burner  surface  and  to  within  10%  further  down¬ 
stream. 

Finally,  OH  PLIF  measurements  are  useful  not 
only  for  path-length  measurements  but  also  for  direct 
comparison  with  absorption  data.  Data  along  the  rel¬ 
atively  uniform  centerline  region  of  the  Hencken 
burner  avoid  a  number  of  spectroscopic  ambiguities 
in  the  mixing  layer  and  allow  relatively  straightfor¬ 
ward  corrections  assuming  equilibrium  conditions. 
These  corrections  include  adjustments  of  up  to  4%  for 
laser-sheet  attenuation  in  the  (1,0)  band  and  up  to  9% 
for  fluorescence  trapping  by  the  (0,0)  and  (1,1)  detec¬ 
tion  bands  as  determined  from  Beer’s  Law  and  data 
collected  at  various  flame  locations.  The  PLIF  signal 
was  also  corrected  for  spatial  laser-sheet  intensity 
variations  up  to  32%,  Boltzmann  fraction  dependence 
up  to  5%,  and  varying  quenching  rates  up  to  5%.  The 
averaged  PLIF  data  were  scaled  by  a  single  factor  for 
all  equivalence  ratios  and  measurement  locations  to 
enable  direct,  qualitative  comparisons  with  OH  ab¬ 
sorption  data,  thereby  adjusting  for  the  fixed  detec¬ 
tion  efficiency  of  the  imaging  system. 

C.  CARS  Measurements 

CARS  has  been  widely  used  for  absolute  measure¬ 
ments  of  temperature  and  species  concentrations  in 
both  laboratory  flames  and  combustors  of  practical 
interest.27’28  CARS  temperature  data  were  collected 
in  the  Hencken  burner  as  well  as  in  the  exhaust  of  the 
liquid-fueled  combustor  for  the  same  conditions  as 
the  current  study.  The  optical  setup  is  described  in 
Ref.  21  and  allows  for  simultaneous  detection  of 
02  and  C02.  The  CARS  system  is  utilized  for  valida- 
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tion  of  temperature  measurements  in  the  current 
work  as  well  as  for  confirmation  that  a  state  of  equi¬ 
librium  exists  for  the  major  species  in  the  exhaust  of 
the  liquid-fueled  combustor.  The  latter  is  particularly 
important  in  the  liquid-fueled  combustor  because  it  is 
highly  nonadiabatic  and,  unlike  the  Hencken  burner, 
the  temperature  is  far  from  equilibrium.  Knowledge 
of  the  major  species  concentrations  also  allows  accu¬ 
rate  determination  of  the  collision  width  for  OH  ab¬ 
sorption  spectroscopy. 

5.  Experimental  Results 

A.  Effect  of  Scan  Rate 

Representative  absorption  spectra  of  OH  in  the 
steady  Hencken-burner  flame  acquired  at  2  kHz  and 
averaged  over  38  laser  sweeps  are  shown  in  Fig.  7(a) 
and  compared  with  20  kHz  single-sweep  data  in  Fig. 
7(b).  The  experimental  absorption  lineshapes  for  high 
and  low  O  in  Fig.  7(a)  are  in  close  agreement  with  the 
theoretical  lineshapes.  A  residual  (experiment  minus 
theory)  of  less  than  0.5%  of  the  peak  signal  is  illus¬ 
trated  in  the  bottom  panel  of  Fig.  7(a)  for  O  of  1.1.  The 
“gull-wing”  shape  of  the  residual  is  typical  for  fits  of 
the  Voigt  profile  to  OH  absorption  spectra,  since  the 
Voigt  profile  does  not  account  for  slight  collisional 
narrowing  effects.  To  account  for  these  motional- 
narrowing  effects,  a  more  complex  lineshape  such  as 
the  Galatry  profile  may  be  used.29  However,  this 
characteristic  residual  demonstrates  that  we  have 
completely  resolved  the  OH  absorption  lineshape 
with  the  sensor  at  these  acquisition  rates. 

At  the  highest  acquisition  rate  of  20  kHz  in  Fig. 
7(b),  we  encountered  some  distortion  of  the  experi¬ 
mental  absorption  lineshapes  due  to  the  100  kHz  cut¬ 
off  frequency  of  the  electronic  low-pass  filter.  This 
filter,  which  was  required  to  reduce  noise  from  elec¬ 
tromagnetic  interference  in  the  photodiode  circuits, 
introduced  artificial  broadening  into  the  absorption 
lineshape.  A  Gaussian  instrument  function  with  a 
0.127  cm-1  FWHM  was  convolved  with  the  theoreti¬ 
cal  spectrum  and  successfully  accounted  for  this  ar¬ 
tificial  broadening.  The  exact  width  of  the  instrument 
function  was  determined  by  comparing  filtered  spec¬ 
tra  with  averaged  unfiltered  spectra.  Several  consec¬ 
utive  20-kHz,  single-laser-sweep  absorption  spectra 
are  shown  in  Fig.  7(b)  along  with  a  broadened  Voigt 
fit  to  the  data. 

The  noise  seen  in  the  residual  in  Fig.  7(b)  is  low, 
typically  less  than  1%,  but  the  “gull-wing”  shape  is 
not  present  due  to  the  distortion  from  the  filter.  How¬ 
ever,  the  OH  mole  fractions  and  temperatures  mea¬ 
sured  at  ~  50  Hz  (2  kHz  averaged  over  38  laser 
sweeps)  agreed  to  within  28  parts  per  million  (ppm) 
and  1  K,  respectively,  of  the  results  from  the  mea¬ 
surements  at  20  kHz.8  For  the  averaged  2  kHz  mea¬ 
surements,  the  root-mean-square  (RMS)  standard 
deviation  of  the  noise  in  the  off-resonant  baseline  was 
<  0.6%.  Similar  noise  levels  were  observed  in  the 
single-laser-sweep  measurements  recorded  at 
20  kHz  since  the  electronic  filter  provided  roughly 
the  same  amount  of  noise  reduction  as  the  averaging. 


Frequency  Detuning  (GHz) 


Fig.  7.  (a)  Voigt  fit  to  2  kHz  38-sweep-average  OH  absorption 

spectra  acquired  in  Hencken  burner  at  =  0.51  and  1.1;  (b) 
artificially  broadened  Voigt  fit  (0.127  cm-1  Gaussian  instrument 
function)  to  20  kHz  single-sweep  OH  absorption  spectra  acquired 
in  Hencken  burner  at  =  1.0.  Residual  in  (a)  is  for  <1>  =  1.1. 


This  corresponds  to  a  detection  limit  of  <  1  ppm  in  a 
meter  of  path  length  for  gas  temperatures  near 
2400  K  and  assuming  a  signal-to-noise  ratio  of  unity. 

All  data  presented  in  this  paper  were  collected  in 
the  acquisition  range  of  50  Hz  to  20  kHz,  which  is 
two  to  five  orders  of  magnitude  higher  than  previous 
UV  sensors4’9  and  enables  measurements  in  un¬ 
steady  or  high-speed  flows.  The  time  series  data  in 
Fig.  8,  also  acquired  in  the  Hencken  burner,  were 
used  to  evaluate  the  repeatability  and  precision  of  the 
OH  sensor  at  moderate  to  high  scan  rates.  If  one 
assumes  that  the  flame  is  perfectly  steady,  then  the 
data  in  Fig.  8  provide  an  upper  limit  on  random  noise 
in  the  measurement  system.  At  2  kHz  (single  sweep), 
the  RMS  values  of  the  temperature  and  OH  mole- 
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Fig.  8.  Time  series  of  OH  mole  fraction  and  temperature  15  mm 
above  Hencken  burner  acquired  for  O  —  1  at  (a)  2  kHz  and  (b) 
20  kHz. 


fraction  measurements  are  0.7%  and  1.4%,  respec¬ 
tively.  At  20  kHz  (single  sweep),  the  RMS  values  are 
2.3%  and  2.8%,  respectively.  When  combined  with  a 
sensitivity  study  assuming  uncertainties  of  ±10%, 
±5  Torr,  and  ±10%  in  the  path  length,  pressure,  and 
collision  width,  respectively,  these  values  lead  to  com¬ 
bined  uncertainties  of  approximately  ±  5%  in  temper¬ 
ature  and  ±11%  in  OH  mole  fraction  for  both  low  and 
high  scan  rates.  In  the  following  discussion,  the  ab¬ 
solute  accuracy  of  the  OH  absorption  system  for  a 
variety  of  conditions  are  explored  further  in  a  steady 
Hencken-burner  flame  and  in  the  unsteady  exhaust 
of  a  liquid-fueled  combustor. 

B.  Steady  C2H4-Air  Diffusion  Flame 

The  steady  C2H4-air  diffusion  flame  stabilized  above 
the  Hencken  burner  is  used  in  the  current  work  to 
validate  measurements  of  OH  mole  fraction  and  tem¬ 
perature  in  regions  of  the  flow  that  are  relatively  well 
characterized.  Data  are  acquired  at  2  kHz  and  aver¬ 
aged  over  38  laser  sweeps.  As  shown  previously  in 
Fig.  5,  the  assumption  of  a  nearly  top-hat  profile  is 
valid  only  several  millimeters  above  the  burner  sur¬ 
face.  The  relatively  slow  flow  rates  required  to  stabi¬ 
lize  the  C2H4-air  flame  lead  to  increased  growth  of 
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Fig.  9.  Variation  of  centerline  temperature  and  OH  mole  fraction 
with  vertical  height  in  Hencken  burner  at  =  0.91  obtained  from 
OH  absorption  sensor  and  CFD  code  with  detailed  kinetics.  OH 
absorption  data  acquired  at  2  kHz  (38-sweep  average). 


the  mixing  layer  between  the  flame  and  coflow  fluid, 
and  an  outer  diffusion  flame  develops  for  rich  condi¬ 
tions  higher  in  the  flame.  Thus,  validation  measure¬ 
ments  are  best  performed  within  5  to  10  mm  of  the 
burner  surface.  Absorption  measurements  across 
wider  mixing  layers  higher  in  the  flow  may  still  be 
accurate,  according  to  Ouyang  and  Varghese,30  if  the 
line  strength  decreases  rapidly  with  temperature. 
For  the  P2(10)  line  studied  here,  the  population  of  the 
J  =  9.5  rotational  level  drops  off  relatively  quickly 
with  temperature,  as  shown  previously  in  Fig.  6.  In 
addition,  the  OH  mole  fraction  is  a  strong  function  of 
temperature  and  may  significantly  reduce  the  contri¬ 
bution  from  the  low-temperature  mixing  zone.  Thus, 
data  above  the  10  mm  location  are  presented  to  fur¬ 
ther  evaluate  the  capabilities  of  the  OH  sensor,  but 
these  data  must  be  interpreted  carefully. 

Measurements  of  temperature  and  OH  mole  frac¬ 
tion  using  the  diode-laser-based  sensor  along  the  cen¬ 
terline  of  the  Hencken  burner  are  presented  for  O 
=  0.91  in  Fig.  9.  Note  that  the  two-dimensional  CFD 
code  with  detailed  chemical  kinetics  predicts  that  the 
flame  reaches  the  equilibrium  temperature  of  2300  K 
in  less  than  2  mm.  Beyond  10  mm,  the  numerical 
data  indicate  that  the  temperature  begins  to  decline 
due  to  radiation  heat  losses  from  gaseous  combustion 
products.  The  diode-laser-based  measurements  peak 
close  to  the  burner  surface  and  are  consistently 
—60  K  below  the  numerical  predictions  after  account¬ 
ing  for  radiative  heat  losses  from  gaseous  species. 
This  consistent  temperature  deficit  may  be  due  to 
several  factors,  including  additional  radiative  heat 
loss  from  heavy  hydrocarbons  or  soot,  conductive 
heat  loss  to  the  burner  surface,31  mixing-layer  effects, 
and  uncertainties  in  spectroscopic  parameters.  Only 
the  latter  two  factors  are  of  concern  for  characterizing 
sensor  performance,  and  they  are  clearly  not  very 
significant  since  the  measured  temperatures  are 
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within  3%  of  the  numerical  predictions  from 
5  to  40  mm  above  the  burner. 

One  may  conclude  from  Fig.  9  that  additional  heat 
losses  to  the  burner  also  do  not  significantly  affect  the 
measured  temperature.  These  heat  losses,  however, 
do  have  a  dramatic  effect  on  radicals  such  as  OH.  The 
measured  OH  mole  fractions  in  Fig.  9  are  compared, 
therefore,  with  data  from  two  numerical  simulations: 
one  that  assumes  there  are  no  heat  losses  of  any  kind, 
and  one  that  corrects  the  OH  mole  fraction  by  assum¬ 
ing  that  the  measured  temperatures  are  accurate.  As 
shown  in  Fig.  9,  the  measured  OH  mole  fractions 
closely  track  the  numerical  simulations  only  when 
corrected  using  the  measured  temperatures.  Such  a 
dramatic  drop  in  OH  mole  fraction  is  unlikely  to  stem 
from  large  errors  in  spectroscopic  parameters  or  from 
the  growth  of  a  mixing  layer  since  the  effective  path 
length  is  measured  directly  with  OH  PLIF.  It  is  rea¬ 
sonable  to  conclude,  therefore,  that  the  measured 
temperatures  and  OH  mole  fractions  are  affected  by 
slight  heat  losses  that  are  not  accounted  for  in  the 
numerical  simulation.  With  regard  to  sensor  valida¬ 
tion,  we  note  that  measurements  from  5  to  10  mm 
above  the  burner  agree  with  both  the  adiabatic  and 
corrected  numerical  predictions  to  within  the  exper¬ 
imental  uncertainties  of  ±5%  in  temperature  and 
±11%  in  mole  fraction. 

To  further  evaluate  the  accuracy  and  limitations  of 
the  current  OH  sensor,  data  were  collected  in  the 
Hencken  burner  at  equivalence  ratios  ranging  from 
0.5  to  1.5  for  heights  of  5,  10  and  20  mm  above  the 
burner.  Within  this  range,  absorption  data  are  ac¬ 
quired  for  mole  fractions  below  the  detection  limit  to 
a  peak  of  over  6000  ppm.  As  shown  in  Fig.  10,  the 
measured  temperatures  agree  with  equilibrium  pre¬ 
dictions  to  within  ±5%  for  nearly  the  entire  range  of 
equivalence  ratios  and  at  all  three  burner  locations. 
Previous  CARS  measurements  in  H2-air  flames  sta¬ 
bilized  over  a  Hencken  burner  have  also  shown  suc¬ 
cessful  comparisons  with  equilibrium  predictions.20 
The  two  least  accurate  temperature  data  points  in 
Fig.  10  are  recorded  for  lean  conditions  at  the  20  mm 
location,  where  the  OH  absorption  sensor  predicts 
temperatures  that  are  300  K  below  equilibrium.  To 
ensure  that  this  deviation  from  equilibrium  is  not  due 
to  the  entrainment  of  low-temperature  coflow  fluid, 
we  performed  targeted  CARS  temperature  measure¬ 
ments  specifically  at  these  conditions,  as  shown  in 
Figs.  10(b)  and  10(c).  The  CARS  temperatures  are 
60  to  70  K  below  equilibrium,  as  expected.  This  rep¬ 
resents  an  apparent  limitation  to  the  accuracy  of  the 
OH  sensor  and  can  be  attributed  either  to  the  growth 
of  a  mixing  layer  or,  perhaps  more  likely,  to  the  fact 
that  the  OH  mole  fractions  for  these  conditions  are 
near  the  detection  limit  of  the  sensor. 

Comparisons  between  measured  OH  mole  fractions 
and  scaled  OH  PLIF  data  along  the  centerline,  as 
shown  in  Fig.  10,  show  agreement  to  within  experi¬ 
mental  uncertainty  for  nearly  all  equivalence  ratios 
at  5,  10,  and  20  mm  above  the  burner;  both  mea¬ 
surement  techniques  show  deviations  from  equilib¬ 
rium  predictions  at  all  three  locations.  At  5  mm,  OH 
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Fig.  10.  Variation  of  temperature  and  OH  mole  fraction  with 
equivalence  ratio  in  Hencken  burner  for  heights  of  (a)  5  mm,  (b) 
10  mm,  and  (c)  20  mm.  OH  absorption  data  acquired  at  2  kHz 
(38-sweep  average). 
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mole  fractions  are  above  equilibrium  for  all  O  due  to 
the  close  proximity  to  the  burner  (see  Fig.  9).  At 
10  mm,  OH  mole  fractions  approach  equilibrium  lev¬ 
els  on  the  lean  side  but  are  still  above  equilibrium  on 
the  rich  side.  This  phenomenon  is  expected  because 
unburned  fuel  and  radical  generation  persist  for 
longer  periods  of  time  under  rich  conditions. 

One  should  bear  in  mind  that  the  two  techniques 
used  to  measure  OH  mole  fraction  are  artificially 
coupled  for  two  reasons.  First,  all  OH  PLIF  data  were 
adjusted  to  match  the  OH  absorption  data  using  a 
single  scaling  factor.  Thus,  agreement  between  the 
techniques  indicates  qualitative  trends  with  respect 
to  flame  location  and  equivalence  ratio.  Second,  the 
path  length  for  OH  absorption  was  determined  di¬ 
rectly  from  OH  PLIF  data.  To  evaluate  the  signifi¬ 
cance  of  this  second  mechanism,  we  note  that  the 
path  length  at  5  mm  is  nearly  constant  for  lean  con¬ 
ditions  (see  Fig.  4),  though  the  OH  mole  fraction 
changes  dramatically  (see  Fig.  10).  Thus,  agreement 
with  OH  PLIF  data  collected  at  various  O  and  heights 
along  the  centerline  indicates  that  the  accuracy  of  the 
OH  absorption  measurement  is  not  severely  affected 
by  the  growth  of  a  mixing  layer  higher  in  the  flame. 

C.  Exhaust  of  a  Liquid-Fueled,  Swirl-Stabilized 
Combustor 

Data  acquired  in  the  steady  C2H4-air  diffusion  flame 
at  rates  up  to  20  kHz  indicate  that  the  sensor  can 
accurately  measure  the  same  temperatures  and  OH 
mole  fractions  as  averaged  data,  and  it  can  record 
temperatures  and  OH  mole  fractions  with  standard 
deviations  of  <3%.  Here,  the  sensor  is  tested  in  the 
exhaust  stream  of  an  unsteady,  JP-8  fueled,  swirl- 
stabilized  combustor  far  enough  downstream  of  the 
primary  flame  zone  (—80  cm)  that  the  main  products 
of  combustion  can  be  assumed  to  exist  in  equilibrium. 
Previous  time-averaged  CARS  measurements  of  02 
and  C02  mole  fraction  in  this  combustor  verify  this  to 
be  the  case  to  within  5%  from  O  =  0.5  to  1.0.21  Thus, 
the  collision  widths  used  for  fitting  OH  absorption 
spectra  assume  major-species  mole  fractions  from 
equilibrium  predictions  of  JP-8-air  combustion.13’21 
The  temperature  used  in  the  collision-width  calcula¬ 
tion  was  obtained  from  previous  CARS  data,21  and 
the  uncertainty  due  to  the  fluctuating  component  of 
temperature  and  major-species  composition  is  ex¬ 
pected  to  be  minimal  based  on  the  sensitivity  analysis 
of  Fig.  3. 

All  measurements  in  the  exhaust  stream  of  the 
swirl-stabilized  combustor  were  performed  10  mm 
downstream  of  the  exhaust  nozzle.  The  path  length 
for  OH  absorption  was  estimated  to  be  7.6  cm  based 
on  the  exit  diameter  of  the  nozzle.  The  10%  to  90% 
mixing-layer  width  along  the  outer  region  of  the  ex¬ 
haust  flow  was  determined  to  be  of  the  order  of  0.5  cm 
using  previous  CARS  temperature,  C02,  and  02  data 
across  the  exhaust  flow.  In  relative  terms,  this  is  less 
than  the  mixing-layer  width  in  the  2.54  cm  wide 
Hencken  burner  and  should  not  significantly  degrade 
the  accuracy  of  the  measurement.  The  collision 
widths  calculated  based  on  the  equilibrium  composi- 
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Fig.  11.  Time  series  of  temperature  and  OH  mole  fraction  ac¬ 
quired  at  10  kHz  (single  sweep)  in  exhaust  stream  of  swirl- 
stabilized  liquid-fueled  combustor  at  =  1.0. 


tion  for  C2H4-air  and  JP-8 -air  combustion  agree  to 
within  —1%  due  to  the  similar  H:C  ratio  of  these  fuels. 
Thus,  the  uncertainties  of  ±5%  in  temperature  and 
±  11%  in  OH  mole  fraction  reported  in  Subsection  5.A 
also  apply  in  the  exhaust  flow  of  the  liquid-fueled 
combustor. 

Diode-laser-based  absorption  time  series  of  tem¬ 
perature  and  OH  mole  fraction  at  10  kHz  were  col¬ 
lected  in  the  exhaust  stream  at  O  =  1.0,  as  shown  in 
Fig.  11.  The  time-averaged  temperature  from  this 
measurement  was  computed  to  be  1730  K  with  an 
RMS  of  6.2%.  This  mean  temperature  is  within  3.4% 
of  the  mean  CARS  measurement  of  1790  K  for  the 
same  condition.28  The  time-averaged  OH  mole  frac¬ 
tion  was  computed  to  be  500  ppm  with  an  RMS  of 
21.7%.  Strong  periodicity  in  the  time-series  data  ap¬ 
pears  as  a  source  of  increased  RMS  in  both  the  tem¬ 
perature  and  OH  mole  fraction  data  shown  in  Fig.  11. 
The  values  of  6.2%  and  21.7%  are  in  stark  contrast  to 
the  RMS  values  of  <3%  for  the  steady  Hencken 
burner  flame,  and  they  indicate  that  the  precision  of 
the  sensor  is  sufficient  to  capture  combustion  insta¬ 
bilities  in  the  exhaust  stream  and,  perhaps,  in  the 
primary  flame  zone  of  liquid-fueled  combustors  of 
practical  interest. 

Temperature  measurements  in  the  liquid-fueled 
combustor  using  the  OH  absorption  sensor  are 
compared  with  previous  CARS  temperature  data  in 
Fig.  12  for  O  =  0.5  to  l.l.21  General  agreement  is 
achieved  between  the  two  measurement  techniques, 
with  both  showing  temperatures  that  are  —20%  be¬ 
low  equilibrium  due  to  significant  radiative,  convec¬ 
tive,  and  conductive  heat  losses.  The  OH  mole 
fraction  data,  shown  in  Fig.  12,  indicate  that  in¬ 
creased  error  in  temperature  measurements  from  the 
OH  absorption  sensor  occurs  for  data  points  under 
lean  conditions  that  are  near  the  detection  limit  of  the 
sensor.  Data  for  absolute  validation  of  the  OH  mole 
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Fig.  12.  Variation  of  temperature  and  OH  mole  fraction  with 
equivalence  ratio  in  exhaust  stream  of  swirl-stabilized  liquid- 
fueled  combustor.  Equilibrium  prediction  of  OH  mole  fraction 
based  on  CARS  temperature  measurements.  OH  absorption  data 
acquired  at  2  kHz  (38-sweep  average). 


fraction  measurements  in  the  exhaust  stream  of  this 
combustor  are  not  currently  available.  According  to 
equilibrium  theory,  the  OH  mole  fractions  in  the  ex¬ 
haust  should  drop  by  over  an  order  of  magnitude 
based  on  the  measured  CARS  temperatures.13  This 
overpredicts  the  actual  drop  seen  in  the  OH- 
absorption  data,  possibly  because  equilibrium  theory 
does  not  capture  the  effect  of  ambient  air  reacting 
with  unburned  heavy  hydrocarbons  in  the  exhaust 
flow.  Further  study  beyond  the  scope  of  this  work  is 
required  to  fully  understand  this  phenomenon. 

6.  Conclusions 

A  compact,  high-speed  sensor  has  been  developed  for 
measurements  of  OH  mole  fraction  and  temperature 
in  flames  using  UV  absorption  spectroscopy  of  the 
P2(10)  line  in  the  (0,0)  band  of  the  A22+-A^n  elec¬ 
tronic  transition  of  OH.  Approximately  25  jxW  of  rap¬ 
idly  tunable,  narrow-linewidth  radiation  near  313.5 
nm  was  generated  by  sum-frequency  mixing  the  out¬ 
put  of  a  763  nm  DFB  diode  laser  with  the  output  of  a 
high-power  532  nm  Nd:YV04  laser  in  a  BBO  crystal. 

Time-series  data  acquired  at  20  kHz  in  a  steady 
Hencken  burner  flame  were  used  to  quantify  repeat¬ 
ability  in  the  measurements,  with  an  RMS  of  2.3%  in 
temperature  and  2.8%  in  OH  mole  fraction.  The 
20  kHz  detection  limit  of  <  1  ppm  for  aim  path 
length  and  2400  Kgas  temperature,  determined  from 
residual  noise  in  the  line-fitting  process,  represents 
an  improvement  over  previous  slow-scan  solid-state 
OH  sensors  used  for  combustion  applications.32  Un¬ 
certainties  in  the  temperature  and  OH  mole-fraction 
measurements  were  estimated  to  be  ±5%  and  ±  11%, 
respectively,  with  the  latter  occurring  primarily  due 
to  path-length  uncertainty. 

A  detailed  investigation  of  OH  in  C2H4-air  flames 
stabilized  over  a  Hencken  burner  was  performed  to 
characterize  sensor  performance  for  a  wide  range  of 
conditions,  and  comparisons  were  made  with  a  two¬ 


dimensional  numerical  simulation,  equilibrium  cal¬ 
culations,  CARS  measurements,  and  OH  PLIF  data. 
Temperature  and  OH  mole  fraction  were  measured 
along  the  centerline  of  the  burner  for  heights  of 
5  to  40  mm  and  for  equivalence  ratios  ranging  from 
O  =  0.5  to  1.5.  Measured  temperatures  and  OH  mole 
fractions  were  validated  near  the  surface  of  the 
burner  where  the  flame  is  most  uniform.  The  OH 
absorption  system  was  also  shown  to  be  a  potentially 
robust  sensor  in  the  presence  of  mild  mixing  regions 
due  to  the  rapid  decrease  of  OH  mole  fraction  and  line 
strength  with  decreasing  temperature. 

Measurements  were  also  performed  in  the  exhaust 
of  a  liquid-fueled  combustor  and  successfully  com¬ 
pared  with  CARS  temperature  data.  Time-series 
data  in  the  exhaust  illustrated  that  the  precision  of 
the  measurement  system  is  sufficient  to  capture 
high-frequency  oscillations  in  temperature  and  OH 
mole  fraction.  These  experiments  represent  the  first 
demonstration  of  simultaneous,  time-dependent, 
quantitative  measurements  of  OH  mole  fraction  and 
temperature  to  capture  global  instabilities  in  un¬ 
steady  flames  of  practical  interest  at  rates  up  to 
20  kHz. 
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Abstract:  Laser-induced  incandescence  (LII),  OH  planar  laser-induced  fluorescence  (PLIF),  and 
laser  Mie  scattering  are  used  to  track  soot  volume  fraction,  flame  products,  and  droplet  scattering 
for  studies  of  alternative  fuel  blends  in  a  swirl- stabilized  gas-turbine  combustor. 

OCIS  codes:  (000.2170)  Equipment  and  Techniques;  (120.1740)  Combustion  Diagnostics 


1.  Introduction 

A  study  to  characterize  the  production  of  particulate-matter  (PM)  emissions  is  performed  in  a  liquid-fueled  model 
gas-turbine  combustor  while  varying  fuel  blends  and  operating  conditions.  Laser-induced  incandescence  (LII),  OH 
planar  laser-induced  fluorescence  (PLIF),  and  laser  Mie  scattering  are  used  to  track  soot  volume  fraction,  measure 
flame  products,  and  visualize  droplet  scattering  in  the  reaction  zone,  respectively.  Studies  are  performed  on  varying 
fuel  blends  comprised  of  kerosene -based  jet  fuel  and  synthetic  fuel  in  varying  concentrations  over  a  range  of 
equivalence  ratios.  Consistent  with  results  of  previous  studies,  fuels  containing  aromatics,  which  have  been  shown 
to  promote  PM  production,  produce  higher  quantities  of  soot  than  straight-chain  hydrocarbons.  Laser-based 
measurements  show  a  significant  correlation  among  physical  flame  structure,  fuel  type,  and  particle  number  density. 


2.  Experimental  Setup 

Experiments  were  conducted  in  an  atmospheric  pressure  swirl-stabilized  combustor  located  in  the  Atmospheric- 
Pressure  Combustor-Research  Complex  of  the  Air  Force  Research  Laboratory’s  Propulsion  Directorate.1  The 
combustor  consists  primarily  of  a  fuel  injector,  a  square  cross-sectional  flame  tube  (combustion  section),  and  an 
exhaust  nozzle  (Fig.l).  The  injector  configuration  is  a  generic  swirl-cup  liquid-fuel  injector  consisting  of  a 
commercial  pressure-swirl  atomizer.  The  4-cm  exit  diameter  fuel  injector  is  centrally  located  in  the  15.25-cm  x 
15.25-cm  cross-sectional  dome.  Most  of  the  air  to  the  combustor  enters  through  the  swirl-cup  injector,  while  a  small 
percentage  enters  through  aspiration  holes  along  the  dome  wall.  The  combustion  products  from  the  primary  flame 
zone  are  allowed  to  mix  thoroughly  along  the  48-cm-long  flame  tube  before  entering  a  43-cm-long  exhaust  nozzle. 
The  combustor  is  optically  accessible  for  in-situ  laser-based  diagnostics  via  75-mm-wide  quartz  windows  along  the 
top  and  sides. 


Fig.  1.  Swirl-cup  fuel  injector  (left)  and  atmospheric-pressure  research  combustor  (right). 
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The  combustor  overall  equivalence  ratio  was  varied  from  O  =  0.60  to  1.10  by  changing  the  pressure  drop  across 
the  fuel  injector  from  about  1.5  to  10  atm,  resulting  in  fuel  mass-flow  rates  of  1.0  to  2.2  g/s,  respectively.  The  fuel 
flow  rate  was  measured  using  a  Max  Machinery  positive-displacement  flow  meter,  and  the  air  flow  rate  was 
measured  with  a  sonic  nozzle.  The  inlet  air  was  heated  to  450  K  with  a  constant  flow  of  approximately  0.028  kg/s 
throughout  the  study.  The  air  pressure  drop  across  the  combustor  dome  was  approximately  5.0%  of  the  main 
supply. 

Effects  of  alternative  fuel  blends  on  the  concentration  of  hydroxyl  radicals,  fuel  droplets,  and  soot  particles  in 
the  combustor  reaction  zone  were  assessed  using  PLIF,  Mie  scattering,  and  LII,  respectively.  The  PLIF/Mie 
scattering  system  consisted  of  a  frequency-doubled,  Q- switched  Nd:YAG  laser  with  50%  of  the  laser  energy  used  to 
pump  a  dye  laser  tuned  to  the  Q1  (9)  transition  of  the  (1,0)  band  in  the  A-X  system  at  283.922  nm  (in  air).  A  1.5-m- 
focal-length  spherical  plano-convex  lens  and  a  75 -mm- focal-length  plano-concave  lens  were  used  to  form  a  330-pm 
full-thickness-half-max  (FTHM)  laser  sheet  that  entered  the  combustor  through  the  top  window.  Two  1-mm  WG- 
295  (CVI  Faser)  filters  were  used  to  reduce  scattering  from  droplets,  and  a  UG11  (Schott  Glass)  color  filter  was 
used  to  eliminate  flame  emission,  scattering  from  the  FII  laser,  and  fluorescence  from  polycyclic  aromatic 
hydrocarbon  (PAH)  species.  After  eliminating  these  interferences,  Mie  scattering  and  OH  PFIF  were  collected 
simultaneously  using  a  105-mm- focal  length  f/4.5  UV  lens  and  an  intensified  CCD  camera  (Roper  Scientific)  with 
an  intensifier  gate  width  of  20  ns.  The  peak  droplet-scattering  signal  intensity  (after  filtering)  was  over  an  order  of 
magnitude  higher  than  for  FIF  and  could  be  distinguished  using  intensity  scaling  and  by  its  spatial  characteristics 
(see  Fig.  2). 

The  700-pm  FTHM  laser  sheet  for  planar  FII  used  50%  of  the  energy  from  the  Nd:YAG  laser  and  was  formed 
using  a  2-m  plano-convex  spherical  lens  and  a  50-mm  plano-concave  cylindrical  lens.  The  FII  signal  was  detected 
using  a  second  intensified  CCD  camera  (Roper  Scientific)  and  a  f/1.2,  58-mm  focal  length  glass  lens.  The  PFIF  and 
FII  cameras  were  synchronized  using  an  external  delay  generator  driven  by  the  advanced  Q-switch  TTF  output  of 
the  Nd:YAG  laser. 


Fig.  2.  Simultaneous  imaging  of  OH  PLIF,  Mie  scattering,  and  LII. 


The  alternative  fuel  blend  consisted  of  JP-8  mixed  with  varying  levels  of  a  synthetic  jet  fuel.  JP-8  is  petroleum- 
based  commercial  Jet  A-l  with  a  military  additive  package.2  The  synthetic  jet  fuel  is  a  natural-gas-derived  fuel 
produced  by  Syntroleum  Corporation.  In  the  natural-gas-to-jet-fuel  conversion,  the  natural  gas  reacts  with  air  in  a 
proprietary  auto-thermal  reformer  reactor  to  produce  synthesis  gas  (syngas— carbon  monoxide  and  hydrogen).  The 
synthesis  gas  is  then  converted  into  synthetic  crude  via  the  Fischer-Tropsch  process.  Finally,  the  synthetic  crude  is 
processed  to  obtain  the  desired  final  product  (e.g.,  jet  or  diesel  fuel).  The  paraffinic  feedstock  used  in  this  study 
provided  physical  properties  consistent  with  those  required  to  meet  the  specification  of  a  JP-8.  JP-8  is  composed  of 
numerous  hydrocarbons  with  normal  paraffins  being  the  primary  species.  JP-8  also  contains  lower  concentrations  of 
cyclic  paraffins,  olefins,  and  aromatics.  Similar  to  JP-8,  the  synjet  fuel  is  also  composed  largely  of  paraffinic 
compounds,  but  it  is  mainly  comprised  of  branched  paraffins.  Synjet  fuel  possesses  a  higher  energy  per  mass 
content,  thus  offsetting  its  lower  density. 

3.  Results  and  Discussion 

In-situ  PFIF,  Mie-scattering,  and  FII  images  at  O  =  1.10  for  the  combustor  operating  with  JP-8  are  compared  with 
images  for  100%  synjet  concentration  in  Fig.  3.  For  this  equivalence  ratio,  the  flame  is  located  about  one  injector 
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diameter  downstream  where  the  fuel  and  air  have  had  sufficient  time  to  mix  and  fall  within  the  combustible  limit. 
Although  these  results  are  preliminary,  the  differences  in  combustion  characteristics  between  JP-8  and  the  synjet 
fuel  are  evident  in  the  flame  zone  just  beyond  the  fuel  injector.  At  this  equivalence  ratio  for  JP-8,  the  fuel  scattering 
from  liquid  (unvaporized)  droplets  dominates  the  image  and  overwhelms  the  OH  PLIF  signal,  clearly  mapping  the 
spray  angle  of  the  swirl  injector.  This  is  in  contrast  with  the  image  for  the  synjet  fuel,  which  shows  little  or  no 
droplet  scattering  even  though  the  signal  in  the  image  has  been  scaled  up  by  a  factor  of  ten.  Due  to  the  low  amount 
of  fuel  scattering  for  the  synjet  fuel,  it  is  possible  to  detect  OH  PLIF  just  downstream  of  the  fuel-rich  mixing  zone. 
Based  on  these  images,  it  is  clear  that  JP-8  vaporizes  much  more  slowly  than  the  synthetic  fuel.  This  is  expected  to 
contribute  to  higher  soot  production  and  unburned  hydrocarbons  for  JP-8  than  for  the  synjet  fuel.  The  higher  soot 
production  with  JP-8  is  evident  in  the  right-hand  images  of  Fig.  3,  which  show  soot  volume  fraction  recorded  using 
LII.  For  JP-8,  localized  regions  of  soot  formation  are  clearly  visible,  while  soot  is  nearly  undetectable  for  the  synjet 
fuel  even  though  the  signal  has  been  scaled  by  a  factor  of  ten.  Therefore,  it  appears  based  on  these  images  that  the 
higher  soot  emissions  with  JP-8  relative  to  the  synjet  fuel  may  result  not  only  from  higher  aromatics  in  JP-8  but  may 
also  be  influenced  to  some  degree  by  physical  characteristics  that  affect  fuel  atomization  and  vaporization  near  the 
injector.  The  difference  in  vaporization  characteristics  between  the  two  fuels  was  unanticipated  considering  that  the 
physical  properties  (e.g.,  viscosity,  density,  surface  tension,  and  vapor  pressure)  of  both  fuels  are  fairly  similar. 
Lower  vapor  pressure  of  the  higher  molecular  weight  species  in  JP-8  may  have  contributed  to  the  differences  in  fuel 
spray  characteristics.  Further  investigations  to  explain  these  findings  are  warranted. 


JP-8 

4>=1.10 


Synjet 

4)  =  1.10 

Signal  x  10 


Fig.  3.  Images  of  OH  PLIF  and  Mie  scattering  (left)  and  soot  volume  fraction  from  LII  (right)  for  JP-8  and  synjet  fuels  at  an  equivalence  ratio  of 
1.10.  The  signal  levels  in  the  images  for  the  synjet  fuel  are  scaled  by  a  factor  of  ten  (after  background  subtraction)  as  compared  with  that  of  JP-8. 


4.  Summary  and  Future  Work 

It  is  evident  that  these  non-intrusive  diagnostics  provide  insight  into  the  two-phase  combustion  phenomena  of  swirl- 
stabilized  flames,  thus  leading  to  increased  understanding  of  the  influence  of  alternative  fuels  on  PM  emissions. 
Significant  reductions  (18-99%)  in  combustor  PM  emissions  were  observed  with  the  synjet  and  synjet/JP-8  blends 
relative  to  operation  with  JP-8.  These  reductions  varied  directly  with  the  concentration  of  synjet  in  JP-8  and  were 
more  pronounced  at  higher  equivalence  ratios.  Analysis  to  assess  the  correlation  between  the  in-situ  (laser-based) 
and  extractive  (probe)  measurements  for  these  blends  will  be  reported  in  a  future  publication. 
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Quantitative  planar  visualization  of  molecular  mixing  dynamics  in  large-  and 
intermediate-scale  coherent  structures  is  reported  for  the  first  time  in  the  developing 
and  far-held  regions  of  gaseous  planar  shear  layers.  A  dual-tracer  (nitric  oxide  and 
acetone)  planar  laser-induced  fluorescence  (PLIF)  technique  is  implemented  as  the 
gaseous  analogue  to  acid/base  chemical  reactions  that  have  previously  been  used  to 
study  molecular  mixing  in  liquid  shear  layers.  Data  on  low-speed,  high-speed,  and 
total  molecularly  mixed  fluid  fractions  are  collected  for  low-  to  high-speed  velocity 
ratios  from  0.25  to  0.44  and  Reynolds  numbers,  Res,  from  18  600  to  103  000.  Within 
this  range  of  conditions,  mixed-fluid  probability  density  functions  and  ensemble- 
averaged  statistics  are  highly  influenced  by  the  homogenizing  effect  of  large-scale 
Kelvin-Helmholtz  rollers  and  the  competing  action  of  intermediate-scale  secondary 
instabilities.  Small-scale  turbulence  leads  to  near-unity  mixing  efficiencies  and  mixed- 
fluid  probabilities  within  the  shear  layer,  with  subresolution  stirring  being  detected 
primarily  along  the  interface  with  free-stream  fluid.  Current  molecular-mixing  data 
compare  favourably  with  previous  time-averaged  probe-based  measurements  while 
providing  new  insight  on  the  effects  of  coherent  structures,  velocity  ratio,  downstream 
distance,  and  differences  between  low-  and  high-speed  fluid  entrainment. 


1.  Introduction 

Because  of  their  simplicity,  planar  free  shear  layers  are  often  used  in  numerical  and 
experimental  studies  to  represent  the  mixing  process  in  fundamental  flow  fields  found 
in  many  practical  engineering  applications.  One  of  the  most  influential  discoveries 
in  this  field  involved  the  detection  of  a  sudden  increase  in  mixed-fluid  quantities 
caused  by  the  onset  of  small-scale  turbulence  within  large-scale  coherent  motions 
(Konrad  1976).  Subsequent  experimental  and  numerical  investigations  have  helped  to 
decipher  the  complex  nonlinear  interactions  that  lead  to  this  transition  (Hussain  & 
Zaman  1980;  Huang  &  Ho  1990;  Moser  &  Rogers  1991;  Slessor,  Bond  &  Dimotakis 
1998;  Dimotakis  2000;  Meyer,  Dutton  &  Lucht  2001).  In  the  far-field  self-similar 
region  downstream  of  the  mixing  transition,  the  cascade  to  smaller  turbulent  length 
scales  continues,  and  the  concept  of  isotropic  turbulence  studied  by  Kolmogorov 
(1941)  and  Batchelor  (1953)  becomes  relevant.  This  region  is  of  fundamental  interest 
to  the  turbulence  modelling  community  and  theoreticians  because  it  sheds  light 
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on  the  elusive  properties  of  fully  developed  turbulence.  Studies  at  high  Reynolds 
number  ( Res  >  30  000),  for  example,  show  evidence  of  mild  to  strong  mixture-fraction 
inhomogeneities  in  the  far-held  region  (Clemens  &  Mungal  1995;  Karasso  &  Mungal 
1996;  King,  Dutton  &  Lucht  1999).  It  is  not  clear  how  such  mixing  states  are  achieved, 
however,  and  the  ambiguity  is  exacerbated  by  differences  in  experimental  results. 

The  possible  reasons  for  such  disagreement  are  many,  including  Schmidt  number 
differences  between  gases  and  liquids,  planar  versus  axisymmetric  shear-layer 
configurations,  intrusive  versus  non-intrusive  measurement  techniques,  time-averaged 
versus  instantaneous  experimental  approaches,  and  differences  in  the  spatial  resolution 
of  the  measurements.  Because  of  difficulties  in  resolving  the  smallest  mixing  scales, 
a  number  of  investigations  in  gaseous  and  liquid  hows  have  used  chemical  reactions 
to  discern  the  true  state  of  shear-layer  molecular  mixing.  Numerous  studies  have 
used  so-called  acid/base  visualizations  to  obtain  comprehensive  two-dimensional 
non-intrusive  measurements  of  molecular  mixing  in  turbulent  liquid  shear  layers 
(Breidenthal  1981;  Koochesfahani  &  Dimotakis  1986;  Broadwell  &  Mungal  1988; 
Karasso  &  Mungal  1996).  Owing  to  large  differences  in  Schmidt  number,  Sc ,  results 
from  these  studies  in  liquids  are  not  directly  transferable  to  the  case  of  gaseous 
shear-layer  mixing.  Previous  studies  in  the  latter  regime  are  fewer  in  number  and 
have  relied  on  cold-wire  measurements  of  low  heat  release  reactions  (Batt  1977; 
Mungal  &  Dimotakis  1984;  Frieler  1992).  The  obvious  disadvantages  of  this  technique 
are  the  reliance  on  intrusive  physical  point  probes  and  the  inability  to  provide 
instantaneous  planar  images  of  molecular  mixing.  Previous  investigations  using  the 
cold-wire  approach  have  shown  both  marching  (Batt  1977)  and  tilted  (Frieler  1992) 
probability  density  functions  (p.d.f.s)  of  mixed-fluid  quantities,  which  indicate  that 
different  large  and  small-scale  turbulent  mixing  dynamics  may  have  been  taking  place 
in  each  of  these  experiments.  An  important  motivation  for  the  current  investigation, 
therefore,  is  to  provide  planar  images  of  molecular  mixing  and  to  enable  deeper 
physical  insight  into  the  fundamental  processes  governing  these  statistics. 

King,  Lucht  &  Dutton  (1997)  developed  a  simultaneous  dual-tracer  nitric  oxide 
(NO)  and  acetone  planar  laser-induced  fluorescence  (PLIF)  technique  that  acts  as  the 
gaseous  analogue  of  acid/base  visualizations.  With  this  technique,  acetone  PLIF  is 
used  as  a  passive-scalar  marker  of  the  mixture  fraction  within  the  shear  layer,  and  NO 
PLIF  is  used  as  an  optically  reactive  (i.e.  cold-chemistry)  marker  of  unmixed  fluid. 
By  subtracting  the  unmixed-fluid  fraction  from  the  passive-scalar  (i.e.  mixed  plus 
unmixed)  fluid  fraction  during  post-processing,  we  can  obtain  instantaneous  images 
of  molecularly  mixed  fluid  fraction  across  the  entire  width  of  the  shear  layer.  King 
et  al.  (1999)  successfully  applied  this  technique  to  study  near-held  molecular  mixing 
of  turbulent  jets  with  Reynolds  numbers,  ReD ,  in  the  range  of  1000  to  100000.  They 
noted  two  very  distinct  mixing  regimes  that  were  attributed  to  a  mixing  transition 
similar  to  that  described  by  Konrad  (1976).  In  a  follow-up  study,  Meyer  et  al  (2001) 
investigated  more  closely  the  transitional  regime  between  ReD  =  16000  and  30000. 
They  confirmed  from  mixed-jet-fluid  statistics  before,  during,  and  after  the  cascade 
to  small  scales  that,  to  first  order,  the  location  of  this  transition  from  the  jet  exit  is 
inversely  proportional  to  the  initial  instability  wavelength  of  the  jet  shear  layer. 

The  current  investigation  extends  these  studies  of  turbulent  gaseous  molecular 
mixing  using  the  NO-  and  acetone-PLIF  technique  to  planar  shear  layers.  The  planar 
case  differs  from  axisymmetric  jets  in  several  respects:  (i)  planar  shear  layers  have 
constant  free-stream  conditions  and  do  not  experience  the  effects  of  an  increasing 
shear-layer  thickness  to  diameter  ratio;  (ii)  the  enclosed  planar  shear-layer  facility 
allows  the  seed  species  to  be  flipped  for  measurements  of  both  low-  and  high-speed 


887 


Coherent  structures  and  turbulent  molecular  mixing 


181 


Mesh  screens 


Figure  1.  Schematic  of  the  planar  shear-layer  facility.  The  cross-stream  width  is  101.6  mm. 


fluid  molecular  mixing;  (iii)  the  effect  of  velocity  ratio  can  more  readily  be  studied  in 
the  planar  shear  layer  facility;  and  (iv)  unlike  jet  measurements  that  are  constrained 
to  the  region  before  the  end  of  the  jet  potential  core,  measurements  in  planar  shear 
layers  can  readily  be  performed  in  the  far-field  region. 

The  goal  of  this  investigation  is  to  provide  a  better  understanding  of  the 
fundamental  mechanisms  that  govern  turbulent  molecular  mixing  in  incompressible 
gaseous  planar  shear  layers,  including  the  effects  of  coherent  structures,  Reynolds 
number,  velocity  ratio,  initial  instability  wavelength  and  downstream  distance.  This 
is  made  possible  by  the  use  of  simultaneous  dual-tracer  NO-  and  acetone-PLIF 
for  the  measurement  of  molecularly  mixed  fluid  quantities  along  with  instantaneous 
images  across  the  entire  width  of  the  mixing  layer.  With  this  unique  measurement 
capability,  the  interplay  of  large-  and  small-scale  gaseous  mixing  phenomena  can  be 
studied  directly,  and  the  uncertainty  due  to  subresolution  stirring  (pockets  of  pure 
fluid  within  the  region  imaged  by  a  pixel  element)  is  minimized.  As  with  acid/base 
visualizations  in  liquid  flows,  this  technique  is  also  two-dimensional,  non-invasive, 
time-resolved,  and  can  be  used  to  measure  instantaneous  mixed-fluid  fractions  in 
addition  to  time-averaged  statistics. 

After  descriptions  of  the  flow  facility,  measurement  system,  and  flow  conditions,  we 
present  and  discuss  the  first  two-dimensional  measurements  of  low-speed,  high-speed 
and  total  mixed-fluid  statistics,  time-averaged  and  instantaneous,  in  incompressible 
gaseous  planar  shear  layers.  Planar  maps  of  molecular-mixing  efficiency  are  used  for 
the  detection  of  small-scale  subresolution  stirring.  The  effect  of  coherent  structures  on 
the  state  of  molecular  mixing  is  further  analysed  through  the  use  of  probability  density 
functions  and  time-averaged  statistics.  Comparisons  are  made  with  previous  results 
from  probe-based  measurements  of  molecular  mixing  in  gaseous  planar  shear  layers, 
laser-based  measurements  of  molecular  mixing  in  gaseous  axisymmetric  shear  layers, 
and  laser-based  measurements  of  molecular  mixing  in  liquid  planar  shear  layers. 


2.  Apparatus 


2.1.  Planar  shear  layer  facility 


The  planar  shear  layer  facility  (figure  1)  was  initially  built  for  compressible  flow 
studies  by  Olsen  (1999)  and  was  subsequently  modified  for  incompressible  flow 
investigations  by  Meyer  (2001).  Compressed  air  from  a  PID-pressure-controlled 
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stagnation  chamber  passes  through  two  mesh  screens  and  a  honeycomb  block  before 
entering  the  upper  and  lower  plenum  chambers  via  76  mm  diameter  pipes.  The  plenum 
flow  is  further  conditioned  by  passing  through  two  mesh  screens,  a  honeycomb  block 
and  a  final  mesh  screen.  The  upper  (high-speed)  nozzle  is  177.8  mm  in  height  at  the 
entrance  and  contracts  to  a  height  of  31.75  mm  at  the  exit  tip  of  the  splitter  plate,  for 
a  contraction  ratio  of  5.6:1.  The  lower  (low-speed)  nozzle  is  227.1mm  in  height  at 
the  entrance  and  contracts  to  a  height  of  50.8  mm  at  the  exit  tip  of  the  splitter  plate, 
for  a  contraction  ratio  of  4.5:1.  The  splitter  plate  is  offset  upward  by  9.5  mm  from 
the  centre  of  the  test  section  to  compensate  for  the  known  deflection  of  the  mixing 
layer  toward  the  low-speed  stream  as  a  result  of  the  continuity  requirement.  The 
spanwise  dimension  of  the  shear-layer  test  section  is  101.6  mm,  and  the  total  height 
is  82.55  mm.  All  four  walls  of  the  test  section  have  fused-silica  windows  for  optical 
access  in  the  ultraviolet.  The  total  viewing  length  is  355.6  mm  in  the  streamwise 
direction  and  begins  slightly  upstream  of  the  splitter-plate  tip.  The  flow  exits  the  test 
section  through  a  610  mm  long  diffuser,  enters  the  main  exhaust  line,  and  is  vented  to 
the  exterior  of  the  building. 

The  upper  and  lower  plenum  chambers  are  fed  with  either  acetone-seeded  air  or 
NO-seeded  nitrogen  (N2).  The  acetone  seeding  system  consists  of  an  atomizing  nozzle 
located  in  the  main  air-supply  pipe  about  2  m  upstream  of  the  stagnation  chamber  to 
ensure  complete  vaporization  and  mixing.  For  the  NO  seeding  system,  nitrogen  flow 
is  supplied  via  an  N2-cylinder  manifold  located  about  5  m  upstream  of  the  76  mm 
diameter  supply  pipe.  Gas  cylinders  filled  with  lOOOp.p.m.  NO-in-N2  are  diluted  to 
100-250  p.p.m.  NO-in-N2,  mixed  in  a  swirl  chamber,  and  conditioned  with  two  mesh 
screens  and  a  honeycomb  block  before  entering  the  76  mm  supply  pipe  about  1  m 
upstream  of  the  plenum  chamber.  The  flow  rate  of  the  NO-in-N2  gas  was  kept  constant 
using  a  number  of  dual-stage  regulators,  as  verified  using  hot-film  measurements  in 
the  test  section.  Flip  experiments  are  achieved  by  switching  the  seeded  inlet  flows  to 
the  76  mm  diameter  pipes  that  feed  the  upper  and  lower  plenum  chambers. 

2.2.  NO /acetone  PLIF  measurement  system 

In  a  conventional  passive-scalar  (e.g.  acetone)  PLIF  technique  (Lozano,  Yip  &  Hanson 
1992),  the  detected  LIF  signal  is  linearly  proportional  to  the  tracer  concentration, 
but  the  extent  of  molecular  mixing  is  unknown  since  the  smallest  scales  imaged 
are  typically  larger  than  the  smallest  diffusion  scales.  High-resolution  measurements 
have  been  performed,  but  it  is  difficult  to  visualize  molecular  mixing  at  both  the 
small  and  large  scales  simultaneously  with  this  method  (Dahm,  Southerland  &  Buch 
1991;  Buch  &  Dahm  1996,  1998).  In  contrast  to  passive-scalar  PLIF,  cold-chemistry 
PLIF  using  NO  seeding  provides  a  measure  of  the  extent  of  molecular  unmixedness 
because  its  signal  is  highly  quenched  when  it  is  molecularly  mixed  with  oxygen  (Paul 
&  Clemens  1993).  A  ‘flip’  experiment  can  then  be  performed  to  obtain  time-averaged 
total  mixed-fluid-fraction  statistics. 

By  using  acetone  PLIF  as  a  passive-scalar  measure  of  the  fluid  fraction  from  each 
fluid  stream,  and  by  using  NO  PLIF  simultaneously  as  a  measure  of  the  unmixed  fluid 
fraction  from  one  fluid  stream,  instantaneous  PLIF  images  of  molecular  mixing  for 
the  NO-seeded  fluid  can  be  obtained  without  resorting  to  a  high-resolution  imaging 
system  (King  et  al.  1997).  By  performing  the  flip  experiment,  it  is  then  possible  to 
obtain  instantaneous  images  of  molecular  mixing  for  both  fluid  streams.  As  this 
approach  was  initially  being  demonstrated,  Island,  Urban  &  Mungal  (1996)  proposed 
virtually  the  same  idea  but  on  a  time-averaged  basis.  A  similar  approach  that 
employs  near-simultaneous  passive-scalar  acetone  PLIF  and  cold-chemistry  acetone 
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(355  nm)  (452  nm)  (226  nm) 

Figure  2.  NO-  and  acetone-PLIF  lasers  and  optics.  BBO,  beta  barium  borate  crystal. 


phosphorescence  (Hu  &  Koochesfahani  2002)  may  also  be  considered  as  a  gaseous 
analogue  to  acid/base  reactions  in  that  it  can  distinguish  between  fluid  from  each  of 
the  free  streams.  It  is  more  easily  implemented  than  the  dual-tracer  PLIF  technique, 
but  like  other  methods  based  on  phosphorescence  (Yip,  Lozano  &  Hanson  1994), 
its  limited  temporal  resolution  can  be  a  disadvantage  for  high-speed  flows.  The 
dual-tracer  PLIF  technique  used  here  is  to  be  distinguished  from  other  multiple 
passive-scalar  approaches  (e.g.  Seitzman  et  al.  1994)  that  fundamentally  are  neither 
intended  for,  nor  are  capable  of,  measuring  the  extent  of  molecular  mixing.  The 
theory  and  experimental  set-up  of  the  dual-tracer  PLIF  technique  is  fully  described 
in  the  literature  (King  et  al  1997,  1999;  Meyer  et  al  1999,  2002);  a  brief  summary  is 
included  below  for  reference. 

As  stated  earlier,  the  shear  flow  consists  of  acetone-seeded  air  in  one  stream  and 
NO-seeded  N2  in  the  other  stream.  Air  is  a  convenient  carrier  for  acetone  because  it 
quenches  unwanted  long-time-scale  acetone  phosphorescence  and  quenches  NO  PLIF 
upon  molecular  mixing  within  the  shear  layer.  Nitrogen  is  a  convenient  carrier  for 
NO  because  of  its  relatively  small  quenching  cross-section.  The  technique  requires 
coincident  laser  sheets  at  226  nm  and  266  nm  for  NO  and  acetone  PLIF,  respectively 
(figure  2).  The  NO  PLIF  signal  from  226-300  nm  is  collected  at  90°  using  a  multi¬ 
element  UV  lens  on  an  unintensified  512  x  512  CCD  camera.  The  broadband  acetone 
PLIF  signal,  centred  at  450  nm,  is  collected  simultaneously  with  the  NO  PLIF  using  a 
glass  lens  on  a  second  CCD  camera.  For  the  current  experiments,  each  camera  images 
a  60  mm  x  60  mm  physical  region,  which  results  in  a  probe  area  of  117  pm  x  117  pm 
per  pixel.  The  probe  depth  is  fixed  by  the  NO  and  acetone  laser-sheet  thicknesses 
of  245  +  10  pm,  as  measured  by  traversing  a  knife  edge  across  the  focal  point.  These 
values  are  well  matched  because  differences  in  wavelength  (~15  %)  and  beam  quality 
are  offset  by  differences  in  beam  diameter  (~14  %).  Correspondingly,  the  focal  depths 
differ  by  ~3  %. 

Once  acquired,  the  NO  images  are  remapped  to  the  same  scale  and  orientation 
as  the  acetone  images.  This  is  accomplished  to  within  pixel  resolution  using 
conformal  mapping  coefficients  derived  from  a  least  squares  fit  to  ~20  common 
points  from  images  of  aerosol  scattering.  After  background  subtraction  to  eliminate 
repeatable  laser  scatter,  the  NO  and  acetone  PLIF  signals  from  the  mixing  layer 
are  normalized  by  reference  signals  from  pure  fluid  regions.  The  latter  normalization 
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is  performed  column-by-column  and  eliminates  errors  from  shot-to-shot  laser-sheet 
intensity  variations  as  well  as  differences  in  camera  sensitivity.  As  described  above, 
the  normalized  and  corrected  acetone  and  NO  PLIF  signals  represent  the  fraction  of 
acetone-seeded  fluid,  fAc,  and  unmixed  NO-seeded  fluid,  /uno,  respectively.  The  mixed 
NO-seeded  fluid  fraction  is  then  found  from  fmNo  =  /no  ~  fuNO  =  1  —  /ac  ~  fuNO- 
By  definition,  the  NO-seeded  fluid  molecular-mixing  efficiency  is  the  ratio  of  the 
molecularly  mixed  NO-seeded  fluid  to  total  NO-seeded  fluid,  or  rjmN0  =  fmNo/ /no- 
Because  NO  is  not  fully  quenched  in  the  presence  of  small  amounts  of  acetone  and 
air,  the  final  image-processing  step  is  to  perform  a  finite-quenching-rate  correction 
for  fuNO  based  on  an  experimentally  verified  five-level  model  of  NO  fluorescence 
and  the  measured  fluid  fraction  of  acetone-seeded  air  (Meyer  et  al.  2002).  At  an 
acetone-seeded  air  fluid  fraction  of  5  %,  for  example,  the  current  dual-tracer  PLIF 
approach  predicts  that  about  10  %  of  the  NO  signal  remains  unquenched.  Accurate 
knowledge  of  the  air  fluid  fraction  and  finite-quenching-rate  effects,  therefore,  is  one 
of  the  advantages  of  the  current  approach  over  previous  measurements  based  on  NO 
seeding  alone  (Clemens  &  Paul  1995;  Island  et  al.  1996). 

The  signal-to-noise  ratio  (SNR)  is  typically  75:1  and  50:1  for  the  normalized 
acetone-  and  NO-PLIF  images,  respectively,  in  the  corresponding  free-stream  regions. 
To  estimate  the  uncertainty  in  fmN0  and  r]mN0 ,  one  must  account  for  both  random 
errors  associated  with  the  SNR  and  bias  errors  due  to  image-matching  «0.025),  finite 
spatial  resolution  «0.01),  sheet  width  «0.032),  and  differential  diffusion  of  acetone 
and  air  in  nitrogen  «0.01).  These  errors  are  estimated  based  on  the  sensitivity 
in  regions  with  high  spatial  gradients,  and  the  error  from  differential  diffusion  is 
estimated  from  a  direct  numerical  simulation  of  a  jet  mixing  layer  (Meyer  et  al.  2002). 
The  final  fractional  uncertainties  in  fmN0  and  r]mN0  are  highly  dependent  upon  the 
local  mixture  fraction  and  can  range  from  ~6  %  near  the  NO-seeded  free  stream  to 
~19  %  near  the  acetone-seeded  freestream. 


3.  Flow  conditions 

Three  velocity  ratios  (labelled  1,  2  and  3)  and  two  downstream  locations  (labelled 
A  and  B)  are  studied  in  the  current  investigation,  as  shown  in  table  1.  The  high¬ 
speed  fluid  velocity  is  varied  from  about  30  to  50 ms-1,  while  the  low-speed  fluid 
velocity  is  held  nearly  constant  at  about  13  to  14 ms-1.  Thus,  flow  conditions  1,  2 
and  3  correspond  to  low-  to  high-speed  velocity  ratios,  r  =  ULS/UHs,  of  0.44,  0.34 
and  0.25,  respectively.  Locations  A  and  B  at  80  mm  and  178  mm  downstream  of  the 
splitter-plate  tip  were  selected  to  allow  measurements  early  and  late  in  shear-layer 
development  while  avoiding  interaction  with  the  channel  walls.  Dual-tracer  PLIF 
images  for  flow  conditions  1  and  3  were  collected  at  both  locations  A  and  B,  while 
data  for  flow  condition  2  were  collected  at  location  B  only.  Based  on  these  flow 
conditions  and  measurement  locations,  five  pairing  parameter  values  ranging  from 
Rx/)i  =  6.6  to  28.1  were  investigated,  as  given  in  table  1.  The  pairing  parameter  is  a 
non-dimensional  downstream  coordinate  that  accounts  for  the  effects  of  velocity  ratio 
and  initial  instability  wavelength  on  the  transition  to  small-scale  turbulence  (Karasso 
&  Mungal  1996).  The  Reynolds  number,  which  accounts  for  the  effects  of  free-stream 
velocity  difference  and  local  shear-layer  thickness,  varies  from  Res  =  18  600  to  103  000, 
as  given  in  table  1. 

Characteristics  of  the  boundary  layers  near  the  splitter-plate  tip  for  both  the  low- 
and  high-speed  streams,  as  well  as  the  downstream  shear-layer  velocity  profiles, 
were  measured  using  hot-film  anemometry  (Meyer  2001).  The  free-stream  velocities 
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Case 


Parameter 

High-speed  (HS)  velocity,  Uhs  (ms-1) 
Low-speed  (LS)  velocity,  Uls  (ms-1) 
Velocity  ratio,  r  =  Uls  /Uhs 
Flip  experiment  performed 
Velocity  parameter,  R  =  (1  —  r)/(  1  +  r) 
Initial  instability  wavelength,  A  (mm) 
Distance  from  splitter-plate  tip,  x  (mm) 
Pairing  parameter,  Rx/A 
2  %  -  98  %  mixing  layer  width,  8  (mm) 
Reynolds  number,  Res  =  ( Uhs  ~  Uls)$/v 
Initial  HS  boundary-layer 
thickness,  8ms  (mm) 

Initial  LS  boundary-layer 
thickness,  8ms  (mm) 

Initial  HS  momentum  thickness,  Oms  (mm) 
Initial  LS  momentum  thickness,  Oils  (mm) 
Initial  HS  shape  factor,  Hms  =  SiHs/°mst 
Initial  LS  shape  factor,  HiLs  = 

Strouhal  number,  Ste  =0ms /X 
Initial  turbulence  intensity,  u'JU  (%) 

Pixel  measurement  area,  Lpix  (pm2) 

Laser  sheet  thickness,  Lias  (pm) 

Smallest  diffusion  length  scale,  LD  (pm)$ 


1  (Location  A,  B) 

2  (Location  B) 

3  (Location  A,  B) 

29.5 

42.0 

50.5 

12.8 

14.1 

12.8 

0.44 

0.34 

0.25 

No,  Yes 

Yes 

No,  Yes 

0.39 

0.49 

0.60 

4.7 

4.1 

3.8 

80,  178 

178 

80,  178 

6.6,  14.8 

21.3 

12.6,  28.1 

16.7,  30.8 

35.6 

16.7,  41.4 

18  600,  34  300 

65  400 

41500,  103  000 

1.4 

1.2 

1.1 

2.6 

2.6 

2.6 

0.179 

0.155 

0.140 

0.32 

0.32 

0.32 

2.33 

2.49 

2.56 

2.58 

2.58 

2.58 

0.038 

0.038 

0.038 

0.5-1.0 

0.5-1.0 

0.5-1.0 

117  x  117 

117  x  117 

117x  117 

245  + 10 

245  + 10 

245  + 10 

140,  164 

117 

77,  96 

1 8*  is  the  initial  boundary-layer  displacement  thickness. 

%Ld  =  11.2 8ReJ3/4Sc~1/2  (from  Buch  &  Dahm  1998). 

Table  1.  Flow  conditions. 


remained  uniform  across  the  test  section  to  within  about  1  %.  The  shape  factor  of  the 
low-speed  boundary  layer,  H  =  2.58,  matches  that  of  a  laminar  (i.e.  Blasius)  profile. 
The  shape  factor  for  the  high-speed  boundary  layer  deviates  by  as  much  as  10  % 
from  a  Blasius  profile  for  flow  condition  1,  but  is  quite  close  to  the  Blasius  profile  for 
flow  conditions  2  and  3.  Table  1  gives  these  and  other  relevant  boundary-layer  and 
shear-layer  parameters  for  comparison  with  other  experimental  investigations. 

The  initial  instability  wavelength,  2,  varies  with  the  high-speed  fluid  velocity,  and 
is  estimated  from  acetone  PLIF  visualizations  of  the  initial  vortex  spacing,  Xvis,  near 
the  splitter-plate  tip.  Although  it  is  difficult  to  obtain  a  ‘true’  measurement  of  X 
for  comparison  with  flow  conditions  from  other  facilities,  a  good  estimate  of  X  was 
obtained  by  measuring  the  high-speed  boundary  layer  momentum  thickness,  0iHS, 
near  the  splitter-plate  tip.  The  results  for  flow  conditions  1  to  3  are  plotted  in  figure  3 
and  reliably  fit  the  relation  Xvis  «  26 0iHS.  Many  of  the  results  in  this  work  are  compared 
with  the  acid/base  liquid  mixing-layer  visualizations  and  measurements  of  Karasso  & 
Mungal  (1996),  who  used  Xvis  «  30 0iHS.  Mehta  et  al  (1987)  used  Xvis&25 0iHS  in  a 
gaseous  mixing  layer,  while  a  variety  of  other  investigators  have  used  other  values 
near  or  within  this  range  (Gutmark  &  Ho  1983).  The  expected  linear  dependence  of 
X  on  Uhs/2  f°r  laminar  boundary  layers  is  also  shown  in  figure  3.  Thus,  the  values 
of  X  shown  in  table  1  should  not  only  provide  an  appropriate  instability  length  scale 
for  the  current  investigation,  but  should  also  provide  an  approximate  scaling  for 
comparison  with  results  from  other  facilities. 
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Figure 


AViS9  is  compared  with  the  relation  X  =  26 Oms- 


The  range  of  flow  conditions  given  in  table  1  was  selected  to  allow  measurements 
in  the  developing  and  fully  developed  turbulent  regimes,  the  latter  of  which  has  been 
shown  in  past  studies  in  gaseous  and  liquid  mixing  layers  to  require  a  minimum 
Res&  10000  (Slessor  et  al.  1998).  All  the  flow  conditions  examined  in  this  study 
are  above  this  value.  Other  investigators  have  found,  however,  that  hydrodynamic 
quantities  become  fully-developed  at  Rx/X  «  8  to  16  (Huang  &  Ho  1990;  Karasso  & 
Mungal  1996),  while  scalar  quantities  become  fully  developed  by  Rx/X  ^22 
(Karasso  &  Mungal  1996).  Thus,  for  Case  1A  (Rx/X&  6.6),  fully  developed  hydro- 
dynamic  conditions  may  not  be  attained  even  though  Res>  10000.  Furthermore, 
Case  2B  (Rx/X&  21.3)  is  at  the  threshold  for  being  fully  developed  in  terms  of  scalar 
quantities,  while  only  Case  3B  (Rx/X&  28.1)  is  beyond  both  the  R q8  and  Rx/X  criteria 
for  fully  developed  hydrodynamic  and  scalar  quantities. 

Another  condition  for  self- similarity,  proposed  by  Bradshaw  (1966),  states  that 
the  downstream  distance  from  the  splitter-plate  tip  must  be  greater  than  10000^. 
Subsequent  studies  have  proposed  criteria  for  self- similarity  as  high  as  2000 0iHS 
or  more  (Dziomba  &  Fiedler  1985),  although  Bradshaw’s  original  hypothesis  has 
been  found  to  hold  true  for  laminar  (Blasius-type)  initial  conditions.  Thus,  for  the 
laminar  conditions  documented  in  the  current  study,  Case  2B  (x  « 10000^)  is  again 
at  the  threshold  for  being  fully  developed,  based  on  this  criterion,  while  Case  3B 
(x  « 1300 Oms)  is  beyond  this  threshold.  In  fact,  Bradshaw’s  criterion  and  that  of  the 
pairing  parameter  are  identical  insofar  as  the  initial  instability  wavelength  is  directly 
proportional  to  0iHS,  as  shown  in  figure  3. 

Another  factor  that  has  been  shown  to  affect  the  development  of  mixing  layers 
is  the  finite  thickness  of  the  splitter-plate  tip.  This  thickness  is  more  important  for 
higher  velocity  ratios  (r  >  0.6),  for  which  the  splitter-plate  wake  has  been  found  to 
have  a  lasting  effect  on  the  three-dimensional  structure  of  the  mixing  layer  (Wiecek 
&  Mehta  1998).  At  r  =0.44,  which  is  equivalent  to  the  highest  velocity  ratio  for  the 
current  study,  Dziomba  &  Fiedler  (1985)  found  that  the  trailing-edge  thickness  can 
affect  shear-layer  development  if  it  exceeds  50  %  of  the  total  (low-  and  high-speed) 
boundary-layer  displacement  thickness.  The  splitter-plate  thickness  (0.35  mm)  is  less 
than  30  %  of  the  total  boundary-layer  displacement  thickness  for  all  of  the  flow 
conditions  in  the  current  study  and  thus  should  not  play  a  significant  role  in  the 
far-field  mixing  dynamics. 
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Of  final  concern  for  the  initial  conditions  is  the  initial  free-stream  turbulence 
intensity  level,  u'JU,  which  is  shown  in  table  1  to  vary  between  0.5  and  1  %.  Mehta 
(1991)  has  suggested  that  u\/U  <  0.2  %  is  required  for  the  mixing-layer  development 
to  be  independent  of  the  velocity  ratio.  At  the  lower  velocity  ratios  in  the  current 
study  (r  <  0.5),  the  local  turbulence  intensity  in  the  mixing  layer  is  much  greater 
than  the  free-stream  turbulence  level  and  is  more  likely  to  develop  independently  of 
u\/U.  Nonetheless,  it  is  difficult  to  determine  an  exact  threshold  velocity  ratio  for 
which  the  effects  of  free-stream  turbulence  become  significant,  and  this  factor  must 
be  kept  in  mind  when  comparing  the  data  at  various  velocity  ratios  from  this  and 
other  investigations. 


4.  Instantaneous  images 

Representative  instantaneous  images  from  the  dual-tracer  PLIF  technique  for  all 
of  the  conditions  given  in  table  1  are  shown  in  figures  4-7,  with  sample  line  plots 
in  figure  8.  The  fractions  of  low-  and  high-speed  fluid  are  represented  by  fLS  and 
fns,  respectively,  and  sum  to  unity  for  the  current  binary  fluid  system.  When  acetone 
is  seeded  into  the  high-speed  stream,  fHS  is  found  directly  from  the  normalized 
and  corrected  acetone-PLIF  image  and  fLS  =  1  —  fas-  In  this  case,  NO  is  seeded 
into  the  low-speed  stream  so  that  the  fraction  of  unmixed  low-speed  fluid,  fuLS,  is 
found  from  the  normalized  and  corrected  NO-PLIF  image.  From  these  two  images, 
it  is  then  possible  to  compute  the  fraction  of  molecularly  mixed  low-speed  fluid 
from  fmLS  =  /ls~  fuLs,  as  well  as  the  low-speed  fluid  molecular-mixing  efficiency, 
hmLS  =  fmLs/fLS,  which  is  also  plotted  in  figures  4  to  8.  By  definition,  r]mLS  is  unity 
when  all  of  the  NO-seeded  fluid  in  a  measurement  volume  is  mixed  at  the  molecular 
level  (i.e.  fmLs  =  Ils)i  non-unity  values  of  rjmLS  imply  the  existence  of  pure-fluid 
subresolution  stirring.  The  flip  experiment  is  accomplished  simply  by  seeding  acetone 
and  NO  in  the  opposite  streams  so  that  the  PLIF  images  can  be  used  to  obtain  fmHS 
and  r]mHS. 


4.1.  Primary  and  secondary  entrainment 

One  of  the  more  striking  features  in  the  passive-scalar  images  of  Pickett  &  Ghandhi 
(2002)  in  moderate-speed  gaseous  planar  shear  layers  is  the  existence  of  both  primary 
and  secondary  structures  associated  with  the  original  Kelvin-Helmholtz  instability 
and  localized  shear  layers,  respectively.  A  similar  observation  can  be  made  regarding 
the  higher  Res  conditions  of  the  current  study,  as  shown  in  figures  4  to  7.  Superimposed 
on  the  large-scale  roll-up  of  figure  5(a)  are  intermediate-scale  structures  with  sizes 
of  ~0.15,  some  of  which  are  identifiable  as  vortex  roll-ups,  but  most  of  which  are 
of  random  shape  and  orientation.  These  intermediate-scale  structures,  which  may 
have  their  origin  in  the  collapse  of  streamwise  vortices  (Moser  &  Rogers  1991), 
enhance  mixing  along  the  outer  region  of  the  shear  layer  such  that  large-scale  roll¬ 
ups  entrain  mixed  rather  than  unmixed  fluid.  This  is  illustrated  further  in  figures  6(b) 
and  1(b),  which  show  low-speed  fluid  being  entrained  intermittently.  The  result  is  a 
convoluted  internal  mixing  layer  with  fluid  structures  that  originate  from  the  edge  of 
the  shear  layer  and  that  continue  the  transition  to  small-scale  mixing  through  further 
interaction.  The  line  plots  of  figure  8  are  representative  of  this  convoluted  internal 
structure,  with  low-speed  fluid  being  preferentially  entrained  on  the  low-speed  side 
and  high-speed  fluid  being  preferentially  entrained  on  the  high-speed  side.  At  various 
instances,  the  shear  layer  intermittently  displays  a  predominant  large-scale  structure, 
as  in  figure  6(b) ,  or  a  lack  of  large-scale  organization,  as  in  figure  6(a).  In  the  absence 
of  a  large-scale  Kelvin-Helmholtz  roll-up,  intermediate-scale  structures  enhancgg|he 
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Figure  4.  Instantaneous  images  of  total  low-speed  fluid  fraction,  fL$,  mixed  low-speed 
fluid  fraction,  fmLS>  and  low-speed  fluid  molecular-mixing  efficiency,  r]mLs ,  for  ( a )  Case  1A 
(Res  =  18  600,  Rx/X  =  6.6)  and  ( b )  Case  3A  (Re$  =  41  500,  Rx/X  =  12.6).  Streamwise  extent 
is  x  =  50-1 10  mm  and  cross-stream  extent  is  y/8  =  +0.5. 


Figure  5.  Instantaneous  time-uncorrelated  images  of  the  flip  experiment  for  Case  IB 
(Res  =  34  300,  Rx/X  =  14.8)  with  NO  seeded  into  (a)  the  high-speed  stream  and  ( b )  the 
low-speed  stream.  Streamwise  extent  is  x  =  148-208  mm,  and  cross-stream  extent  is 
y/8  =  ±0.5. 


entrainment  of  free-stream  fluid  into  the  outer  regions  of  the  shear  layer  and  imply 
the  existence  of  non-stationary  mixed-fluid  p.d.f.s. 

These  observations  differ  from  the  classical  descriptions  of  Broadwell  &  Breidenthal 
(1982)  and  Masutani  &  Bowman  (1986),  whose  data  suggest  that  fluid  in  the  mixing 
layer  is  composed  of  either  pure  fluid,  homogeneously  mixed  fluid,  or  interfacial 
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Figure  6.  Instantaneous  time-uncorrelated  images  of  the  flip  experiment  for  Case  2B 
(Res  =  65  400,  Rx/A  =  21.3)  with  NO  seeded  into  ( a )  the  high-speed  stream  and  ( b )  the 
low-speed  stream.  Streamwise  extent  is  x  =  148-208  mm  and  cross-stream  extent  is  y/8  = 
±0.5. 


diffusion  layers  between  the  pure  and  mixed  fluids.  The  images  shown  in  figures  4  to 
7  indicate  that  the  interfacial  diffusion  layers  may  be  dominated  by  intermediate-scale 
secondary  instabilities.  The  existence  of  intermediate-scale  vortices  leads  to  regions  of 
inhomogeneously  mixed  fluid  of  widely  varying  concentration,  as  is  shown  in  figure  8. 
A  similar  observation  regarding  the  effects  of  primary  and  secondary  structures 
was  made  by  Meyer  et  al  (2001),  who  reported  the  frequent  occurrence  of  two 
predominant  mixed-fluid  concentrations  across  axisymmetric  gaseous  mixing  layers. 
In  the  current  planar  shear-layer  data,  instantaneous  images  show  a  wider  variation  in 
mixed-fluid  concentrations  associated  with  secondary  instabilities  as  compared  with 
the  axisymmetric  shear-layer  results  of  Meyer  et  al  (2001).  The  size  and  frequency 
of  primary  and  secondary  structures  have  implications  for  the  statistical  character  of 
the  planar  mixing  layer,  as  discussed  further  in  terms  of  probability  density  functions 
and  ensemble-averaged  statistics  in  §  5  and  §  6,  respectively. 

4.2.  Mixing  efficiency  and  subresolution  stirring 

The  dynamics  of  primary  and  secondary  instabilities  have  important  implications 
for  the  existence  of  subresolution  stirring  as  large-  and  intermediate-scale  structures 
entrain  pure  fluid  at  varying  depths  within  the  shear  layer.  Figure  4  shows  typical 
instantaneous  images  of  the  low-speed  fluid  fraction,  fLS,  mixed  low-speed  fluid 
fraction,  fmLS,  and  low-speed  fluid  molecular-mixing  efficiency,  r\mLs ,  for  location  A 
(jc  =  80  mm).  The  fluid  fractions  and  molecular-mixing  efficiency  for  the  high-speed 
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Figure  7.  Instantaneous  time-uncorrelated  images  of  the  flip  experiment  for  Case  3B 
(. Res  =  103  000,  Rx/X  =  28.1)  with  NO  seeded  into  (a)  the  high-speed  stream  and  ( b )  the 
low-speed  stream.  Stream  wise  extent  is  x  =  148-208  mm  and  cross-stream  extent  is  y/8  —  +0.5. 


Figure  8.  Sample  cross-stream  profiles  of  ( a )  fmLs  and  r]mLs  and  ( b )  fmHs  and  r]mHs  for 
Case  3B  (Res  =  103  000,  Rx/X  =  28.1)  collected  at  the  central  x  location  of  figure  7.  Negative 
y/8  toward  the  low-speed  stream. 

fluid  are  not  presented  because  flip  experiments  were  not  performed  for  these 
conditions  (see  table  1).  Note  the  increase  in  small-scale  turbulence  from  Case  1A 
in  figure  4(a)  to  Case  3A  in  figure  4(b).  This  increase  corresponds  to  a  change 
in  pairing  parameter  from  Rx/X  =  6.6  to  12.6  and  a  change  in  Reynolds  number 


897 


Coherent  structures  and  turbulent  molecular  mixing  191 

from  Res  =  l&600  to  41500.  Indeed,  the  smallest  diffusion  length  scale  is  expected 
to  decrease  from  140  pm  to  77  pm  under  these  conditions,  as  shown  in  table  1.  The 
limiting  resolution  of  245  pm,  as  defined  by  the  laser  sheet  thickness,  cannot  fully 
resolve  these  scales.  Nonetheless,  images  of  fLS  (obtained  from  acetone  PLIF)  and  fmLS 
(obtained  from  NO  and  acetone  PLIF)  are  nearly  identical  within  the  mixing  layer. 
As  a  result,  maps  of  low-speed-fluid  molecular-mixing  efficiency,  r\mLs  =  fmLS i /ls,  are 
nearly  unity  throughout  most  of  the  internal  regions  of  the  shear  layer  for  Cases  1A 
and  3A.  It  is  possible  to  conclude,  therefore,  that  subresolution  stirring  of  molecularly 
unmixed  low-speed  fluid  is  found  primarily  along  the  outer  edges  along  the  interface 
between  the  mixing  layer  and  the  low-speed  (NO-seeded)  fluid  stream.  This  interface  is 
also  the  region  with  the  least  uncertainty  in  both  fmLS  and  r\mLS  (~6  %).  Subresolution 
stirring  of  low-speed  fluid  is  not  detected  near  the  high-speed  (acetone-seeded)  fluid 
stream,  presumably  because  all  of  the  low-speed  fluid  in  this  region  is  molecularly 
mixed. 

Instantaneous  images  with  the  same  seeding  configuration  as  for  figure  4,  as  well 
as  with  the  acetone-  and  NO-seeded  flows  flipped,  are  available  at  location  B,  which 
is  100  mm  downstream  of  location  A.  This  ‘flip’  experiment  provides  images  of 
molecularly  mixed  high-  and  low-speed  fluid,  as  well  as  time-averaged  statistics  of 
the  total  amount  of  molecularly  mixed  fluid.  These  images  and  associated  statistics 
are  the  first  to  be  obtained  in  a  planar  or  axisymmetric  gaseous  shear  layer  and 
are  used  to  resolve  previous  ambiguities  regarding  the  relative  molecular  mixing 
behaviour  of  the  high-  and  low-speed  fluids.  Figure  5  shows  sample  instantaneous 
time-uncorrelated  flip  images  for  Case  IB  (Re8  =  34  300,  Rx/X  =  14.8).  As  shown  in 
table  1,  the  shear-layer  width  has  grown  by  nearly  a  factor  of  two  from  Case  1A  in 
figure  4(a)  to  Case  IB  in  figure  5(Z?).  Correspondingly,  the  fluid  structures  within  the 
mixing  layer  and  at  the  mixing-layer-to-free  stream  interfaces  have  also  increased  in 
size.  This  leads  to  an  increase  in  diffusion  length  scale  from  Case  1A  to  IB  as  given 
in  table  1.  Although  the  images  are  still  underresolved,  near-unity  maps  of  low-  and 
high-speed  fluid  molecular-mixing  efficiency  again  indicate  that  subresolution  stirring 
of  pure  fluid  is  confined  to  the  outer  regions  of  the  mixing  layer  adjacent  to  the 
NO-seeded  free  stream. 

The  shear-layer  width  grows  for  Cases  2B  (#^  =  65  400,  Rx/k  =  21.3)  and  3B 
(. Res  =  103  000,  Kx/2  =  28.1),  as  shown  in  figures  6  and  7,  respectively.  According  to 
table  1,  the  smallest  diffusion  length  scale  should  decrease  by  ~30  %  from  Case  IB  to 
2B  and  by  ~40  %  from  Case  IB  to  3B  because  of  increasing  Re§.  Despite  the  presence 
of  smaller  diffusion  length  scales,  no  increase  in  subresolution  stirring  of  pure  low-  or 
high-speed  fluid  is  detected  in  the  internal  regions  of  the  mixing  layer.  This  is  verified 
in  the  line  plots  of  figure  8,  in  which  only  the  outer  low-  and  high-speed  regions  have 
sub-unity  values  of  rimLS  and  rimHS ,  respectively.  As  will  be  discussed  further  in  §6, 
this  implies  that  the  total  mixed-fluid  probability  should  be  near  unity  for  the  internal 
regions  of  turbulent  gaseous  planar  shear  layers. 

In  previous  studies  of  gaseous  axisymmetric  shear  layers,  King  et  al.  (1999)  and 
Meyer  et  al  (2001)  also  found  near-unity  mixing  efficiency  of  high-speed  fluid  using 
the  dual-tracer  PLIF  technique.  Data  collected  with  NO  seeded  into  the  high-speed 
jet  showed  unity  values  of  r]mHS  throughout  most  of  the  mixing  layer,  including  the 
vortex  roll-up,  pairing,  breakup,  transitional  and  turbulent  regions.  As  is  the  case  in 
the  current  study,  sub-unity  values  of  rjmHs  were  detected  primarily  in  a  thin  region 
along  the  interface  between  the  mixing  layer  and  the  high-speed  (NO-seeded)  fluid 
stream.  As  stated  in  §  1,  the  flip  experiment  was  not  performed  by  King  et  al.  (1999) 
or  Meyer  et  al.  (2001),  and  so  it  is  not  possible  to  compare  the  low-speed  fluid 
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molecular-mixing  efficiency  results  for  the  planar  and  axisymmetric  cases.  Based  on 
the  data  presented  in  figures  5  to  7,  however,  it  is  likely  that  near-unity  low-speed 
mixing  efficiencies  are  also  typical  throughout  the  internal  regions  of  fully  developed 
turbulent  gaseous  axisymmetric  shear  layers. 

5.  Probability  density  functions 

Probability  density  functions  of  various  fluid  quantities  are  useful  for  detecting 
statistically  relevant  trends  in  the  mixing  process.  Such  trends  can  then  be  related  to 
the  instantaneous  images  of  molecularly  mixed  fluid  fraction  and  molecular-mixing 
efficiency  discussed  in  §4.  The  probability  density  function  of  molecularly  mixed 
NO-seeded  fluid,  fmNo,  is  normalized  to  unity, 

I  P (fmNO >  %  ■>  y)  d  fmNO  1?  (1) 

Jo 

where  v  and  y  for  a  digital  image  denote  a  pixel  location  in  the  mixing  layer.  When 
NO  is  seeded  into  the  low-  or  high-speed  stream,  fmN0  is  represented  by  fmLS  or 
fmHS ,  respectively.  Unlike  ensemble-averaged  quantities,  which  can  mask  large-scale 
structure  intermittency,  p.d.f.  shapes  show  the  likelihood  of  finding  pure  fluid  (tagged 
as  0  or  1),  indicate  the  range  of  fmN0  values  found  at  a  particular  location  (by  a  narrow 
or  broad  shape),  and  show  the  most  likely  or  preferred  fmN0  value  at  a  particular 
location  (from  the  peak  in  the  profile).  By  analysing  the  changes  in  p.d.f.  shape  across 
a  mixing  layer,  therefore,  one  can  detect  changes  in  the  character  of  the  intermittent 
mixing  process  and  compare  observations  with  other  investigations.  Differences  in  the 
processes  of  entrainment  and  mixing  between  the  low-  and  high-speed  fluids  can  also 
be  obtained  for  the  current  experiments  by  flipping  the  NO-seeded  fluid  between  the 
low-  and  high-speed  streams. 

Probability  density  functions  for  each  condition  given  in  table  1  were  calculated 
from  ensembles  of  about  100  images,  concentration  bin  widths  of  2.5  %,  and  spatial 
bin  sizes  of  350  pm  (3  pixels)  in  the  x  and  y  directions.  The  concentration  and 
spatial  bin  sizes  are  of  the  same  order  as  the  limiting  SNR  and  imaging  resolution, 
respectively,  and  allow  for  reasonably  smooth  p.d.f.s.  All  p.d.f.s  presented  herein  were 
obtained  at  the  centre -v  location  of  the  images.  Each  plot  contains  multiple  p.d.f.s 
ranging  from  y/S  =  ±  0.5  in  the  cross-stream  direction  (with  negative  values  of  y/S 
toward  the  low-speed  stream). 

5.1.  Effect  of  velocity  ratio  and  downstream  distance 

Figure  9(a)  shows  p.d.f.s  of  the  low-speed  mixed-fluid  fraction,  P(fmLs ),  for  Case  1A 
(r=0.44);  the  lower  velocity-ratio  condition  of  Case  3A  (r=0.25)  is  shown  for 
comparison  in  figure  9(b).  The  decrease  in  velocity  ratio  means  that  the  shear  layer 
is  more  fully  developed  for  Case  3A,  with  Re$  increasing  from  18  600  to  41500 
and  the  pairing  parameter  increasing  from  6.6  to  12.6.  The  following  is  a  detailed 
description  of  how  p.d.f.  trends  in  the  cross-stream  direction  relate  to  shear-layer 
mixing  dynamics  and  how  these  trends  change  with  velocity  ratio  from  Case  1A  to 
3A.  On  the  high-speed  side  of  figure  9(a)  from  y/S  =  0.1  to  0.5,  peaks  in  P(fmLs) 
are  found  at  fmLS  values  of  either  0  %  or  35  %.  These  values  represent  times  when 
the  measurement  volume  is  either  within  pure  high-speed  fluid  entrainment  regions, 
indicating  the  presence  of  large  Kelvin-Helmholtz  vortices,  or  within  mixed-fluid 
structures,  respectively.  The  peak  near  35  %  remains  stationary  as  y/8  decreases,  but 
at  the  centre  of  the  mixing  layer  (near  y/S=0)  the  p.d.f.  shape  broadens  and  the 
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Figure  9.  Cross-stream  p.d.f.s  of  fmLs  for  ( a )  Case  1A  ( Re8  =  18  600,  Rx/X  =  6.6)  and 
(b)  Case  3A  ( Re8  =  41  500,  Rx/X  =  12.6). 


peak  fmLS  shifts  to  about  40%.  The  slight  shift  from  35%  to  40%  represents  tilted 
p.d.f.  behaviour,  signifying  a  non-uniform  mixed-fluid  composition  across  the  shear 
layer.  Few,  if  any,  fmLS  values  of  0  %  occur  in  this  central  region,  which  is  indicative 
of  reduced  pure-fluid  intermittency.  On  the  low-speed  side  (toward  y/8  =  —  0.5),  the 
peak  at  40  %  diminishes  and  a  second  peak  appears  at  an  fmLS  of  70  %,  signifying 
increased  entrainment  of  low-speed  fluid  within  the  shear  layer.  As  discussed  in  §4.2, 
such  preferential  entrainment  of  low-speed  fluid  toward  the  low-speed  free  stream  is 
indicative  of  intermediate-  or  small-scale  mixing  along  the  outer  region  of  the  mixing 
layer.  The  existence  of  intermediate  scale-mixing  in  this  region  is  apparent  in  the 
planar  maps  of  figures  4  to  7,  while  the  existence  of  small-scale  mixing  is  confirmed 
by  the  presence  of  sub-unity  molecular  mixing  efficiencies  reported  earlier  in  §4.2.  The 
dual  peaks  at  fmLS  of  40  %  and  70  %  toward  the  low-speed  edge  of  the  mixing  layer 
represent  the  respective  competition  between  large-scale  Kelvin-Helmholtz  vortices 
and  intermediate-  or  small-scale  structures  induced  by  local  turbulence. 

For  the  lower  velocity  ratio  of  Case  3A  in  figure  9(b),  the  p.d.f.s  of  fmLS  take  on 
a  marching  character  from  a  peak  at  nearly  0  %  on  the  high-speed  side  to  70  %  on 
the  low-speed  side.  This  marching  character  results  from  a  breakdown  of  large-scale 
Kelvin-Helmholtz  vortices  and  the  increased  dominance  of  secondary  entrainment,  as 
shown  in  figure  4(b)  and  discussed  in  §  4.2.  Similar  observations  about  the  breakdown 
of  large  roller  structures  and  the  emergence  of  marching  p.d.f.s  are  reported  in  the 
direct  numerical  simulation  data  of  Rogers  &  Moser  (1994). 

The  effect  of  velocity  ratio  can  also  be  shown  further  downstream  at  location  B, 
where  flip  experiments  were  performed  for  Cases  IB  (r=0.44)  and  3B  (r=0.25); 
mixed-fluid  p.d.f.s  for  these  conditions  are  shown  in  figures  10 (a)  and  10(Z?), 
respectively.  The  effect  of  velocity  ratio  on  the  low-speed  fluid  p.d.f.s  is  very  similar 
to  that  observed  for  Cases  1A  and  3A,  as  described  above  in  detail.  The  high-speed 
fluid  p.d.f.s  evolve  from  a  stationary  to  a  hybrid  character  in  which  the  peak  P(fmHs) 
begins  to  march  to  lower  values  of  fmHS  toward  the  low-speed  stream.  This  marching 
behaviour  signifies  a  slight  decrease  in  the  influence  of  large-scale  structures  and  an 
increase  in  the  influence  of  secondary  entrainment  for  more  fully  developed  turbulent 
conditions.  The  p.d.f.s  for  Case  3B  are  also  narrower  than  for  Case  IB,  signifying 
reduced  intermittency  associated  with  a  breakdown  of  large-scale  vortices. 
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Figure  10.  Cross-stream  p.d.f.s  of  fmLs  and  fmns  for  ( a )  Case  IB  ( Re8  =  34  300,  Rx/X  =  14.8) 
and  ( b )  Case  3B  (Res  =  103  000,  Rx/s l  =  28.1).  (i)  low-speed  fluid;  (ii)  high-speed  fluid. 


The  effect  of  downstream  distance  is  not  dramatic  for  Cases  1A  and  IB,  which 
have  the  same  inflow  conditions,  but  are  separated  by  100  mm  in  the  stream  wise 
direction.  The  low-speed  fluid  p.d.f.s  of  Case  1A  in  figure  9(a)  are  surprisingly  similar 
to  the  p.d.f.s  of  Case  IB  in  figure  10(a).  Indeed,  the  fluid  structures  in  figures  4(a)  and 
5(Z?)  show  that  the  primary  and  secondary  entrainment  processes  are  quite  similar 
despite  a  significant  change  in  the  shear-layer  width  with  downstream  distance.  These 
observations  are  consistent  with  the  concept  of  self- similarity  for  fully  developed 
turbulence. 

Comparison  with  the  dual-tracer  PLIF  results  of  King  et  al.  (1999)  and  Meyer 
et  al  (2001)  indicate  that  the  effect  of  downstream  distance  is  somewhat  different 
in  the  case  of  gaseous  axisymmetric  shear  layers.  The  character  of  the  high-speed 
mixed-fluid  p.d.f.s  shown  in  figure  10  for  the  current  investigation  is  predominantly 
stationary,  with  a  slight  increase  in  marching  behaviour  on  the  low-speed  side  at 
the  more  fully  developed  condition  of  figure  10 (b).  King  et  al  (1999)  and  Meyer 
et  al  (2001)  recorded  similar  molecularly  mixed  high-speed-fluid  p.d.f.  shapes  in 
axisymmetric  gaseous  jets,  but  with  stronger  marching  behaviour  on  the  low-speed 
side.  Instantaneous  plots  of  molecularly  mixed  high-speed  fluid  fraction  from  these 
studies  displayed  homogeneous  primary  structures  along  the  inner  edge  of  the  jet 
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that  contained  large  amounts  of  mixed  high-speed  fluid  and  homogeneous  secondary 
structures  along  the  outer  edge  of  the  jet  that  contained  small  amounts  of  mixed 
high-speed  fluid  (Meyer  et  al  2001).  The  resulting  hybrid  p.d.f.  shape  was  stationary 
(constant  peak  fmHs )  on  the  high-speed  side  and  marching  (varying  peak  fmHs ) 
on  the  low-speed  side.  Unlike  the  planar  mixing  layer  of  the  current  study,  the 
extent  of  the  stationary  p.d.f.  region  diminished  as  the  axisymmetric  mixing  layer 
developed,  while  the  extent  of  the  marching  p.d.f.  region  increased  significantly.  Since 
the  Kelvin-Helmholtz  instability  mode  diminishes  toward  the  end  of  the  potential 
core  in  axisymmetric  jets,  it  is  not  surprising  that  the  corresponding  turbulent-jet 
p.d.f.s  take  on  a  more  dominant  marching  character  than  in  planar  shear  layers, 
which  have  a  constant  velocity  ratio  with  downstream  distance. 

Previous  probe-based  measurements  of  mixed-fluid  statistics  in  planar  shear  layers 
have  recorded  both  stationary-tilted  (Konrad  1976;  Frieler  1992)  and  marching  (Batt 
1977)  p.d.f.s.  Pickett  &  Ghandhi  (2002)  recorded  hybrid  p.d.f.s  at  fairly  low  Res 
(3300)  with  tripped  or  turbulent  inlet  boundary  layers  and  stationary  p.d.f.s  with 
laminar  inlet  boundary  layers.  As  expected,  the  large-scale  rollers  with  uniform 
internal  structures  were  more  predominant  in  the  latter  case.  Observations  from  the 
current  investigation,  as  discussed  above,  indicate  that  stationary-tilted,  marching  and 
hybrid  p.d.f.s  may  exist  for  various  conditions  in  turbulent  shear  layers  depending 
on  the  corresponding  large-  and  intermediate-scale  mixing  dynamics.  Unfortunately, 
two-dimensional  maps  of  molecular  mixing  efficiency  are  not  available  from  previous 
investigations  in  gaseous  planar  shear  layers;  direct  comparisons  are  possible  with 
respect  to  ensemble-averaged  statistics  as  discussed  further  in  §  6. 

5.2.  Low-speed  vs.  high-speed  fluid  p.d.f.s 

It  is  notable  in  figure  10  that  the  character  of  the  high-speed  fluid  p.d.f.s  is  different 
from  that  of  the  low-speed  fluid  p.d.f.s.  From  the  stationary  peaks  and  higher 
vertical  scale  of  P(fmHS ),  it  is  clear  that  the  mixed  high-speed  fluid  is  spatially  more 
homogeneous  and  subject  to  a  narrower  range  of  mixed-fluid  fractions,  respectively, 
as  compared  with  the  mixed  low-speed  fluid.  Significant  regions  of  the  mixing  layer 
are  at  a  preferred  high-speed  mixed-fluid  fraction  of  about  60-65  %,  with  only  slight 
marching  behaviour  toward  the  low-speed  side.  These  differences  between  the  low- 
and  high-speed  fluid  mixing  characteristics  are  consistent  with  observations  regarding 
the  mixed-fluid  structure  in  the  instantaneous  images  of  figures  4  to  7.  The  line 
plot  of  figure  8 (a),  for  example,  shows  low-speed  fluid  structures  with  widely  varying 
values  of  fmLS.  The  low-speed  fluid  structures  undergo  intermittent  entrainment  so 
that  measurements  of  mixed-fluid  fraction  inside  the  shear  layer  are  likely  to  yield 
a  wider  range  of  values,  with  an  increasing  probability  of  finding  mixed  low-speed 
fluid  near  the  low-speed  stream.  This  low-speed  fluid  mixing  behaviour  is  in  contrast 
to  the  more  uniform  internal  structure  for  the  high-speed  fluid  shown  in  figure  8(Z?). 
Entrainment  of  high-speed  fluid  that  is  more  quasi-steady  in  nature  would  result  in  a 
shear-layer  structure  that  is  more  uniform  in  mixed  high-speed  fluid  composition.  The 
inability  of  passive-scalar  measurements  to  detect  differences  in  low-  and  high-speed 
fluid  mixing  behaviour  is  discussed  further  in  §5.3,  where  passive-scalar  p.d.f.s  of  low- 
and  high-speed  fluid  are  presented  for  comparison  with  dual-tracer  PLIF  molecular 
mixing  data. 

5.3.  Passive-scalar  vs.  molecularly  mixed  fluid  quantities 

Since  the  NO  and  acetone  PLIF  technique  can  provide  molecularly  mixed  low-  or 
high-speed  fluid  fractions,  it  is  of  interest  to  compare  results  from  this  method  with 
those  obtained  using  the  passive-scalar  approach  with  acetone  PLIF  alone.  This  can 
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Figure  11.  Passive-scalar  cross-stream  p.d.f.s  of  /ls  and  fns  for  Case  3B  ( Res  =  103  000, 
Rx// 1  =  28.1).  ( a )  Low-speed  fluid;  ( b )  high-speed  fluid. 


shed  light  on  the  significance  of  measurement  resolution  and  subresolution  stirring 
when  comparing  turbulent  shear-layer  mixing  results  from  previous  investigations. 
For  this  purpose,  p.d.f.s  of  fLS  and  fHS  from  acetone  seeding  alone  are  shown  in 
figure  11  for  Case  3B  (1^  =  103  000,  Rx/A  =  28.1).  As  noted  earlier,  passive-scalar 
methods  cannot  differentiate  between  pure  and  mixed  fluid  at  subresolution  scales. 
For  this  reason,  they  are  fundamentally  unable  to  define  the  extent  of  the  molecularly 
mixed  fluid;  one  must  arbitrarily  select  a  passive-scalar  value  (e.g.  10%  to  90%) 
to  do  this,  depending  on  the  measurement  uncertainty  of  the  experiment.  To  define 
the  extent  of  the  mixing  layer  in  the  current  work,  values  of  fLs  greater  than  97  % 
were  considered  pure  (i.e.  set  to  fLS  =  0),  while  low  values  of  fLS  were  allowed  to 
drop  to  free-stream  levels  as  they  were  in  the  dual-tracer  PLIF  technique.  A  cutoff 
margin  of  97  %  was  possible  because  of  the  relatively  high  SNRs  in  the  acetone  PLIF 
images  on  the  air  side  (typically  75:1).  This  represents  an  improvement  over  previous 
passive-scalar  measurements  with  cutoff  margins  of  10  %  and  90  %  (Clemens  &  Paul 
1995;  Karasso  &  Mungal  1996),  and  more  accurately  captures  the  extent  of  the 
mixing  layer  as  the  fluid  fractions  asymptotically  approach  free-stream  levels. 

A  notable  feature  in  figure  11  is  that  the  p.d.f.s  of  low-  and  high-speed  fluid  are 
quite  similar  in  character.  That  is,  both  fmHS  and  fmLS  display  stationary  behaviour 
on  the  high-speed  side  and  marching  behaviour  on  the  low-speed  side.  In  addition,  it 
appears  from  the  passive-scalar  p.d.f.s  of  figure  11  that  the  fraction  of  low-speed  fluid 
plus  the  fraction  of  high-speed  fluid  is  nearly  unity  everywhere  (as  quantified  in  §  6). 
These  trends  are  in  contrast  to  the  data  shown  in  figure  10(Z?),  which  display  more 
dissimilar  low-  and  high-speed  mixed-fluid  p.d.f.s.  These  observations  underscore  the 
importance  of  measuring  molecularly  mixed  fluid  quantities  to  detect  differences  in 
the  mixing  process  between  the  low-  and  high-speed  fluids,  particularly  along  each 
interface  with  the  adjacent  free-stream  fluid. 


6.  Ensemble-averaged  statistics 

Further  evidence  of  differences  in  the  mixing  behaviour  of  low-  and  high-speed 
fluid  can  be  found  by  studying  ensemble-averaged  statistics.  To  determine  the  effect 
of  velocity  ratio  and  downstream  distance,  the  statistics  of  the  total  mixed-fluid 
fraction  can  be  obtained  by  using  ensemble-averaged  values  from  the  flip  experiments. 
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In  addition  to  analysing  the  effects  of  various  operating  conditions,  comparisons 
are  made  with  data  from  previous  studies.  To  help  in  comparisons  with  previous 
investigations  using  acid/base  reactions  in  liquid  mixing  layers  (Koochesfahani  & 
Dimotakis  1986;  Karasso  &  Mungal  1996),  low  heat  release  cold-wire  measurements 
in  gaseous  layers  (Mungal  &  Dimotakis  1984;  Frieler  1992),  cold-chemistry  flip 
experiments  in  compressible  mixing  layers  (Clemens  &  Paul  1995;  Island  et  al  1996), 
and  dual-tracer  PLIF  experiments  in  gaseous  axisymmetric  jets  (Meyer  et  al  2001), 
a  number  of  definitions  are  introduced. 

By  integrating  the  ensemble  average  of  the  mixed-fluid  fraction  for  the  images, 
( fmNO ) ,  across  the  mixing  layer,  it  is  possible  to  find  the  volume  fraction  of  mixed 
NO-seeded  fluid  VmN0/V,  at  various  downstream  locations: 


ryi 

T/  /  ( fmNO >  dy 

VmNO  Jyi 

V  8  ’  ' 

where  the  subscript  WO’  is  replaced  with  6 LS ’  or  ‘if  S’  if  NO  is  seeded  into  the  low- 
or  high-speed  streams,  respectively.  The  ensemble  average  (fmNo)  is  referred  to  as 
the  probability  of  finding  mixed  NO-seeded  fluid,  PmN0 ,  at  a  particular  location.  The 
probability  of  finding  mixed  fluid  of  any  composition,  Pm,  is  simply  the  sum  of  ( fmNo ) 
from  the  flip  experiments.  As  shown  in  equation  (3),  the  ensemble  average  can  also 
be  obtained  by  integrating  the  p.d.f.s,  P(fmNo),  over  all  possible  values  of  fmNo- 
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(36) 
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In  addition,  the  average  concentration  of  mixed  high-speed  fluid,  Cm,  can  be  found 
from  equation  (4). 
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^m 


PmHS 

P 
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Note  that  (fmNo),  PmNO ,  Pm  and  Cm  are  functions  of  x  and  y.  The  total  volume 
fraction  of  mixed  fluid,  PM ,  is  defined  in  equation  (5)  as  the  sum  of  the  low-  and 
high-speed  fluid  mixed  volume  fractions.  The  total  average  high-speed  mixed-fluid 
concentration  integrated  across  the  shear  layer  (often  called  the  mixing  efficiency), 
Cm,  is  defined  in  equation  (6).  The  entrainment  ratio  of  high-  to  low-speed  fluid,  E , 
can  then  be  found  from  equation  (7): 


Pm  — 


VmLS  VmHS 
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Cm  — 
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(5) 
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where  PM,  CM  and  E  represent  quantities  that  are  integrated  across  the  shear  layer, 
and  are  functions  of  x  only  (streamwise  coordinate). 
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y/S 

Figure  12.  Effect  of  Rx/k  on  the  (« a )  low-speed  ( PmLS )  (b)  high-speed  ( PmHS ),  and  (c)  total 
( Pm )  mixed-fluid  probabilities.  O,  Rx/1  =  14.8;  ♦,  21.3;  x  28.1. 


6.1.  Mixed-fluid  probability 

Mixed-fluid  probabilities  enable  comparisons  of  the  ensemble-averaged  spatial  distri¬ 
butions  of  low-speed,  high-speed  and  total  molecularly  mixed  fluid  fractions,  defined 
as  PmLs,  PmHS  and  Pm,  respectively.  Figure  12  shows  distributions  of  PmLS ,  PmHs  and 
Pm  for  Cases  IB  ( Re$  =  34  300,  Rx/X  =  14.8),  2B  ( Res  =  65  400,  Rx/X  =  21.3)  and  3B 
(. Res  =  103  000,  Rx/X  =  28.1).  In  terms  of  differences  between  the  low-  and  high-speed 
fluids,  PmLS  is  typically  lower  than  PmHS  and  is  indicative  of  the  preferred  entrainment 
of  high-speed  fluid  into  the  shear  layer.  Both  PmLS  and  PmHs  peak  closer  to  their 
respective  free  streams  for  all  values  of  Rx/X,  as  expected  under  fully  developed 
conditions.  This  asymmetry  from  Rx/A  of  14.8  to  28.1  differs  with  the  results  of 
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Karasso  &  Mungal  (1996)  in  liquid  shear  layers,  in  which  they  found  that  the  PmLS 
and  PmHs  profiles  were  symmetrical  about  y/S  =  0  at  Rx/X  =  18,  but  asymmetric 
at  Rx/X  ^  30  .  The  full-width-at-half-maximum  (FWHM)  of  the  PmHs  curve  is  also 
larger  than  that  for  PmLS ,  showing  that  mixed  high-speed  fluid  is  likely  to  be  found 
over  a  larger  cross-stream  extent  of  the  mixing  layer,  while  the  molecularly  mixed 
low-speed  fluid  is  confined  closer  to  the  low-speed  side. 

The  profiles  of  total  mixed-fluid  probability,  Pm,  as  shown  in  figure  12(c)  are 
nearly  unity  in  the  centre  of  the  mixing  layer  for  the  three  conditions,  indicating  that 
unmixed  fluid  is  almost  never  found  in  this  region.  These  ensemble-averaged  statistics 
have  significantly  reduced  random  error  (due  to  sample  size)  as  compared  with 
instantaneous  images,  and  help  corroborate  values  of  rimN0  near  unity  in  figures  4  to  7. 
The  finding  that  very  little  subresolution  stirring  of  NO-seeded  fluid  is  found  in  the 
centre  of  the  mixing  layer  differs  slightly  from  previous  results  in  gaseous  shear  layers, 
which  show  total  mixed-fluid  probabilities  from  cold-chemistry  flip  experiments  to 
have  peak  values  of  90-95%  (Clemens  &  Paul  1995;  Island  et  al.  1996).  Those 
authors  did  not  correct  for  the  finite  quenching  rate  of  NO  PLIF  in  the  presence  of 
air,  however,  and  state  that  their  measurements  underpredict  the  amount  of  mixed 
fluid.  Thus,  the  true  peak  mixed-fluid  probability  can  be  expected  to  be  higher  than 
90-95  %  for  gaseous  flow,  as  is  found  in  the  current  study.  The  results  of  Karasso  & 
Mungal  (1996)  in  liquid  shear  layers  differ  markedly  with  values  of  Pm  «  50-70  %  in 
the  centre  of  the  mixing  layer.  In  the  context  of  the  Broadwell-Breidenthal  model, 
this  result  implies  a  decrease  in  molecular  mixing  in  the  interfacial  regions  between 
the  two  fluid  streams  at  high  Sc. 

With  regard  to  the  effect  of  Re$  or  Rx/X  on  the  mixed-fluid  probabilities,  no  clear 
trends  are  detected  in  PmHs,  with  the  data  in  figure  12(b)  essentially  collapsing  for 
Cases  1B-3B.  This  is  indicative  of  a  self-similar-like  character  in  the  high-speed  fluid 
entrainment  and  mixing  processes.  The  axisymmetric  jet  results  of  Meyer  et  al.  (2001) 
showed  from  axial  p.d.f.s  that  the  preferred  high-speed  fluid  mixture  fraction  was  also 
fully  developed  by  about  Rx/X  «  12-15.  In  contrast  with  the  high-speed  mixed-fluid 
probabilities,  a  slight  trend  is  observed  in  figure  12 (a)  in  which  PmLS  decreases  on 
the  low-speed  sides  of  the  profiles  from  Cases  IB  to  3B  and  increases  slightly  on  the 
high-speed  sides  (i.e.  the  profiles  shift  to  the  right).  These  trends  also  lead  to  slight 
irregularities  in  the  profiles  of  Pm  in  figure  12(c).  The  agreement  between  Cases  IB  to 
3B  for  the  mixed  fluid  probabilities  across  most  of  the  shear  layer,  however,  is  more 
prominent  than  the  slight  trend  noted  for  PmLs- 

6.2.  Average  mixed-fluid  composition 

The  profile  of  the  average  mixed-fluid  composition,  Cm,  across  the  shear  layer  provides 
a  quantitative  measure  of  the  preferential  entrainment  of  low-  and  high-speed  fluids 
from  the  corresponding  freestreams.  The  ‘S’-shaped  profile  in  figure  13,  with  a  higher 
mixed-fluid  composition  on  the  high-speed  side,  is  common  in  both  liquid  and 
gaseous  shear  layers  (Mungal  &  Dimotakis  1984;  Karasso  &  Mungal  1996).  Previous 
measurements  in  a  gaseous  shear  flow  at  Rx/X  =  40  using  low  heat-release  reactions 
(Mungal  &  Dimotakis  1984)  show  a  similar  mixed-fluid  composition  of  about  0.4  on 
the  low-speed  side  and  0.7  on  the  high-speed  side.  Also  in  agreement,  Island  et  al. 
(1996)  found  values  ranging  from  0.3  to  about  0.7  in  compressible  mixing  layers. 
In  contrast,  Karasso  &  Mungal  (1996)  found  much  less  variation  in  Cm  across  a 
liquid  shear  layer,  with  values  ranging  from  0.5  to  0.6.  These  variations,  which  are 
biased  toward  the  corresponding  free-stream  fluid,  imply  that  the  total  mixed-fluid 
p.d.f.s  vary  across  the  shear  layer.  Since  the  compositions  toward  the  edges  of  the 
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Figure  13.  Effect  of  Rx/X  on  the  averaged  high-speed  mixed-fluid  composition,  Cm.  Key  as 

in  figure  12. 

mixing  layer  do  not  reach  the  corresponding  free-stream  values,  Karasso  &  Mungal 
(1996)  suggest  that  this  implies  a  ‘tilted’  p.d.f.  behaviour  rather  than  a  fully  marching 
behaviour.  A  comparison  of  Cm  profiles  between  Cases  IB  to  3B  shows  that  the  shear 
layer  may  indeed  be  slowly  evolving.  In  particular,  the  shear  layer  is  becoming  more 
homogeneous  (less  variation  in  mixed-fluid  composition)  at  higher  Res  or  Rx/L  This 
trend  is  indicative  of  the  increased  size  and  effect  of  intermediate-scale  structures 
in  the  molecular  mixing  process  rather  than  an  increase  in  small-scale  turbulent 
diffusion.  The  latter  would  have  the  opposite  effect  of  increasing  the  variation  of 
mixed-fluid  composition  across  the  shear  layer. 

Because  of  the  relative  lack  of  subresolution  stirring  within  the  mixing  layer,  it  is 
of  interest  to  determine  whether  an  under-resolved  passive-scalar  measurement  can 
accurately  predict  the  mixed-fluid  composition  in  gaseous  mixing  layers.  As  noted 
earlier,  this  issue  can  be  examined  in  the  current  work  simply  by  comparing  data  using 
acetone  PLIF  alone  with  data  from  simultaneous  NO  and  acetone  PLIF.  Figure  14 
shows  that  the  magnitude  of  the  Cm  variation  across  the  shear  layer  is  overpredicted 
using  the  passive-scalar  method,  and  is  consistent  with  passive-scalar  p.d.f.s  exhibiting 
false  marching  behaviour,  as  illustrated  in  figure  11.  In  liquid  (Sc  ~  2000)  shear  layers, 
however,  Karasso  &  Mungal  (1996)  found  much  more  dramatic  errors  when  using  the 
passive-scalar  approach.  The  modest  errors  shown  in  figure  14  from  the  passive-scalar 
method  are  not  surprising  because  of  the  high  spatial  resolution  and  high  SNRs  of 
the  current  measurement  system,  and  since  the  gaseous  shear  layer  is  almost  entirely 
molecularly  mixed  (Clemens  &  Paul  1995;  Island  et  al.  1996).  Nonetheless,  the  mixing 
rate  along  the  outer  region  of  the  shear  layer  is  more  closely  coupled  to  chemical 
reaction  rates,  and  it  is  this  region  that  displays  the  greatest  potential  for  error  when 
using  the  passive-scalar  technique. 

6.3.  Mixed-fluid  volume  fraction  and  entrainment  ratio 

Further  comparisons  between  current  data  and  previous  results  in  gaseous  and  liquid 
shear  layers  can  be  made  regarding  the  low-speed,  high-speed  and  total  mixed-fluid 
volume  fractions,  VmLs/V ,  VmHs/V  and  PM ,  respectively.  These  were  computed  using 
equations  (2)  and  (5),  and  are  shown  as  functions  of  Rx/A  in  figure  15.  Results  from 
cold-wire  low  heat  release  studies  in  gaseous  flows  (Sc  ~  1)  show  VmLS  ~  0.25  and 
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Figure  14.  Averaged  mixed-fluid  composition,  Cw,  from  the  O,  dual-tracer 
and  — ,  passive-scalar  methods  for  (a)  Case  IB,  ( b )  Case  2B  and  (c)  Case  3B. 


VmHs  ~  0-30  in  the  range  of  Rx/A  from  16  to  56  (Frieler  1992).  These  are  in  good 
agreement  with  the  results  shown  in  figure  15,  which  supports  the  accuracy  of  the 
probe-based  measurements  of  Frieler  (1992).  Similarly  for  gaseous  axisymmetric  jets, 
VmHs/V  has  been  found  to  vary  from  0.25  to  0.28  in  the  range  of  Rx/h  from  15  to  30 
(Meyer  et  al  2001).  In  contrast,  VmLS/V  and  VmHs/V  in  liquids  (Sc  —  2000)  are 
about  a  factor  of  two  smaller  (Karasso  &  Mungal  1996).  The  slight  drop  in  VmHs/V , 
shown  in  figure  15,  is  nearly  proportional  to  the  drop  in  PM  as  Rx/A  increases. 
Hence,  the  total  averaged  mixed-fluid  concentration  across  the  shear  layer,  CM,  from 
equation  (6),  stays  nearly  constant  at  0.55  for  Cases  IB  to  3B.  This  corresponds  to  an 
entrainment  ratio  of  E  =  1.24  from  equation  (7).  The  model  proposed  by  Dimotakis 
(1986)  predicts  values  of  CM  from  0.55  to  0.58  and  values  of  E  from  1.2  to  1.37 
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Figure  15.  Low-speed,  high-speed  and  total  mixed  fluid  volume  fractions 
(x,  VmLs/V;  ♦,  VmHs/y ;  O,  Pm ,  respectively)  as  functions  of  Rx/L 


for  the  current  flow  conditions  (see  table  1).  By  comparison,  Frieler  (1992)  obtained 
values  of  CM  «  0.5  to  0.55  ( E  «  1-1.2)  for  nearly  the  same  range  of  velocity  ratios 
as  for  the  current  study.  Island  et  al  (1996)  reported  values  ranging  from  CM  «  0.5 
to  0.59  ( E  «  1-1.44)  in  compressible  mixing  layers,  while  Karasso  &  Mungal  (1996) 
reported  values  of  CM  ~  0.58  ( E  «  1.37)  in  liquid  layers  with  r  =  0.25.  To  first  order, 
these  results  agree  with  the  ensemble-averaged  data  from  the  current  investigation. 
It  is  likely,  therefore,  that  the  molecular-mixing  dynamics  discussed  in  §  §  4  and  5  are 
applicable  to  previous  studies  of  shear-layer  mixing  with  similar  Reynolds  numbers 
and  pairing  parameters. 


7.  Conclusions 

The  dual-tracer  (NO  and  acetone)  PLIF  technique  employed  in  the  current 
investigation  is  the  gaseous  analogue  to  acid/base  visualizations  in  liquid  flows  and 
is  used  for  the  first  time  to  study  the  role  of  large-  and  intermediate-scale  structures 
in  determining  the  state  of  molecular  mixing  in  the  developing  and  far-field  regions 
of  gaseous  planar  shear  layers.  Data  are  compared  with  acid/base  measurements  of 
molecular  mixing  in  liquid  planar  shear  layers,  average  probe-based  measurements 
in  gaseous  planar  shear  layers,  and  dual-tracer  PLIF  studies  in  axisymmetric  jets. 
The  current  work  also  reports  the  first  ‘flip’  experiments  using  the  dual-tracer  PLIF 
technique,  enabling  measurements  of  gaseous  low-speed,  high-speed  and  total  fluid 
molecular  mixing.  Data  are  obtained  for  low-  to  high-speed  velocity  ratios  from 
r  =0.25  to  0.44  and  Reynolds  numbers  from  Res  =  18  600  to  103  000,  corresponding 
to  pairing  parameter  values  of  Rx/2  6.6  to  28.1.  Several  key  observations  are  made 
regarding  instantaneous  images,  probability  density  functions,  and  ensemble-averaged 
statistics  of  molecularly  mixed  fluid  within  the  planar  shear  layer,  as  enumerated 
below. 

1.  There  is  a  very  low  probability  of  finding  unmixed  fluid  or  subresolution  stirring 
in  the  centre  of  the  shear  layer.  Sub-unity  values  of  mixing  efficiency,  which  indicate 
the  presence  of  subresolution  stirring  or  micro-scale  mixing,  are  found  most  often 
in  regions  adjacent  to  the  low-  and  high-speed  fluid  streams.  Ensemble-averaged 
statistics,  therefore,  show  that  the  total  mixed-fluid  probability,  Pm,  is  nearly  unity 
in  the  centre  of  the  mixing  layer.  This  differs  most  dramatically  with  previous 
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measurements  in  liquid  shear  layers  (Karasso  &  Mungal  1996),  and  confirms  the  effect 
of  Sc  at  high  Res.  Slight  differences  with  cold-chemistry  flip  experiments  performed 
in  gaseous  shear  layers  (Clemens  &  Paul  1995;  Island  et  al  1996)  are  probably 
attributable  to  the  inability  of  previous  studies  to  correct  for  finite-quenching-rate 
effects. 

2.  Owing  to  the  relative  absence  of  subresolution  stirring,  passive-scalar  data  are 
found  to  compare  well  with  measurements  of  molecularly-mixed  fluid  fraction  in  much 
of  the  central  region  of  the  mixing  layer.  The  inherent  ambiguity  in  defining  the  edges 
of  the  mixing  layer,  however,  as  well  as  subresolution  stirring  in  the  outer  regions,  still 
leads  to  an  overprediction  of  mixed-fluid  quantities  using  the  passive-scalar  approach. 

3.  The  dynamics  of  large-  and  intermediate-scale  structures  are  sensitive  to  the 
velocity  ratio  and  have  a  significant  impact  on  the  molecularly  mixed  fluid  distribution 
within  the  gaseous  shear  layer.  Intermittent  large-scale  structures  composed  of 
intermediate  and  small-scale  motions  are  the  dominant  mechanisms  for  pure  fluid 
entrainment  in  both  the  developing  and  far-field  regions.  Intermediate  structures 
generated  by  secondary  instabilities  augment  fluid  entrainment  in  the  outer  regions 
of  the  mixing  layer  and,  when  entrained  into  the  shear  layer,  are  a  source  of 
inhomogeneity  in  mixed-fluid  statistics. 

4.  Both  low-speed  and  high-speed  mixed-fluid  probability  density  functions  (p.d.f.s) 
develop  stronger  marching  characteristics  with  decreased  velocity  ratio,  but  are  fairly 
independent  of  downstream  distance,  which  is  consistent  with  the  concept  of  self¬ 
similarity.  The  transition  to  marching  behaviour  is  not  as  prominent  as  previously 
found  in  axisymmetric  gaseous  shear  layers  (King  et  al.  1999;  Meyer  et  al.  2001). 

5.  Differences  in  molecular-mixing  behaviour  between  the  low-  and  high-speed 
fluids  are  detected  through  analyses  of  p.d.f.s  across  the  shear  layer.  These  differences, 
as  in  the  range  of  mixed-fluid  fractions  exhibited  in  the  low-  and  high-speed 
fluid  p.d.f.s,  are  not  as  apparent  in  passive-scalar  data,  which  do  not  account  for 
subresolution-scale  molecular  mixing. 

6.  The  low-  and  high-speed  mixed-fluid  probabilities,  PmLS  and  PmHs ,  are 
preferentially  higher  toward  the  low-  and  high-speed  streams,  respectively.  Therefore, 
the  averaged  mixed-fluid  composition,  Cm,  is  also  preferentially  higher  toward  the 
corresponding  free-stream  fluid,  as  found  in  previous  investigations  (Mungal  & 
Dimotakis  1984;  Karasso  &  Mungal  1996).  The  value  of  PmHS  is  higher  than  that  of 
PmLS,  confirming  that  high-speed  fluid  is  preferentially  entrained  into  the  shear  layer. 

7.  The  effects  of  Rx/A  on  the  mixed-fluid  probabilities  and  the  mixed-fluid 
composition  are  found  to  be  slight  from  Rx/A  =  14.8  to  28.1,  although  a  slow 
reduction  in  the  aforementioned  free-stream  bias  of  the  low-  and  high-speed  mixed- 
fluid  quantities  is  detected  in  Cm.  The  low-speed,  high-speed  and  total  mixed-fluid 
volume  fractions  are  in  agreement  with  previous  measurements  in  the  literature 
(Frieler  1992;  Meyer  et  al.  2001)  and  remain  nearly  constant  with  Rx/L  These  results 
lend  support  to  a  quasi-self-similar  state  -  one  that  evolves  very  slowly  and  is  not 
universally  independent  of  initial  conditions. 
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ABSTRACT 

This  paper  is  the  first  in  a  series  of  papers 
studying  the  behavior  of  bluff  body  stabilized 
flames.  In  this  research  a  combination  of  Laser 
Doppler  Velocimetry  (LDV),  and  High  Speed 
Imaging  are  used  to  investigate  these  flames. 
LDV  data  taken  over  several  non-combusting 
operating  conditions  detail  the  recirculation  zone 
behind  the  bluff  body  as  well  as  the  effect  of  inlet 
conditions  on  the  Karman  Street  vortex 
shedding  that  occurs.  High  speed  images  of 
combustion  and  equivalence  ratio  taken  at  blow 
out  agree  with  assertions  made  by  Ozawa 
(1971)  and  Zukoski  (1957)  on  the  transitional 
nature  of  the  flame  from  “laminar”  to  “turbulent” 
at  a  Reynolds  number  of  around  15,000.  Lean 
blow  out  also  correlate  very  well  when  using  the 
correlation  parameter  set  down  by  Dezubay 
(1950).  Finally,  high  speed  images  also  support 
assertions  by  Mehta  and  Soteriou  (2003) 
Erickson  et  al.  (2006)  that  under  certain 
conditions  Karman  Street  vortex  shedding  is  not 
suppressed  by  momentum  and  baroclinic  effects 
and  are  present  in  the  flame  near  lean  blowout. 

1  INTRODUCTION 

Flame  stabilization  by  a  bluff  body  is 
commonly  used  in  propulsion  systems  including 
gas  turbine  and  scram  jet  engines.  Models  are 
used  to  estimate  the  effectiveness  of  these 
stabilization  methods.  These  modes  vary  in 
sophistication  from  simple  empirical  expressions 
to  the  solution  of  detailed  partial  differential 
equations.  The  accuracy  of  these  models 
depends  on  extent  the  models  are  validated. 
Equally  as  important,  these  models  are  also  only 
as  accurate  as  the  physical  phenomenology  the 
models  capture. 

For  the  past  fifty  years  bluff  body  stabilized 
flames  have  been  studied  in  detail.  In  the  1950s 
DeZubay  (1950)  and  King  (1957),  studied 


flames  stabilized  using  bluff  bodies.  Both 
authors  found  that  the  fuel  air  ratio  the  flame 
blows  out  at  correlates  with  the  inlet  pressure, 
temperature,  and  velocity,  see  Figure  1-1. 


Figure  1-1  Dezubay’s  Blowout  Correlation  (Dezubay  1950) 


In  this  work  the  authors  studied  blowout  at 
relatively  high  Reynolds  numbers.  Dezubay 
studied  a  round  disk  shaped  flame  holders  over 
a  range  of  Reynolds  numbers  from  90,000  to 
680,000.  King  on  the  other  hand  studied  a  v- 
shaped  bluff  body  over  a  range  of  Reynolds 
Numbers  from  60,000  to  130,000. 

Due  to  the  increasing  inlet  temperatures 
Reynolds  numbers  for  modern  systems  are 
much  lower  than  those  of  the  1960s  and  1970s. 
Reynolds  numbers  vary  typically  in  the  range  of 
15,000  to  300,000.  In  his  work  Zukoski  (1954, 
1955)  studied  blowout.  He  found  that  the  blow 
out  characteristics  behave  quite  differently  at 
lower  Reynolds  numbers.  Zukoski  concludes 
that  the  flame  transitions  around  a  Reynolds 
numbers  of  10,000.  Later  Ozawa  (1971)  also 
compiled  data  from  several  bluff  body 
experiments.  Ozawa  also  discusses  this 
blowout  transition  at  Reynolds  Number  of 
10,000.  Both  authors  conclude  the  flame 
surface  transitions  from  “laminar”  to  “turbulent” 
near  this  Reynolds  number.  Further,  they  both 
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concluded  that  this  transition  greatly  effects  the 
velocity  at  which  the  flame  will  blow  off  at,  or  the 
characteristic  of  the  blow-out  curve. 

More  recently  Mehta  and  Soteriou  (2003), 
and  Erickson  et  al.  (2006)  have  commented  on 
vortex  shedding  as  it  relates  to  bluff  body  flame 
blow-out.  I  their  work  they  have  conducted 
detailed  modeling  of  bluff  body  stabilized  flames. 
In  their  2003  work  they  concluded  that  the 
baroclinic  effect  of  the  temperature  rise  across 
the  flame  suppresses  the  Karman  Street  type 
vortex  shedding  typically  seen  behind  these  bluff 
bodies  under  non-combusting  conditions.  In  this 
paper  they  modeled  a  bluff  body  flame  at  20,000 
Reynolds  number.  They  concluded  that  the 
flame  was  dominated  not  by  large  Karman 
Street  vortices  but  much  smaller  vortices.  They 
also  concluded  that  the  baroclinic  torque 
generated  by  the  temperature  rise  across  the 
flame  was  responsible  for  suppressing  the 
Karma  Street  vortex  production. 

Later  in  2006,  (Ericson  et  al.  (2006))  they 
conducted  another  model  study  where  the 
temperature  rise  across  the  flame  was  varied. 

In  this  study  they  concluded  that  at  lower 
temperature  ratios  across  the  flame,  the  flame 
near  blowout  was  dominated  not  by  small 
turbulent  vortices  but  by  large  Karman  Street 
type  vortices.  These  same  structures  were  also 
captured  by  Porumbel  and  Menon  (2006),  and 
Fureby  (2006)  in  their  combusting  Large  Eddy 
Simulation  (LES)  investigations. 

The  objective  of  this  research  effort  is  two 
fold.  First  the  objective  is  to  provide  detailed 
experimental  data  on  bluff  body  stabilized 
flames  for  model  validation.  Second  the 
objective  is  to  enhance  the  phenomenological 
understanding  of  these  bluff  body  flame 
stabilization.  In  this  paper  a  detailed  study  of 
the  velocity  patterns,  vortex  shedding  and 
blowout  v-gutter  bluff  bodies  is  studied  over  a 
large  range  of  Reynolds  numbers,  from  5,000  to 
60,000.  Detailed  LDV  data  are  collected  of  cold 
flow  in  the  wake  the  v-gutters.  From  the  LDV, 
mean,  RMS,  and  turbulent  spectra  are  collected. 
Combusting  experiments  are  also  conducted 
over  the  same  range  of  Reynolds  numbers. 

High  Speed  images  of  the  flame  just  prior  to 
blow  out  are  recorded  as  are  the  equivalence 
ratio  at  blowout. 

2  PROCEDURES 

2.1  LDV  Procedures 


A  two-component  LASER  Doppler 
Velocimetry  (LDV)  system  was  employed  for 
measuring  instantaneous  velocity  at  various 
conditions  in  the  wake  region  of  the  flame 
holder,  Figure  2-1 .  The  LDV  system  is  driven  by 
an  argon-ion  LASER  with  514.5  nm  and  488  nm 
output  beams.  When  focused  on  a  small  control 
volume,  the  514.5  nm  and  488  nm  beams 
generate  orthogonal  interference  fringes  from 
scattering  off  1  micron  aluminum  oxide  particles 
used  to  seed  the  flow.  For  a  more  detailed 
discussion  of  principles  of  LDV  please  reference 
Goldstein  (1983). 


Exhaust 

Hood 


Figure  2-1 .  LASER  Doppler  Velocimetry  Set-up. 


2.2  Analysis  of  Randomly  Time  Sampled  LDV 
Data 

The  quality  of  data  from  LDV  depends  on 
several  factors,  the  most  important  of  which  is 
the  seed  density  of  the  flow.  In  areas  of 
recirculation  seed  density  can  vary  so  much  as 
to  produce  periods  of  time  where  there  are  few 
velocity  data.  When  the  seed  conditions  are 
poor  data  can  not  be  taken  at  a  known  interval 
of  time,  but  must  be  collected  at  the  time  of 
arrival  of  the  each  particle.  Figure  2-2  depicts  a 
a  sample  histogram  of  the  various  time  intervals 
present  in  LDV  data. 


Histogram  of  Time  Steps  in  Input  LDV  Data 


10'6  10'5  10‘4  10'3  10'2  10"1 


Time  Step  (sec) 

Figure  2-2.  Histogram  of  Time  Steps  in  LDV  Data. 

In  this  experimental  campaign  LDV  is  used 
to  produce  mean  and  RMS  velocity  data  and  the 
shedding  frequency  of  the  coherent  vortex  shed 
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behind  the  bluff  body.  For  the  mean  and  RMS 
velocities  simple  mathematical  functions  can  be 
employed  to  obtain  these  parameters  from  the 
LDV  data  taken  at  each  point.  For  the  shedding 
frequency  of  the  coherent  vortex  the  data 
analysis  is  not  as  straight  forward.  Because  the 
time  interval  produced  by  LDV  is  random, 
standard  DFFT  techniques  can  not  be  used  to 
analyze  LDV  data.  The  spectral  analysis  of 
randomly  spaced  LDV  data  is  traditionally 
conducted  using  the  Lomb  Algorithm  for  spectral 
analysis  (Numerical  Recipes  in  C,  1992). 

In  this  experiment  the  entire  spectrum  of 
turbulence  is  not  required  to  determine  the 
shedding  frequency  of  the  coherent  vortex.  To 
obtain  the  shedding  frequency,  spectrum  up  to 
three  times  the  shedding  frequency  is  required 
to  satisfy  Nyquest.  This  results  in  maximum 
frequencies  required  on  the  order  of  200-400 
Hz.  Because  of  this  simpler  techniques  are 
used  to  analyze  the  data.  A  technique  is  used 
where  the  data  are  resample  onto  a  uniformly 
spaced  time  interval  through  the  use  of  cubic 
Hermite  interpolation.  The  time  step  of  the 
interpolation  was  chosen  based  the  histogram  of 
the  time  steps  of  the  randomly  spaced  LDV  data 
and  the  median  of  the  time  step  data.  An  FFT  of 
the  interpolated  velocity  then  performed  in 
MATLAB.  When  compared  to  spectral  data 
produced  with  the  Lomb  Algorithm,  there  was 
excellent  agreement  between  the  two,  as  will  be 
discussed  in  a  future  paper. 

3  EXPERIMENTAL  SETUP 

A  12MW  experimental  combustion  facility 
located  at  the  Propulsion  Directorate  of  AFRL  in 
Wright-Patterson  Air  Force  Base,  Dayton  Ohio 
was  used  for  the  experiments,  Figure  3-1 .  Flow 


Figure  3-1  12  MW  Experimental  Test  Facility 


3 


conditioning  is  employed  in  the  facility  which 
provides  a  uniform  velocity  and  temperature 
profile  (+  3%),  and  6-7%  turbulence  at  the  inlet 
of  the  test  section.  Tests  were  conducted  on  an 
“open  and  “closed”  v-gutter  bluff  body  mounted 
in  the  rig,  see  Figure  3-2.  In  these  tests  the 


Open  V-Gutter 


Closed  V-Gutter 


Wall  thickness  =  0.0625 


Figure  3-2.  Open  and  Closed  V-Gutter  Flame  Holders 

flame  holder  traverses  the  length  of  the  test 
section.  In  this  configuration  the  flow  is 
considered  two-dimensional  at  the  center  of  the 
test  rig.  Combustion  tests  were  conducted  with 
premixed  propane  and  air. 

4  DATA  ANALYSIS 

4.1  Mean  and  RMS  Profiles 


Detailed  Velocity  profiles  were  taken  using 
LDV  behind  the  non  reacting  wake  of  the  v- 
gutters.  Traverses  were  taken  parallel  and 
transverse  to  the  centerline  axes  of  the  test 
section.  Figure  4-1  depicts  the  location  of  these 
traverses.  The  orange  traverses  in  Figure  4-1 
are  perpendicular  to  the  centerline  of  the  test 
section  traversing  across  the  wake  of  the  bluff 
body.  The  green  traverse  in  Figure  4-1  is 
parallel  to  the  centerline  of  the  test  section. 


x/D  0  V4  1 
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Figure  4-1  Locations  of  Velocity  Traverses 

Figures  4-2  and  4-3  are  plots  of  mean  and 
RMS  axial  velocity  respectively  along  the 
“green”  traverse  in  Figure  4-1 .  The  gaps  in  both 
sets  of  data  represent  sections  of  the  test 
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section  where  there  was  no  optical  access  for 
the  LDV  LASER.  Figure  4-2  depicts  the  mean 
velocity  normalized  by  the  inlet  velocity.  Figure 
4-3  depicts  the  RMS  normalized  by  the  inlet 
velocity.  The  data  presented  are  for  4  Reynolds 
numbers;  10,000,  25,000,  40,000,  and  55,000. 
The  mean  axial  velocity  changes  substantially 
from  the  near  wake  to  the  far  wake  region. 

From  the  trailing  edge  of  the  flame  holder  the 
mean  velocity  is  increasingly  negative,  reaches 


a  maximum  then  increases  to  zero.  The  location 
where  the  velocity  is  zero  represents  the  mean 
location  of  the  trailing  edge  of  the  recirculation 
zone  behind  the  bluff  body.  Note  as  the 
Reynolds  number  increases  the  length  of  the 
recirculation  zone  decreases.  The  location  of 
the  maximum  negative  velocity  also  moves 
closer  to  the  trailing  edge  of  the  bluff  body  as  the 
Reynolds  number  increases.  In  the  far  wake 
region  the  velocity  increases  asymptotically  to 


Dimensionless  Centerline  Mean  Axial  Velocity  for  4  Reynolds  Numbers 
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Figure  4-2  Travers  of  Axial  Velocity  Behind  the  Bluff  Body 


Dimensionless  Centerline  RMS  Axial  Velocity  for  4  Reynolds  Numbers 
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Figure  4-3  Traverse  of  RMS  Velocity  Behind  the  Bluff  Body 


the  inlet  velocity  for  all  but  the  1 0,000  Reynolds 
number  case.  In  the  case  of  Reynolds  number 
10,000  the  low  velocity  wake  persists  the  entire 
length  of  the  test  section  behind  the  flame 
holder. 

The  RMS  velocity  also  varies  as  the 
Reynolds  number  increases.  For  the  lowest 
Reynolds  number,  10,000,  the  wake  is  highly 
turbulent.  For  this  Reynolds  number  the  RMS 
velocity  is  routinely  greater  than  50%  of  the  inlet 
velocity  in  the  wake  of  the  bluff  body  for  the 
entire  length  of  the  test  section.  There  is  also  a 
lot  of  scatter  in  the  data  due  to  the  low  data  rate 
that  occurred  for  many  of  these  points.  For  the 
higher  Reynolds  numbers  the  RMS  velocity  is 
more  similar. 

For  the  higher  Reynolds  number  cases  the 
RMS  velocity  has  two  relative  maximums  in  the 


recirculation  zone.  Both  maxima  occur  at  the 
location  where  the  derivative  of  the  mean 
velocity  is  zero.  The  second  maximum  is  higher 
than  the  first  and  represents  the  highest  RMS 
value  in  the  wake  of  the  bluff  body.  In  the  far 
wake  the  RMS  are  still  highly  turbulent  but 
turbulence  is  decaying.  RMS  values  continue  to 
decrease,  below  25%  9  flame  holder  width’s 
down  stream  of  the  bluff  body. 

Velocity  profiles  were  also  taken  across  the 
wake  down  stream  of  the  bluff  body,  see  the 
orange  lines  in  Figure  4-1 .  Figures  4-4  to  4-6 
depict  the  mean  and  EMS  velocity  profiles  for 
0.5L,  1 .0L,  and  2.0L  down  stream  of  the  bluff 
body  for  a  Reynolds  number  of  40,500.  On  the 
left  of  each  figure  are  plots  of  mean  and  RMS 
velocity  along  the  centerline  axis  while  on  the 
right  are  the  mean  and  RMS  of  the  transverse  0. 


Dimensionless  "U"  Velocity  Profiles  for  Re  =  40,500  Dimensionless  "V"  Velocity  Profiles  for  Re  =  40,500 
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Figure  4-4  Velocity  Profiles  Z/D  =  0.5  Down  Stream  of  the  Bluff  Body  for 
Reynolds  Number  =  40,500 

Dimensionless  "U"  Velocity  Profiles  for  Re  =  40,500  Dimensionless  "V"  Velocity  Profiles  for  Re  =  40,500 
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Figure  4-5  Velocity  Profiles  fro  Z/D  =  1  Down  Stream  of  the  Bluff  Body  for 
Reynolds  Number  =  40,500 


Dimensionless  "U"  Velocity  Profiles  for  Re  =  40,500  Dimensionless  "V"  Velocity  Profiles  for  Re  =  40,500 
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Figure  4-6  Velocity  Profiles  fro  Z/D  =  2  Down  Stream  of  the  Bluff  Body  for 
Reynolds  Number  =  40,500 


velocity.  Data  were  also  taken  for  Reynolds 
numbers  of  10,000,  12,000,  and  55,00 

There  are  several  points  of  interest  in  these 
figures.  Figure  4-4,  depicts  the  mean  axial 
velocity  L/2  down  stream  of  the  trailing  edge  of 
the  bluff  body.  The  edge  of  the  bluff  body  is 
located  at  X/D  =  0.5.  At  this  point  the  velocity  is 
approximately  the  same  as  the  inlet  velocity. 
Further  away  from  the  flame  holder  the  velocity 
reaches  a  maximum  of  almost  2  times  the  inlet 
velocity.  In  this  experiment  the  blockage  ratio  of 
the  flame  holder  is  approximately  1.43.  Thus 
the  “lip  velocity”  is  higher  than  the  velocity 
expected  assuming  an  acceleration  due  to  the 
blockage. 

Also  of  note  is  the  RMS  velocity.  In  all  three 
figures  the  RMS  of  the  axial  velocity  reaches  a 
maximum  inside  the  wake  of  the  flame  holder. 
Close  to  the  bluff  body  this  maximum  can  be 
twice  the  inlet  velocity,  or  200%.  The  transverse 
RMS  velocity  also  reaches  a  maximum  in  the 
wake  region.  Unlike  the  axial  RMS  the 
transverse  RMS  persists  well  outside  the  wake. 
A  detailed  analysis  of  the  LDV  supplemented 
with  PIV  data  is  the  subject  of  a  future  paper. 


the  open  and  closed  v-gutter  bluff  bodies.  The 
shedding  frequency  for  a  given  Reynolds 
number  was  found  by  taking  the  DFFT  of  each 
set  of  interpolated  data,  as  outlined  in  section  2. 
The  frequency  was  then  non-dimensionalized  to 
Strouhal  number  using  the  effective  or  blockage 
velocity,  not  the  inlet  velocity,  and  the  width  of 
the  v-gutter.  Figure  4-7  is  a  plot  of  this  data. 

Also  plotted  in  Figure  4-7  are  the  data  for  a 
circular  cylinder  in  cross  flow  for  reference, 
Blevins  (1985). 

Dimensionless  Effective  Shedding  Frequency  vs  Effective  Reynolds 
Number  for  the  V-Gutter  and  Circular  Cyylinder  Bluff  Bodies 
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Figure  4-7.  Dimensionless  Shedding  Frequency  Several 
Reynolds  Numbers. 


4.2  LARGE  COHERENT  STRUCTURES 


4.3  LEAN  BLOWOUT 


Another  important  aspect  of  the  fluid 
dynamics  of  a  bluff  body  in  cross  flow  is  the 
large  Karman  Street  vortex  seen  shed  in  the 
wake  of  the  bluff  body.  LDV  was  conducted 
over  a  wide  range  of  Reynolds  number  for  both 


Detailed  lean  blowout  measurements  were 
also  taken  for  the  combusting  v-gutters.  Figure 
4-8  depict  the  equivalence  ratio  recorded  at  lean 
blow  out  (LBO)  versus  Reynolds  Number  for  the 
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closed  v-gutter  flame  holder  at  4  different 
temperatures.  In  all  cases  the  data  plotted 
represent  the  average  of  at  least  6  blow  out 
points  for  the  given  Reynolds  number.  Due  to 
facility  limitations  the  highest  Reynolds  number 
for  the  70F,  300F,  and  460F  inlet  temperatures 
were  55,000,  34,000,  and  29,000  respectively. 

Lean  Blow-Out  for  Closed  V-Gutter  with  Propane  Fuel  at  Atmospheric 
Pressure  for  3  Inlet  Temperatures 


not  increase.  Ballal  and  Lefebvre  (1979)  studied 
the  relationship  between  temperature  and  weak 
extinction  for  constant  inlet  velocity.  They  found 
the  extinction  limit  decreases  with  inlet 
temperature.  Figure  4-10  depicts  the 
equivalence  ratio  at  LBO  for  a  constant  inlet 
velocity  of  25  m/s  for  several  inlet  temperatures. 
When  plotted  this  way  the  equivalence  ratio  at 
LBO  does  show  the  expected  decreasing  trend. 
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Figure  4-8  Lean  Blow  Out  Equivalence  Ratio  vs.  Reynolds 
Number  for  Several  Inlet  Temperatures 


When  studying  Figure  4-8  two  interesting 
results  can  be  discerned.  At  lower  Reynolds 
numbers,  below  15,000  the  lean  blowout  seems 
insensitive  to  Reynolds  number.  Above  20,000 
Reynolds  number,  the  LBO  increases  with 
increasing  Reynolds  number.  Figure  4-9  depicts 
the  LBO  data  plotted  against  the  DeZubay 
correlation  parameter  instead  of  Reynolds 
number.  When  plotted  this  way  the  data 
correlate  very  well,  similar  to  the  shape  of 
DeZubay’s  original  data. 


Lean  Blow-Out  for  Closed  V-Gutter  with  Propane  Fuel  at  Atmospheric 
Pressure  for  All  Inlet  Temperatures 
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Figure  4-9  Lean  Blow  Out  Equivalence  Ratio  vs.  DeZubay 
Correlation  Parameter 


Another  very  interesting  trend  can  be  seen  in 
Figure  4-8.  As  the  inlet  temperature  increases 
for  a  given  Reynolds  number  the  equivalence 
ratio  at  LBO  increases.  Intuitively  one  would 
expect  this  value  to  decrease  with  temperature, 


The  Effect  of  Inlet  Temperature  on  LBO  Equivalence  Ratio  for  a 
Constant  Inlet  Velocity  of  25  m/s 
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Figure  4-10  Lean  Blow  Out  Equivalence  Ratio  vs.  Inlet 
Temperature  for  Several  Inlet  Temperatures 


4.4  HIGH  SPEED  IMAGES 

Many  high  speed  images  were  also  taken  of 
the  flame  behind  the  closed  v-gutter  flame 
holder  with  a  Phantom  7.2  camera.  Flame 
intensity  images  were  captured  at  5KHz.  Figure 
4-1 1  is  a  typical  high  speed  image  the  flame 
behind  a  v-gutter  bluff  body  with  combustion. 

For  this  image  the  inlet  temperature  was,  70F, 
the  Reynolds  number  is  approximately  30,000 
and  the  equivalence  ratio  0.64.  Note  the  flame 
is  dominated  by  smaller  vortices  that  seem  to  be 
generated  by  the  boundary  layer.  This  flame  is 
absent  of  the  large  Karman  Street  vortices 
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typical  of  a  non-combusting  flow.  This  figure  is 
representative  of  Reynolds  numbers  greater 
than  15,000  for  equivalence  ratios  well  above 
the  lean  limit.  Figure  4-12  is  a  high  speed  image 
of  the  same  conditions  as  Figure  4-10  near  LBO, 
an  equivalence  ratio  of  0.35.  The  flame 
structure  of  both  images  is  very  similar.  In  both 
images  vortices  are  clearly  seen  in  the  shear 
layer  and  there  is  very  little  vortex  motion  in  the 
wake  region. 


Figure  4-12  High  Speed  Image  of  Combusting  V-gutter  Near  LBO 


High  speed  images  were  also  taken  at 
elevated  inlet  temperatures.  Figures  4-13  and 
4-15  are  images  the  flame  near  LBO  for 
Reynolds  number  26,000  and  32,000 
respectively  at  an  inlet  temperature  of  70F.  In 
both  of  these  images  the  largest  vortices  are 
those  in  the  shear  layer  generated  by  the 
boundary  layer  of  the  flow.  Figures  4-14  and  4- 
16  are  images  near  LBO  for  Reynolds  number  is 
25,000  and  35,000.  In  these  images  the  inlet 
temperature  was  elevated  to  460F  with  electric 
heaters.  Note  in  these  images  one  can  easily 
see  large  vortices  in  the  wake  of  the  flame 
holder  reminiscent  of  Karman  Street  vortices 
shed  behind  the  bluff  body  without  combustion. 


Figure  4-13  Combusting  V-Gutter  at  70F  Inlet  Temperature, 
Re  =  26,000,  Near  LBO 


Figure  4-14  Combusting  V-Gutter  at  460F  Inlet  Temperature, 
Re  =  25,000,  Near  LBO 
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Figure  4-15  Combusting  V-Gutter  at  70F  Inlet  Temperature, 
Re  =  32,000,  Near  LBO 


Figure  4-16  Combusting  V-Gutter  at460F  Inlet  Temperature, 
Re  =  35,000,  Near  LBO 

This  contrast  is  representative  of  the  many  high 
speed  images  taken  above  a  Reynolds  number 
of  15,000  for  70F  and  460F  inlet  temperatures. 

At  lower  Reynolds  numbers  the  vortex 
shedding  phenomena  at  LBO  is  different  from 
those  above  Reynolds  number  of  15,000. 
Figures  4-17  and  4-18  are  high  speed  images 
taken  near  the  LBO  limit.  They  depict  Reynolds 


Figure  4-17  Combusting  V-Gutter  at  70F  Inlet  Temperature, 
Re  =  8,300,  Near  LBO 


Figure  4-18  Combusting  V-Gutter  at  460F  Inlet  Temperature, 
Re  =  9,700,  Near  LBO 


numbers  of  8,300  and  9,600  and  inlet 
temperatures  of  70F  and  460F  respectively. 
Both  of  these  images  seem  to  be  dominated  by 
a  combination  of  large  and  small  vortices.  It  is 
difficult  to  discern  a  dominant  vortex  shedding 
mode. 


5  CONCLUSIONS  AND 
RECOMMENDATIONS 


In  this  paper,  several  sets  of  data  were 
presented  for  the  closed  flame  holder. 
Experiments  are  ongoing  to  collect  similar  data 
for  the  open  v-gutter  configuration,  a  circular 
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cylinder  and  other  bluff  body  configurations.  In 
addition  new  instrumentation  is  also  planned  to 
collect  point  temperature  and  species 
measurements. 

Currently  analysis  of  this  data  and  data  from 
the  open  v-gutter  flame  holder  are  ongoing. 

From  the  data  currently  analyzed  and  presented 
conclusions  can  be  drawn.  Enough  data  are 
believed  to  exist  to  provide  “necessary” 
conclusions.  More  data  and  analysis  is  required 
to  provide  conclusions  that  are  supported  by 
data  that  is  both  “necessary”  and  “sufficient”. 
Given  this,  some  interesting  conclusions  can  be 
drawn  from  the  data  and  analysis  to  date. 

5.1  Turbulent  Transition 

Fluid  dynamic  transition  of  the  v-gutter  flame 
holders  varies  substantially  from  that  of  the 
circular  cylinder.  The  slope  of  the  curve  at  lower 
Reynolds  numbers  is  discontinuous,  unlike  the 
circular  cylinder.  For  a  circular  cylinder,  the 
vortex  shedding  may  be  very  different  than  that 
of  a  v-gutter.  When  comparing  Panton’s  (1984) 
discussion  of  vortex  shedding  behind  a  circular 
cylinder  with  the  data  from  Blevins  (1985),  the 
peak  in  Strouhal  number  for  a  circular  cylinder 
occurs  at  a  Reynolds  number  where  there  is  still 
a  very  organized  Karman  Street  vortex  shed 
behind  the  cylinder.  According  to  Panton 
(1984),  as  the  Reynolds  number  increases  the 
boundary  layer  of  the  cylinder  separates.  Also, 
as  Reynolds  number  increases  the  point  of 
separation  moves  forward.  At  the  same  time  the 
separation  moves  forward  on  the  cylinder  the 
Strouhal  number  decreases.  Panton  concludes 
the  flow  behind  the  cylinder  is  not  “turbulent” 
until  the  Reynolds  number  approaches  30,000. 

The  v-gutter  data  does  not  depict  the  same 
smooth  decrease  in  Strouhal  number  as 
Reynolds  number  increases.  Between  Reynolds 
numbers  of  20,000  and  25,000  there  is  a  cusp  in 
the  shape  of  the  curve  denoting  an  abrupt 
change  in  the  vortex  shedding.  This  may  be  the 
transition  from  “laminar”  to  “turbulent”  shedding 
in  the  wake  for  the  v-gutter.  These  conclusions 
can  be  supported  by  better  visualization  around 
the  range  of  Reynolds  numbers  where  the  cusp 
in  the  data  occurs.  This  can  be  accomplished 
with  highly  spatially  resolved  Large  Eddy 
Simulation  (LES)  or  through  the  use  of  Particle 
Image  Velocimetry  (PIV)  analysis  of  a  v-gutter 
and  a  circular  cylinder.  Since  this  transition 
occurs  at  the  lower  range  of  Reynolds  numbers 


for  current  engines  this  is  an  area  of  further 
research. 

As  outlined  in  the  Introduction,  Zukoski 
(1954,  1955)  and  Ozawa  (1971)  concludes  that 
the  flame  behind  a  bluff  body  transitions  around 
a  Reynolds  numbers  of  10,000.  In  the 
equivalence  ratio  data  presented,  the 
equivalence  ratio  at  LBO  below  Reynolds 
number  of  15,000  seem  to  be  insensitive  to 
Reynolds  number  supporting  these  conclusions. 
The  high  speed  images  in  this  Reynolds  range 
also  contain  a  mix  of  vortices  being  shed  by  the 
shear  layer  of  the  flame  holder  and  larger  wake 
vortices.  When  compared  to  high  speed  images 
at  higher  Reynolds  numbers  the  images  also 
seem  to  support  the  conclusions  that  the  flame 
transitions  in  this  Reynolds  range. 

Reynolds  numbers  below  10,000  are  rarely 
achieved  in  modern  engines,  thus  this 
conclusion  may  be  academic.  Regardless  the 
ability  to  collect  data  at  these  conditions  is 
relatively  easy.  Further  data  will  be  collected  on 
different  flame  holder  geometries  and  at  different 
conditions  in  an  attempt  to  further  support  this 
conclusion.  Other  instrumentation  can  be  used 
to  shed  further  light  here.  In  addition  to  high 
speed  imaging,  Particle  Image  Velocimetry  (PIV) 
of  the  combusting  flow  and  highly  temporally 
resolved  temperature  measurements  may  be 
applied  at  Reynolds  numbers  below  “transition”. 
The  added  data  provided  may  shed  more  light 
as  to  the  nature  of  the  vortex  shedding  behind 
the  bluff  body. 

5.2  Lean  Blowout 

From  the  lean  blow  out  data  two  conclusions 
are  drawn.  The  first  is  that  the  blow  out  data 
correlate  well  when  DeZubay’s  correlation  is 
used.  The  maximum  correlation  parameter 
value  of  30  was  achieved  in  the  current  testing. 
Research  will  continue  at  higher  inlet 
temperatures  and  velocities  to  continue  to 
populate  this  curve  at  correlation  values  greater 
than  30. 

When  plotted  against  Reynolds  number  the 
data  seem  counter  intuitive.  At  higher 
temperatures,  for  the  same  Reynolds  number 
the  equivalence  ratio  at  LBO  are  higher,  not 
lower.  When  plotted  against  temperature,  with 
constant  inlet  velocity,  the  equivalence  ratio 
decreases  with  inlet  temperature.  This  result 
would  indicate  that  using  the  Reynolds  number 
to  correlate  LBO  does  not  properly  account  for 
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the  competing  effects  of  decreased  density  and 
increased  viscosity  as  the  temperature  is 
increased. 

5.3  Vortex  Shedding  in  the  High  Speed 
Images 

In  their  earlier  paper  Mehta  and  Soretiou 
(2003)  concluded  that  the  vortex  shedding 
behind  a  bluff  body  changed  substantially  when 
combustion  was  present.  They  concluded  that 
the  baroclinic  torque  associated  with  the 
temperature  rise  across  the  flame  dominated  the 
flow.  As  a  result  their  model  showed  a  flame 
where  flow  behind  the  bluff  body  was  dominated 
by  vortices  much  smaller  than  the  Karman 
Street  vortices.  At  stoichiometry  well  above  the 
LBO  limit  the  high  speed  images  seem  to 
support  this  conclusion. 

Later  Mehta  and  Soteriou  (Erickson  et  al. 
2006)  concluded  from  their  modeling  that  certain 
conditions  could  exist  where  the  flame  could  be 
dominated  by  the  Karman  Street  vortices.  They 
concluded  that  if  the  temperature  ratio  across 
the  flame  were  reduced  that  these  vortices 
eventually  dominate  the  flow.  This 
phenomenology  is  also  supported  by  LES 
computations  by  Porumbel  and  Menon  (2006), 
and  Fureby  (2006).  High  speed  images 
qualitatively  support  these  conclusion  as  well. 

In  the  bluff  body  flow  three  forces  seem  to 
dominate  depending  on  the  operating 
conditions;  momentum,  viscous  and  baroclinic. 
For  the  high  equivalence  ratio  combusting  flow, 
above  Reynolds  number  of  15,000,  momentum 
and  baroclinic  forces  seem  to  dominate.  These 
forces  suppress  Karman  Street  vortex  shedding 
and  promote  smaller  vortices  that  stabilize  the 
flame  in  the  shear  layer  of  the  wake.  As  the  inlet 
temperature  is  increased  density  falls  and 
viscosity  increases.  Thus  increased 
temperature  decreases  momentum  and 
increases  viscous  effects.  Further  as  inlet 
temperature  increases  the  temperature  ratio 
across  the  flame  decreases  for  the  same 
stoichiometry.  The  resultant  effect  is  a  reduction 
in  the  baroclinic  effect  of  the  flame.  Combined 
the  high  speed  images  and  modeling  seem  to 
support  a  situation  where  viscous  forces  and 
Karman  Street  vortex  shedding  dominate  the 
combusting  near  LBO  at  Reynolds  numbers  as 
high  as  35,000.  Further  testing  using  PIV  in 
combusting  flow  as  well  as  temporally  resolved 
point  temperature  measurements  are  required  to 


provide  more  quantitative  results  to  support 
these  conclusions. 
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UNDERSTANDING  OF  TURBULENT  FLAMES  FROM  VORTEX/FLAME-INTERACTION 

STUDIES 

V.  R.  Katta,*  S.  Gogineni,*  T.  R.  Meyer\  J.  R.  Gord,  W.  M.  Roquemore 
Propulsion  Directorate 
Air  Force  Research  Laboratory 
Wright  Patterson  Air  Force  Base,  OH 

ABSTRACT 

Various  concepts  for  modeling  turbulence-chemistry  interaction  in  a  nonpremixed 
combustion  are  examined  by  studying  vortex/flame  interactions  in  a  hydrogen/air,  opposed-jet 
nonpremixed  flame.  Unsteady  flat  flames  are  obtained  by  injecting  vortices  from  fuel  and  air  sides 
of  the  flame  surface  simultaneously.  The  conventional  characteristic  parameters  such  as  stretch 
rate  and  scalar  dissipation  rate  cannot  be  used  for  describing  the  quenching  process  in  unsteady 
flames.  The  flow  and  chemical  nonequilibrium  states  of  the  unsteady  flames  are  responsible  for 
the  variations  in  extinction  values  of  these  traditional  characteristic  variables.  It  is  proposed  that  a 
variable  that  is  proportional  to  the  air-side  stretch  rate  and  inversely  proportional  to  the  rate  of 
change  in  the  flame  temperature  can  be  used  uniquely  for  characterizing  the  unsteady  quenching 
process.  Unsteady  curved  flames  are  obtained  by  injecting  vortices  from  the  air  side.  Vortex  size 
is  varied  from  centimeter  to  sub-millimeter.  The  dynamic  changes  occurred  to  the  flame  structure 
during  these  interaction  processes  are  mapped  on  to  scalar-dissipation-rate  scale.  The  large 
centimeter-size  vortices,  irrespective  of  the  propagation  velocity,  wrinkle  and  stretch  the  flame 
before  causing  local  extinction — representing  a  typical  laminar-flamelet  behavior.  On  the  other 
hand,  the  small  sub-millimeter-size  vortices  replace  the  local  fluid  in  the  flame  zone  with  fresh  air 
and  destroy  the  flame  structure  without  causing  any  wrinkle  or  stretch  on  the  reaction  zone- 
representing  a  non-flamelet  behavior.  Depending  on  the  vortex  size,  interactions  between  flame 
and  millimeter-range  vortices  gradually  deviate  from  the  flamelet  description. 

INTRODUCTION 

Studies  on  the  structure  of  an  unsteady  flame  are  important  for  gaining  an  understanding 
of  fundamental  combustion  processes.  Such  studies  provide  insight  into  turbulence-chemistry 
interaction  and  aid  the  development  and  evaluation  of  simplified  models  that  can  be  used  in 
design  codes  for  practical  combustion  systems.  Unsteady  flames  associated  with  turbulent 
combustion  are  subjected  to  stretching  that  varies  with  time;  typically,  the  time  scale  for  the 
changes  in  stretch  rate  is  comparable  to  that  of  the  chemical  (e.g.,  reaction  time)  or  physical  (e.g., 
diffusion  time)  responses  of  the  system.  Because  of  the  resulting  nonequilibrium  environment,  the 
structure  of  a  stretched  unsteady  flame  differs  from  that  of  a  stretched  steady-state  flame. 

Numerous  experimental  and  numerical  investigations1 3  have  been  performed  to  quantify 
the  scalar  structure  of  steady  state,  aerodynamically  stretched,  planar,  opposed-jet  nonpremixed 
flames.  Such  studies  have  not  only  provided  benchmark  experimental  data  but  also  yielded 
valuable  insight  into  the  steady-state  behavior  of  the  planar  flame  that  is  subjected  to  stretch  (or 
strain)  rates  up  to  the  extinction  limits.  In  practical  combustion  devices,  turbulent  flames  are 
subjected  to  severe  unsteadiness  that  results  from  the  random  motion  of  the  vortices.4'5  To  retain 
the  analytical  and  experimental  simplicity  offered  by  planar  nonpremixed  flames,  however,  the 
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unsteady  flame  structure  is  also  investigated  in  opposed-jet  flames  by  fluctuating  the  fuel  and  air 
jets  simultaneously  and  sinusoidally.6'8  Although  the  results  have  indicated  that  unsteady  flames 
can  be  stretched  beyond  the  steady-state  extinction  limit,9  these  studies  are  mainly  focused  on 
understanding  the  behavior  of  the  flame  when  subjected  to  moderate-amplitude  fluctuations  in 
stretch  rate7,  reactant  composition,7,10  and  partial  premixing.11  Since  the  extinction  stretch  rate,  in 
general,  is  higher  than  the  maximum  stretch  rate  at  which  ignition  can  occur,  temporal  flame 
extinction  that  occurs  at  any  time  within  the  fluctuation  cycle  in  a  periodically  oscillating  opposed- 
jet  flame  could  lead  to  complete  flame  extinction.  Consequently,  stretch  rates  near  the  extinction 
limit  could  not  be  used  in  the  periodically  oscillating  flame  experiments;  as  a  result,  the  unsteady 
flame  structure  near  the  extinction  limit  has  not  been  studied  adequately. 

Recent  studies  on  vortex/flame  interactions  by  Katta  et  al.12  revealed  that  the  extinction 
stretch  rate  of  an  unsteady  flame  is  dependent  on  whether  the  flame  is  traveling  or  stationary.  By 
issuing  vortices  from  the  fuel  and  air  sides  of  an  opposed-jet  jet  nonpremixed  flame,  they 
simulated  traveling  and  stationary  unsteady  flames.  In  the  traveling  unsteady  flame,  not  only  the 
stretch  rate  on  the  flame  but  also  its  location  changes  with  time;  in  the  stationary  unsteady  flame, 
on  the  other  hand,  the  stretch  rate  varies  with  time  by  locking  the  flame  position  spatially.  The 
latter  unsteady  flames,  established  by  issuing  vortices  simultaneously  from  the  air  and  fuel  sides, 
offer  a  pathway  for  understanding  the  unsteady  flame  structure  near  extinction. 

During  single-vortex/flame  interactions,  which  are  often  considered  to  be  the  building 
blocks  of  statistical  theories  of  turbulence,  the  flame  surface  is  subjected  not  only  to  unsteadiness 
but  also  to  deformation.  To  investigate  the  effects  of  curvature  on  unsteady  flames,  both 
theoretical  and  experimental  studies  have  been  initiated.13'16  In  particular,  experiments  designed 
by  Roberts  et  al.17  and  by  Rolon  et  al.18  have  generated  considerable  interest,  especially  because 
of  their  unique  ability  to  inject  a  well-characterized  vortex  toward  the  flame  surface.  Numerous 
investigations  have  been  performed  on  wrinkled  flames  by  varying  the  size  and  strength  of  the 
vortex  in  opposed-jet  burners18  in  attempts  to  understand  global  features  such  as  scale19'20  and 
origin21  effects  and  localized  features  such  as  annular-quenching22  and  nonadiabatic-equilibrium- 
temperature23,24  phenomena.  In  the  present  investigation,  a  well-tested  CFDC  model22'25,26  is 
used  for  understanding  the  effects  of  unsteady  stretching  on  flat  and  wrinkled  opposed-jet, 
nonpremixed  flames.  Large  vortices  issued  from  the  fuel  and  air  sides  are  used  for  establishing 
flat  flames  and  centimeter-to-sub-millimeter-size  vortices  issued  from  air  side  are  used  for 
establishing  wrinkled  flames. 


MATHEMATICAL  MODEL 

A  time-dependent  axisymmetric  model  known  as  UNICORN  (UNsteady  Ignition  and 
COmbustion  using  ReactioNs)26  is  used  for  the  simulations  of  unsteady  flames  associated  with  an 
opposed-jet  burner.  This  model  solves  the  Navier-Stokes  and  species-  and  energy-conservation 
equations  written  in  the  cylindrical-coordinate  (z-r)  system.  A  detailed-chemical-kinetics  model  is 
employed  for  describing  the  hydrogen-air  combustion  process.  This  model  consists  of  13  species- 
-namely,  H2,  02,  H,  O,  OH,  H20,  H02,  H202,  N,  NO,  N02,  N20,  and  N2--and  74  elementary 
reactions  among  the  constituent  species.  The  rate  constants  for  this  H2-02-N2  reaction  system 
are  obtained  from  Ref.  27. 

Temperature-  and  species-dependent  property  calculations  are  incorporated  in  the 
model.  The  governing  equations  are  integrated  on  a  nonuniform  staggered-grid  system.  An 
orthogonal  grid  having  rapidly  expanding  cell  sizes  in  both  the  axial  and  the  radial  directions  is 
employed.  The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit 
QUICKEST  scheme,28'29  and  those  of  the  species  and  energy  equations  are  obtained  using  a 
hybrid  scheme  of  upwind  and  central  differencing.  At  every  time  step,  the  pressure  field  is 
calculated  by  solving  the  pressure  Poisson  equations  simultaneously  and  utilizing  the  LU  (Lower 
and  Upper  diagonal)  matrix-decomposition  technique.  UNICORN  has  been  validated  previously 
by  simulating  various  steady  and  unsteady  opposed21  22,24  and  coflow25'30  jet  nonpremixed  flames. 
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BURNER  CONFIGURATION: 


The  opposed-jet-flow  burner  used  for  the  investigations  of  vortex/flame  interactions  was 
designed  by  Rolon,  is  shown  in  Fig.  1,  and  is  described  in  detail  in  Ref.  18.  A  flat  flame  is  formed 
between  the  fuel  and  air  jets  having  velocities  of  0.69  and  0.5  m/s,  respectively.  The  hydrogen-to- 
nitrogen  ratio  used  for  the  fuel  jet  is  0.38.  While  unsteady  wrinkled  flames  are  established  by 
shooting  vortices  either  from  the  fuel  or  air  sides  of  the  flame  surface,  unsteady  flat  flames  are 
established  by  shooting  vortices  simultaneously  from  the  fuel  and  air  sides.  The  collision  of  the 
vortices  at  the  flame  surface  in  the  latter  case  imposes  unsteady  stretch  on  the  flame.  Studies  are 
performed  to  investigate  various  types  of  vortex/flame  interactions  by  incorporating  different  sizes 
of  fuel-  and  air-side  injection  tubes  and  varying  the  fluid  injection  durations.  Air-side  vortices  are 
generated  by  injecting  a  specified  amount  of  air  through  the  syringe  tube  (Fig.  1)  and  then 
through  an  injection  tube  having  a  diameter  of  0.2  -  5.0  mm.  Similarly,  fuel-side  vortices  are 
generated  by  injecting  a  specified  amount  of  fuel  through  the  respective  syringe  and  injection 
tubes.  The  z-r  coordinate  system  used  for  the  simulation  of  flames  associated  with  the  Rolon 
burner  is  shown  in  Fig.  1.  Calculations  for  these  axisymmetric  flames  are  made  using  a  non- 
uniform  601  x  301  mesh  system  distributed  over  a  physical  domain  of  40  x  40  mm,  which  yielded 
a  mesh  spacing  of  0.05  mm  in  both  the  axial  (z)  and  the  radial  (r)  directions  in  the  region  between 
the  two  nozzles. 


RESULTS  AND  DISCUSSION 


UNSTEADY  FLAT  FLAMES: 


Calculations  for  the  unsteady  stationary  flat  flames  are  made  by  issuing  vortices 
simultaneously  from  the  fuel  and  air  sides  via  injecting  respective  fluids  with  a  constant  peak 
velocity.  Variation  in  the  strengths  of  the  vortices  and,  thereby,  the  applied  stretch  rate  on  the  flat 
flame  is  achieved  by  changing  the  rise  time  (acceleration)  of  the  injection  fluid  in  reaching  the 
specified  peak  velocity.  As  the  vortices  interact  with  the  flame  surface  the  temperature  of  the 


Fig.  1.  Schematic  diagram  of  opposed-jet-flow  burner  used  for  investigations  of  vortex/flame 
interactions.  Nitrogen-diluted  hydrogen  fuel  and  air  introduced  from  upper  and  lower  nozzles, 
respectively.  Structure  of  steady-state  flame  is  also  shown  in  form  of  iso-temperature  distribution. 
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latter  decreases.  The  extinction  process  for  the  flame  is  considered  to  begin  when  the 
temperature  decreased  to  1130  K.  Further  decrease  in  temperature  during  a  vortex/flame 
interaction  after  the  flame  is  locally  extinguished  results  from  the  diffusion  and  conduction  of 
products  and  heat,  respectively,  from  the  flame  zone.  As  expected,  the  flame  responded  uniquely 
to  the  changes  in  the  rate  at  which  fluid  is  injected.  The  time  at  which  extinction  occurs  is 
inversely  proportional  to  the  rate  of  increase  in  the  injection  velocity  (a0). 

The  changes  in  air-side  stretch  rate  (ka)  during  the  vortex/flame-interaction  process  are 
shown  in  Fig.  2  for  various  a0  cases.  The  stain  rates  at  which  extinction  took  place  were  obtained 
from  the  1 1 30-K-cutoff  criterion  and  are  indicated  by  filled  circles  in  this  figure.  A  linear  decrease 
in  extinction  stretch  rate  with  time  can  be  observed.  The  extinction  stretch  rate  increased  from 
2600  to  3200  s'1  when  the  injection-fluid  accelerations  are  increased  from  2450  to  4900  m/s2.  The 
data  in  Fig.  2  indicate  that  using  a  unique  value  of  air-side  stretch  rate  one  cannot  predict  the 
quenching  condition  of  an  unsteady  flat  flame.  In  other  words,  value  of  the  air-side  stretch  rate  at 
which  extinction  occurs  in  an  unsteady  flame  depends  on  the  rate  at  which  the  flame  was 
stretched.  The  extinction  values  for  ka  in  unsteady  flames  range  from  2610  to  3195  s"1  and  are 
higher  by  85  to  127%  than  the  limit  obtained  in  steady-state  flames  (1410  s"1). 

The  stretch  rate  computed  at  a  flame  location  represents  the  local  flow  structure  and 
because  of  the  flow  nonequilibrium  an  accurate  description  of  the  quenching  process  using 
stretch  rate  alone  is  not  possible  as  shown  in  Fig.  2.  On  the  other  hand,  since  the  scalar 
dissipation  rate  (%)  represents  the  overall  diffusion  process,  this  rate  calculated  at  a  given  flame 
location  could  be  used  for  describing  the  flame  quenching  process.  Variations  in  the  scalar 
dissipation  rate  (calculated  at  the  stoichiometric  surface)  with  time  are  plotted  for  various 
vortex/flame-interaction  cases  in  Fig.  3.  The  respective  values  at  extinction  for  all  of  the  unsteady 
flames,  determined  based  on  the  1130-K  criterion,  are  represented  by  filled  circles.  From  this 
figure,  it  is  apparent  that  the  scalar  dissipation  rate  %st0ich  also  failed  to  characterize  the  extinction 
process  in  unsteady  flames  uniquely,  which  means  that  extinction  in  unsteady  flames  cannot  be 


t  (ms) 


Fig.  2.  Variations  of  air-side  strain  rate  with  time  for  different  vortex/flame  interactions.  Vortices 
are  injected  from  both  sides  of  the  flame.  Extinction  values  based  on  1 130-K-temperature 
criterion  indicated  by  solid  circles. 
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Fig.  3.  Variations  of  scalar  dissipation  rate  at  stoichiometry  with  time  for  different  vortex/flame 
interactions.  Vortices  are  injected  from  both  sides  of  the  flame. 

predicted  using  scalar  dissipation  rate.  However,  the  variations  in  extinction  values  with  respect  to 
the  changes  in  fluid-injection  velocity  seem  to  be  smaller  for  scalar  dissipation  rates  than  for 

stretch  rates.  The  extinction  values  for  Xstoich  in  unsteady  flames  range  from  1.02  to  1.193  s"1  and 
are  higher  only  by  30  to  53%  than  the  limit  obtained  in  steady-state  flames  (0.78  s"1). 

The  reason  that  the  scalar  dissipation  rate  describes  unsteady  flame  extinction  more 
closely  than  the  stretch  rate  can  be  understood  by  considering  the  chemical  and  flow 
nonequilibrium  processes  that  develop  in  these  flames.  As  the  stretch  on  the  flame  is  increased, 
increasingly  more  reactants,  through  diffusion,  are  transported  into  the  reaction  zone.  At  lower 
stretch  rates,  the  chemical  kinetics  can  consume  all  of  the  entering  reactants.  However,  at  higher 
rates  of  stretch,  chemistry  cannot  cope  with  the  large  reactant  fluxes  and,  therefore,  flame  cooling 
occurs.  As  the  stretch  rate  represents  the  reactant  fluxes  transported  into  the  reaction  zone  only 
in  the  case  of  steady-state  flames,  when  flow  nonequilibrium  occurs,  the  stretch  rate  does  not 
take  into  account  the  time  lag  between  the  diffusion  and  convection  processes  and,  hence, 
cannot  represent  the  extinction  process.  Since  the  scalar  dissipation  rate  describes  the  diffusion 
process,  it  is  less  sensitive  to  the  flow  nonequilibrium  that  develops  in  unsteady  flames.  However, 
scalar  dissipation  rate  can  represent  the  chemical  kinetics  in  the  flame  zone  only  when  the 
diffusion  time  scale  is  far  greater  than  the  chemical  (reaction)  time  scale-which  exists  in 
unstretched  flames  where  reactions  are  limited  by  the  diffusion  process.  When  chemical 
nonequilibrium  occurs  (chemistry-limited  situation),  the  scalar  dissipation  rate  does  not  take  into 
account  the  time  lag  between  the  diffusion  and  chemical  kinetics  and,  hence,  fails  to  represent 
the  extinction  process.  Nevertheless,  since  the  scalar-dissipation  rate  reflects  changes  in 
diffusion  more  accurately  than  the  stretch  rate,  it  describes  the  unsteady  extinction  process  more 
accurately. 

To  represent  the  unsteady-extinction  process  uniquely,  one  must  consider  a  variable  that 
takes  into  account  both  the  flow-  and  the  chemical-nonequilibrium  processes.  Since  the  stretch 
rate  or  scalar-dissipation  rate  can  be  used  to  estimate  the  former,  a  parameter  that  can  be  used 
for  estimating  the  latter  is  required.  If  one  assumes  that  no  delay  exists  between  chemical  kinetics 
and  heat-release  rate,  then  dTf/dt  (rate  of  decrease  in  flame  temperature)  represents  the  rate  of 
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change  in  chemical  kinetics  and,  in  other  words,  the  rate  of  change  in  the  chemical- 
nonequilibrium  state.  Vortices  that  move  more  rapidly  result  in  higher  dTf/dt  values  at  extinction, 
and  those  that  move  slowly  result  in  lower  dTf/dt  values.  Therefore,  by  defining  a  variable  that  is 
proportional  to  the  air-side  stretch  rate  and  inversely  proportional  to  the  temperature-decrease 
rate  (dTf/dt),  one  can  obtain  a  universal  value  for  identifying  the  quenching  process  in  unsteady 
flames. 


By  considering  both  the  chemical  and  flow  nonequilibrium  states  of  an  unsteady  flame,  a 
new  variable  (a)  is  defined  as  the  ratio  of  the  stretch  rate  to  the  rate  of  change  in  flame 
temperature  as  follows: 


Here,  Tf  is  the  flame  (peak)  temperature  and  ka0  is  the  steady-state  air-side  extinction 
stretch  rate.  Values  of  a  computed  at  several  instants  during  various  vortex/flame  interactions  are 
plotted  in  Fig.  4.  In  each  case  as  the  vortices  issued  from  the  fuel  and  air  sides  approach  the 
flame  surface,  a  decreases  with  interaction  time,  crosses  zero  when  the  instantaneous  stretch 
rate  reaches  the  steady-state  extinction  limit,  reaches  a  minimum  value,  and  then  begins  to 
increase.  Interestingly,  the  minimum  values  of  a  for  all  of  the  vortex/flame-interaction  cases  are 
the  same-0.39.  The  striking  feature  of  a  became  evident  when  the  extinction  condition  for  each 
interaction  case  was  plotted  in  Fig.  4  by  filled  circles.  The  extinction  conditions  coincided  with  the 
minima  in  a. 


Fig.  4.  Variations  of  new  variable  a  with  time  for  different  vortex/flame  interactions.  Vortices  are 
injected  from  both  sides  of  the  flame. 
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UNSTEADY  WRINKLED  FLAMES: 


Wrinkled  flames  are  generated  by  issuing  vortices  either  from  the  fuel  or  air  side  of  the 
flame  surface  via  injecting  a  specified  amount  of  fluid  through  the  respective  syringe  tube  (Fig.  1) 
and  then  through  an  injection  tube  having  a  diameter  in  between  0.05  and  5.0  mm.  Evolution  of 
the  injected  vortex  and  its  interaction  with  the  flame  surface  depends  on  the  injection  time.  In 
general,  with  the  shorter  injection  times,  the  generated  vortices  travel  faster  toward  the  flame 
surface  and  then  affect  the  flame  structure  as  the  local  flow  time  scales  approach  the  chemical 
time  scales.  As  the  injection  time  gets  longer  the  resulting  vortex/flame  interaction  tends  to 
generate  a  perturbed  flame  rather  than  a  wrinkled  one.  Also  the  interaction  process  strongly 
depends  on  the  size  of  the  vortex.  A  typical  centimeter-size-vortex/flame  interaction  obtained  with 
a  5.0-mm  diameter  injection  tube  is  shown  in  Fig.  5.  Here,  computed  instantaneous  locations  of 
the  particles  are  superimposed  on  iso-temperature  color  contours  in  5(a)  and  the  measured  OH- 
concentration  distribution  is  shown  in  5(b).  Both  the  calculations  and  measurements  show  the 
unique  annular  quenching  pattern.  As  the  centimeter-size  vortex  interacts  with  the  flame  surface, 
the  flame  gets  wrapped  around  the  vortex  and  stretched.  However,  due  to  curvature  effect 
extinction  appeared  first  at  a  location  away  from  the  centerline. 

Vortices  generated  on  the  air  side  of  the  flame  surface  by  injecting  air  through  the  5.0- 
mm  diameter  syringe  tube  grew  to  a  size  of  ~1.0-cm  diameter  by  the  time  they  reached  the 
reaction  zone21,22.  The  centimeter-size-vortex/flame  interaction  created  a  wrinkled  stretched 
laminar  flame,  which  extinguished  after  a  certain  interaction  time.  The  amount  of  flame  wrinkling 
and  the  time  required  for  extinguishing  the  flame  depend  on  the  vortex  propagation  velocity. 
Results  obtained  for  a  wide  range  of  vortex  injection  velocities  are  summarized  in  Fig.  6. 
Variations  in  flame  (peak)  temperature  and  peak  H-radical  production  rate  of  the  flamelet  located 
along  the  centerline  with  respect  to  scalar  dissipation  rate  at  stoichiometry  (xst)  are  shown  for 
injection  velocities  ranging  from  5  m/s  through  160  m/s.  Scalar  dissipation  rate  (x)  is  calculated 
from  mixture-fraction  formulation  of  Bilger31  and  using  1  m2/s  for  diffusion  coefficient21.  Note  that 
vortices  injected  at  a  propagation  velocity  less  than  5  m/s  could  not  cause  flame  extinction. 


As  the  centimeter-size  air-side  vortex  pushes  the  flame  surface  it  increases  oxygen  flux 
into  the  flame  zone  and,  by  virtue  of  stoichiometric  combustion,  diffusion  flame  moves  toward  fuel 
nozzle  for  obtaining  a  balance  between  the  oxygen  and  hydrogen  fluxes.  As  shown  in  Fig.  6, 
increase  in  reactant  fluxes  increases  scalar  dissipation  rate  at  stoichiometry  (xst)  and  decreases 
flame  temperature  (Tf)  due  to  thermal  effect  (heat  conduction  out  of  the  reaction  zone  exceeds 
heat  generation  due  to  reaction)32.  If  combustion  were  to  take  place  infinitely  fast  then  all  the 
curves  in  Fig.  6  would  collapse  on  to  a  single  curve.  However,  as  the  velocity  of  the  vortex 
increases  the  diffusion  time  scales  decrease  and  could  become  comparable  or  less  than 
chemical  time  scales,  which,  in  turn,  brings  in  chemical-non-equilibrium  effects  (Damkohler- 
number  effects)  into  vortex-flame  interactions.  When  reaction  rates  cannot  keep  up  with  the 
reactant  fluxes  heat  release  rate  decreases  due  to  partial  combustion  and  consequently  for  the 
given  Xst  faster  vortices  are  yielding  lower  flame  temperatures. 


Fig.  5.  Structure  of  the  flame  computed  during  its  interaction  with  a  centimeter-size-air-side  vortex 
in  (a).  Instantaneous  particle  locations  are  superimposed  on  temperature  (Tmax  =  1600  K).  OH- 
PLIF  data  obtained  from  experiments  is  shown  in  (b). 
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According  to  the  flamelet  concept  for  nonpremixed  combustion32,  which  is  treated  as  a 
non-equilibrium  version  of  the  classical  Burke-Schumann  limit,  nonpremixed  flames  behave 
locally  as  a  steady,  one-dimensional,  laminar,  stretched  flames.  Considering  the  differences  in 
diffusion  and  flow  time  scales  flamelet  concepts  have  been  modified  for  unsteady  effects33.  The 
main  advantage  of  the  flamelet  concept  is  the  fact  that  chemical  time  scales  and  length  scales 
need  not  be  resolved  in  calculating  the  turbulent  flame.  This  means  that  flamelet  structure  can  be 
uniquely  resolved  as  a  function  of  certain  prescribed  parameters.  Most  of  the  flamelet  models  use 
mixture  fraction  and  scalar  dissipation  rate  at  stoichiometry  as  such  prescribed  parameters. 
Amazingly,  the  interactions  of  centimeter-size  vortices  with  the  flame  over  a  wide  range  of 
velocities  shown  in  Fig.  6  are  following  the  unsteady  flamelet  concepts.  The  chemical  activity, 
represented  by  peak  coH,  is  in  general  following  the  flamelet  concepts.  Reaction  rates  increase 
initially  with  reactant  fluxes  (or  Xst)  then  decrease  after  reaching  a  peak  value  due  to  thermal 
effects  and  those  of  faster-vortex  cases  are  decreasing  even  more  rapidly  due  to  chemical-non- 
equilibrium  effects. 

A  typical  experimental  image  of  the  millimeter-size-vortex/flame  interaction  obtained  with 
a  0.2-mm-diameter  injection  tube  is  shown  in  Fig.  7.  The  left  side  of  the  image  represents  the  OH- 
concentration  field  captured  using  PLIF  measurement  technique.  Unlike  in  the  centimeter- 
vortex/flame  interaction,  these  millimeter-vortex/flame  interactions  show  a  significant  increase  in 
OH  concentration  in  the  head  region  of  the  vortex.  Results  obtained  from  the  calculations  made 
for  this  interaction  are  shown  on  the  right-hand  side  of  Fig.  7.  Calculations  also  have  predicted 
the  significant  increase  in  the  concentration  of  OH  in  the  head  region.  The  computed  OH 
distribution  matches  qualitatively  with  the  uncorrected  experimental  OH-PLIF  data.  The 
somewhat  broad  and  diffused  distribution  of  OH  in  the  vortex-head  region  of  the  experiment  could 
be  attributed  to  the  alignment  of  laser  sheet  to  the  axis  of  the  injection  tube.  The  inner  and  outer 
radii  of  the  protrusion  of  the  OH  layer  that  occurred  due  to  the  vortex  motion  are  only  ~  0.3  and 
0.7  mm,  respectively;  which  are  of  the  order  of  the  laser-sheet  thickness  (~  0.4  mm).  Any  small 
misalignment  of  the  laser  sheet  to  the  centerline  of  the  OH  protrusion  could  capture  the  OH  that  is 
present  circumferentially  and  make  the  fluorescence  image  blurry. 


Fig.  6.  Interactions  of  cm-size  vortex  with  hydrogen-air  diffusion  flame  for  several  vortex  injection 
velocities.  Variations  in  flame  temperature  (solid  lines)  and  peak  H-radical  production  rates 
(broken  lines)  are  plotted  with  respect  to  scalar  dissipation  rate  at  stiochiometry. 
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Fig.  7.  Typical  protruded  flame  obtained  with  a  millimeter-size  air-side  vortex.  Measured  and 
computed  flames  in  the  form  of  OH-concentration  distributions  are  shown  on  the  left  and  right 
halves,  respectively.  Note  the  increase  in  concentration  of  OH  at  the  tip. 

Both  in  the  experiment  and  calculation,  the  interaction  between  millimeter-size  vortex  and 
flame  resulted  in  local  quenching  of  the  latter  along  the  stagnation  line  during  the  early  stages 
and  then  the  flame  was  reconnected  within  1  ms.  The  temperature  and  OH  concentration  started 
increasing  soon  after  the  reconnection  of  the  extinguished  flame  and  their  increase  continued 
monotonically  with  time  and  with  further  propagation  of  the  vortex.  Calculations  as  well  as 
experiments*  made  with  different  injection  velocities  resulted  in  very  similar  interaction 
sequences;  namely,  quenching,  re-ignition,  and  increase  in  temperature  above  the  adiabatic 
value  in  the  head  region  of  the  vortex. 

Turbulence  consists  of  different  length  scales  ranging  from  Kolmogorov  scales  (limited  by 
kinematic  viscosity)  to  geometrical  scales  (limited  by  the  physical  sizes  of  the  combustion  device). 
In  order  the  flamelet  concepts  to  be  applied  for  the  prediction  of  turbulent  flows  one  must 
investigate  how  various  size  vortices  behave  during  their  interaction  with  flame.  According  to  the 
regimes  established  by  Peters  for  nonpremixed  combustion35  most  of  a  turbulent  flame  can  be 
described  using  flamelet  concepts  except  near  the  nozzle  exit  and  near  the  flame  tip.  Peters  used 
the  ratio  between  vortex  turnover  time  (tn)  and  chemical  time  (tc)  for  separating  the  flamelet 
regime  from  distributed  reaction  zones.  As  the  centimeter-size-vortex/flame  interactions  shown  in 
Fig.  6  are  truly  following  the  flamelet  concepts  the  ratio  tn/tc  associated  with  those  interactions 
must  be  sufficiently  large  to  place  them  in  the  flamelet  regime  of  the  turbulent  combustion. 
Chemical  time  scales  for  the  given  fuel-oxidizer  mixture  do  not  change  with  vortex  size,  shape  or 
velocity.  Therefore,  the  smallest  value  of  tn/tc  occurs  with  the  fastest  vortex  assuming  that  vortex 
size  does  not  change  much  with  the  velocity,  which  is  true  for  the  cases  shown  in  Fig.  6.  In  order 
to  examine  the  applicability  of  flamelet  concepts  to  different  size  vortices,  one  must  keep  values 
of  tn/tc  of  different  size  vortices  within  the  flamelet  regime  of  turbulent  combustion.  Keeping  the 
value  of  tn/tc  of  the  fastest  centimeter-size-vortex/flame  interaction  in  Fig.  6  as  the  lower  limit,  the 
range  for  the  vortex  sizes  is  determined  as  0.4-10  mm  with  a  propagation  velocity  of  6.4  m/s.  A 
0.4  mm  vortex  traveling  at  6.4  m/s  gives  the  same  value  of  tn/tc  as  that  of  a  1.0  cm  vortex 
traveling  at  160  m/s.  The  velocity  of  6.4  m/s  is  chosen  such  that  even  the  smallest  vortex  is  able 
to  cross  the  flame  surface. 

Calculations  for  the  millimeter  and  sub-millimeter-vortex/flame  interactions  are  performed 
using  a  micro  version  of  the  Rolon  burner.  Various  size  vortices  on  the  air  side  of  the  flame 
surface  are  generated  by  injecting  air  at  6.4  m/s  from  injection  tubes  having  different  diameters. 
Interaction  between  a  0.4-mm-diameter  vortex  and  flame  is  shown  in  Figs.  8(a)  and  8(b)  at  two 
different  phases.  Instantaneous  locations  of  the  particles  are  super  imposed  on  vorticity  field  on 
the  left  half  and  on  temperature  field  on  the  right  half.  Iso  contours  of  OH  radicals  and  mixture 
fraction  are  also  shown  on  the  left  and  right  halves,  respectively. 

The  interaction  process  between  a  sub-millimeter-size  vortex  and  the  flame  [Figs.  8(a) 
and  8(b)]  is  very  different  from  that  seen  with  larger  vortices  (Figs.  5  and  7).  As  the  sub-millimeter 
vortex  penetrates  through  the  flame  zone  it  hardly  affects  the  remaining  flame  structure  ahead  of 
it.  For  example,  the  stoichiometric  surface  in  Fig.  8(a)  was  not  perturbed  even  though  the  vortex 
has  penetrated  to  a  distance  that  is  only  0.5  mm  away  from  it.  Reaction  zone  surrounding  the 
stoichiometric  surface  was  also  unperturbed.  Even  when  the  flame  temperature  and  OH 
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concentrations  decreased  significantly  due  to  the  penetration  of  vortex  [Fig.  8(b)]  stoichiometric 
surface  was  shifted  only  by  0.1  mm.  Over  all,  the  flame  is  not  getting  stretched  as  the  sub- 
millimeter-size  vortex  penetrates  through  it,  which  is  contrary  to  the  typical  flamelet  description  of 
a  vortex/flame  interaction.  Note  that  the  ratio  tn/tc,  which  determines  whether  a  vortex/flame 
interaction  belongs  to  flamelet  regime  or  not,  for  the  sub-millimeter  case  is  same  as  that  of  the 
centimeter  case. 
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Fig.  8.  Sub-millimeter-size-vortex/Flame  interactions  captured  at  (a)  226  ps  and  (b)  288  ps  after 
injecting  the  vortex.  Contours  of  OH  mole  fraction  (left)  and  mixture  fraction  (right)  are 
superimposed  on  color  fields  of  vorticity  and  temperature,  respectively. 
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Evolution  of  the  flame  structure  along  the  stagnation  line  during  the  sub-millimeter-size- 
vortex/flame  interaction  is  shown  in  Fig.  9.  The  temperature  and  heat  release  rate  distributions 
across  the  flame  surface  at  different  phases  of  interaction  shown  in  9(a)  and  9(b),  respectively 
illustrate  the  non-flamelet  behavior  associated  with  micro  vortices.  As  the  vortex  penetrates 
through  the  flame  it  replaces  the  local  products  with  fresh  air  through  convection  and  the  reaction 
zone  upstream  of  the  vortex  is  not  affected.  The  temperature  profiles  at  232  ps  and  256  ps 
suggest  that  the  temperature  of  the  flame  (Tf)  is  decreasing  due  to  convection,  rather  than  due  to 
stretching  of  the  reaction  zone.  As  the  flame  is  not  stretched,  when  oxygen  is  carried  into  the 
flame  zone  by  a  micro  vortex,  fuel  flux  does  not  increase  to  provide  stoichiometric  combustion. 
Consequently  as  shown  in  Fig.  9(b),  heat  release  rate  increases  locally  near  the  oxygen-rich- 
products  region  by  more  than  an  order  of  magnitude  than  that  a  stretched  laminar  flamelet  would 
give.  The  high  peak  values  are  clipped  in  this  plot  for  showing  the  unperturbed  heat-release-rate 
profile  of  the  steady  state  flame. 


1  1.5  2  2.5  3 

z  (mm) 

Fig.  9.  Distributions  of  (a)  temperature  and  (b)  heat  release  rate  across  the  flame  surface  at 
various  phases  of  sub-mm-size-vortex/flame  interaction.  Heat  release  rates  at  certain  phases  are 
clipped  and  for  those  cases  the  respective  peak  values  are  indicated. 


11 


934 


Results  obtained  from  the  interactions  of  different  size  vortices  with  flame  are 
summarized  in  Fig.  10.  Variations  in  flame  temperature  and  peak  H-radical  production  rates  are 
plotted  with  respect  to  scalar  dissipation  rates  obtained  at  stoichiometry  for  15-mm,  2.2-mm,  1.1- 
mm,  and  0.4-mm  cases.  This  graph  should  be  viewed  in  conjunction  with  Fig.  6  for  realizing  the 
non-flamelet  behavior  associated  with  micro  vortices.  The  ratios  ytc  for  15-mm  and  0.4-mm 
cases  are  the  same  and  those  of  the  1.1 -mm  and  2.2-mm  cases  are  larger  than  that  of  the  15- 
mm  case.  Fig.  6  demonstrates  that  15-mm-vortex/flame-interactions  follow  flamelet  description 
over  a  wide  range  of  t^tc  ratios.  Based  on  the  regime  diagram  for  turbulent  combustion  one  would 
expect  that  all  the  interactions  studied  here  and  shown  in  Fig.  10  to  follow  the  flamelet 
description.  However,  0.4-mm  case  deviated  the  most  from  the  flamelet  description  and  2.2-mm 
and  1.1-mm  cases  that  are  falling  in  between  the  150-mm  and  0.4-mm  cases  and  are  gradually 
deviating  from  the  laminar  flamelet  behavior. 

Velocities  (6.4  m/s)  used  for  the  millimeter-  and  sub-millimeter-size-vortex/flame 
interactions  are  much  lower  than  the  highest  velocity  (160  m/s)  used  for  the  centimeter-size- 
vortex/flame  interaction — suggesting  that  chemical  non-equilibrium  is  of  less  concern  in  the 
former  cases  than  in  the  latter.  In  fact,  calculations  for  the  sub-millimeter-vortex/flame  interactions 
made  with  velocities  lower  than  6.4  m/s  also  deviated  from  the  laminar  flamelet  behavior,  even 
though,  such  interactions  did  not  cause  flame  extinction.  Apparently,  the  criterion  for  a  vortex-  or 
eddy/flame  interaction  in  nonpremixed  combustion  to  behave  like  a  stretched  laminar  flamelet 
should  depend  on  the  vortex  or  eddy  size  rather  than  on  the  ratio  ytc.  The  physical  reasoning  for 
using  vortex  size  for  determining  flamelet  regime  is  as  follows: 


Fig.  10.  Interactions  of  different  size  vortices  with  hydrogen-air  diffusion  flame.  Variations  in  flame 
temperature  (solid  lines)  and  peak  H-radical  production  rates  (broken  lines)  are  plotted  with 
respect  to  scalar  dissipation  rate  at  stiochiometry.  Inset  shows  the  close-up  view  at  lower  scalar 
dissipation  rates. 
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When  a  vortex  propagates  in  an  incompressible  viscous  media  it  not  only  displaces  fluid 
occupied  by  it  but  also  some  fluid  ahead  of  it.  The  upstream  distance  to  which  the  influence  of 
vortex  is  felt  depends  strongly  on  the  vortex  size  and  weakly  on  the  vortex  velocity.  During  a 
vortex/diffusion-flame  interaction  the  fluid  ahead  of  the  vortex  stretches  the  flame.  As  a  result,  an 
observer  sitting  on  the  flame  in  the  reaction  zone  will  feel  stretching  much  earlier  than  the  actual 
arrival  of  the  vortex  when  the  size  of  the  incoming  vortex  is  large.  As  the  vortex  size  decreases 
the  delay  between  flame  stretching  and  arrival  of  the  vortex  decreases.  If  the  reaction  zone  were 
to  be  infinitely  thin  then  every  vortex,  independent  of  its  size,  stretches  the  reaction  zone  before  it 
ever  reaches  the  reaction  zone.  However,  if  the  reaction  zone  has  finite  thickness  then  small 
vortices  could  displace  the  products  in  the  reaction  zone  without  stretching  it.  Reaction  zone 
thickness  (based  on  H-radical  production  rate)  of  a  hydrogen-air  nonpremixed  flame  could  be 
anywhere  between  1.6  mm  and  4.8  mm  depending  on  the  applied  stretch.  Based  on  this,  if  a  5- 
mm-size  vortex  interacts  with  a  4.8-mm-thick  flame,  the  interaction  would  not  result  flame 
stretching  and  would  not  follow  flamelet  description.  Based  on  the  lower  limit  for  reaction  zone 
thickness,  interactions  with  any  vortex  smaller  than  ~  2.0  mm  would  not  belong  to  flamelet  regime 
of  turbulent  combustion.  Since  turbulent  eddies  are  two  to  three  orders  smaller  than  the  2.0-mm 
vortex  limit  one  must  exercise  caution  while  using  flamelet  concepts  for  the  prediction  of  turbulent 
flame  structure. 


SUMMARY  AND  CONCLUSIONS 

Vortex/flame  interactions  are  often  studied  to  gain  a  better  understanding  of  turbulent- 
flame  structures;  such  studies  facilitate  the  development  of  accurate  turbulence-chemistry- 
interaction  models.  In  an  effort  to  identify  the  limitations  of  the  current  turbulence-chemistry- 
interaction  models  for  nonpremixed  turbulent  flames,  a  numerical  study  has  been  performed 
through  obtaining  time-dependent  flame  structures  established  during  interactions  between 
vortices  of  different  sizes  and  the  flame  surface.  A  time-dependent  model,  known  as  UNICORN, 
that  incorporates  13  species  and  74  reactions  among  the  constituent  species  has  been  used  for 
the  simulation  of  vortex/flame  interactions  in  opposed-jet  hydrogen-air  nonpremixed  flames.  In  the 
past  this  model  has  been  validated  by  direct  simulation  of  several  steady  state  and  unsteady 
axisymmetric  opposed-jet  and  coflow  jet  diffusion  flames. 

Differences  between  the  steady  state  and  dynamic  extinction  processes  are  studied  by 
establishing  stationary  unsteady  flames  via  forcing  equal-size  vortices  from  the  fuel  and  air 
nozzles  simultaneously.  It  was  found  that  the  air-side  stretch  rate  and  scalar  dissipation  rate  at 
stoichiometry  cannot  be  used  for  characterizing  the  quenching  process  associated  with  unsteady 
flames.  In  general,  the  extinction  values  of  these  variables  in  unsteady  flames  are  higher  than  the 
respective  ones  in  steady-state  flames,  and  the  differences  increase  with  vortex  speed.  A  new 
variable  (a)  that  is  proportional  to  the  air-side  stretch  rate  and  inversely  proportional  to  the  rate  of 
change  in  the  flame  temperature  is  found  to  be  uniquely  characterizing  the  unsteady  extinction 
process. 

Simulations  for  single-vortex/flame  interactions  are  made  for  studying  the  wrinkled 
unsteady  flames.  Centimeter-size-vortex-flame  interactions  obtained  over  a  wide  range  of  vortex 
injection  velocities  followed  the  stretched-laminar-flamelet  description  and  resulted  similar  flame 
structures  with  respect  to  Xst-  Fast  moving  vortices  tend  to  create  chemical  non-equilibrium  in  the 
reaction  zone  and  cause  a  small  shift  along  the  Xst  scale  toward  lower  values.  Sub-millimeter-size 
vortices,  in  contrast  to  large-size  vortices,  do  not  posses  the  ability  to  push  the  fluid  ahead  of  it 
into  the  reaction  zone.  Instead,  they  bring  fluid  into  the  reaction  zone  spontaneously  and  replace 
the  local  combustion  products.  Such  transport  mechanism  increases  Xst  dramatically  without 
stretching  the  reaction  zone.  Temperature  decreases  as  products  are  carried  away  through 
convection.  Millimeter-  and  sub-millimeter-size-vortex/flame  interactions  did  not  completely  follow 
the  stretched-laminar-flamelet  description.  Interactions  deviated  more  from  the  flamelet  concepts 
as  the  size  of  the  vortex  decreased.  On  the  other  hand,  velocity  of  the  vortex  did  not  cause  such 
non-flamelet  behavior. 
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We  report  measurements  of  nitric  oxide  (NO)  in  atmospheric-pressure  flames  using  visible  pump 
(532  nm)  and  Stokes  (591  nm)  beams  with  an  ultraviolet  probe  beam  (236  nm)  near  an  electronic 
resonance,  giving  significantly  enhanced  CARS  signal  at  226  nm.  For  a  hydrogen-air  flame 
stabilized  over  a  Hencken  burner,  good  agreement  is  obtained  between  ERE-CARS  measurements 
and  flame  computations  using  UNICORN,  a  two-dimensional  flame  code.  Excellent  agreement 
between  measured  and  calculated  NO  spectra  is  obtained  for  heavily  sooting  acetylene-air  flames 
on  the  same  Hencken  burner.  The  measured  shapes  of  NO  concentration  profiles  determined  from 
ERE-CARS  spectra  without  correcting  for  collisional  effects  is  in  excellent  agreement  with  that 
predicted  using  the  OPPDIF  code  in  conjunction  with  GRI  3.0  kinetics  for  a  laminar,  counter- 
flow,  non-premixed  hydrogen-air  flame.  Effects  of  fuel-stream  dilution  (nitrogen  and  carbon 
dioxide)  on  measured  NO  concentrations  are  also  studied  in  the  counter- flow  configuration.  For 
diluted  flames,  comparisons  between  measured  ERE-CARS  signals  and  computed  number 
densities  show  good  spatial  agreement  and  their  relative  magnitudes  match  well.  Counter-flow 
flames  with  various  hydrogen  levels  in  the  fuel  stream  (pure  oxygen  in  the  oxidizer  stream)  and 
various  oxygen  levels  in  the  oxidizer  stream  (pure  hydrogen  in  the  fuel  stream)  are  investigated  to 
simulate  fuel-rich  and  oxygen-rich  flames  and  an  optimum  NO  level  is  found.  Pathway  and 
sensitivity  analyses  are  implemented  to  understand  NO  formation  under  these  conditions.  The 
current  results  establish  the  utility  of  ERE-CARS  for  detection  of  NO  in  flames  with  large 
temperature  and  concentration  gradients  as  well  as  in  sooting  environments. 


1.  Introduction 

Emissions  of  oxides  of  nitrogen  (NOx)  are  pollutants  that  have  a  direct  impact  on  the  formation 
of  photochemical  smog  and  upon  the  depletion  of  the  ozone  layer.  Development  of  combustors 
for  internal  combustion  and  gas  turbines  engines  that  produce  low  NO  levels  is  an  important  task 
facing  the  combustion  community;  moreover,  such  combustors  benefit  from  advances  in 
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fundamental  knowledge  regarding  formation  and  destruction  of  NO  in  flame  environments. 
Many  previous  researchers  have  developed  laser-induced  fluorescence  (LIF)  strategies  for 
quantitative  detection  of  nitric  oxide  in  high-pressure  flames  [1-5].  However,  the  fluorescence 
signals  from  NO  become  difficult  to  interpret,  especially  with  increasing  pressure,  owing  to:  (a) 
interferences  from  oxygen  in  fuel-lean  regions  and  from  hydrocarbons  or  soot  in  fuel-rich 
regions,  (b)  quenching  of  the  LIF  signal  via  collisions  with  O2,  CO2  and  H2O,  among  other 
colliding  partners,  and  (c)  absorption  of  both  the  laser  beam  and  the  fluorescence  signal  by  CO2, 
H2O  and  hydrocarbons  at  typical  UV  excitation  wavelengths.  To  overcome  these  difficulties, 
researchers  have  considered  other  diagnostic  techniques  such  as  cavity  ring-down  spectroscopy, 
laser-induced  polarization  spectroscopy,  and  coherent  anti-Stokes  Raman  scattering.  While  most 
practical  combustion  devices  operate  at  high  pressure,  the  robustness  and  utility  of  the  above 
alternative  techniques  must  first  be  tested  in  flames  at  atmospheric  pressure. 

Conventional  coherent  anti-Stokes  Raman  scattering  (CARS)  has  previously  been  applied  to  NO 
measurements  in  the  temperature  range  from  300  to  800  K  at  atmospheric  pressure  [6],  The 
detection  limit  for  NO  was  found  to  be  about  2500  ppm  in  N2  buffer  gas.  A  significant 
enhancement  in  the  CARS  detection  limit  can  be  obtained  by  tuning  one  or  more  of  the  pump, 
Stokes  and  probe  beams  into  resonance  with  a  suitable  electronic  transition.  Previously,  such 
electronic-resonance-enhanced  (ERE)  CARS  has  been  applied  successfully  to  measure  radical 
species  such  as  OH  [7,  8]  and  CH  [9].  For  these  explorations  of  resonance-enhanced  CARS  [7- 
9],  the  pump,  Stokes  and  probe  beams  were  all  at  ultraviolet  frequencies.  In  contrast,  an  ERE- 
CARS  technique  has  recently  been  reported  for  detection  of  NO  using  an  ultraviolet  probe  beam 
in  electronic  resonance  while  using  visible  pump  and  Stokes  beams  far  from  electronic  resonance 
[10-13].  The  NO  ERE-CARS  signal  was  found  to  display  little  sensitivity  to  electronic 
quenching  [11]  which  is  significant  for  measurements  related  to  practical  gas-turbine  combustors 
where  the  quenching  environment  can  undergo  rapid  spatial  and  temporal  variations.  The  NO 
ERE-CARS  signal  was  found  to  increase  from  0.1  to  2  bars  and  remained  approximately 
constant  at  pressures  from  2  to  8  bars  [12],  By  doping  known  quantities  of  NO  into  the  flame,  a 
detection  limit  of  approximately  50  ppm  was  demonstrated  in  an  atmospheric-pressure 
hydrogen-air  flame  stabilized  on  a  Hencken  burner  [13], 

In  this  paper,  we  present  NO  measurements  via  ERE-CARS  for  three  different  flame 
environments.  First,  a  hydrogen-air  flame  was  stabilized  using  a  Hencken  burner  and  ERE- 
CARS  measurements  of  NO  were  obtained  at  various  heights  above  the  burner  surface.  The 
measured  NO  profile  was  compared  with  calculations  using  a  detailed  reactive  flow  code.  In  a 
second  set  of  experiments,  heavily  sooting  acetylene-air  flames  were  stabilized  using  the  same 
Hencken  burner  and  spectral  scans  were  recorded  at  various  equivalence  ratios.  A  third  set  of 
measurements  was  performed  in  a  laminar,  non-premixed,  hydrogen-air  flame  at  a  global  strain 
rate  of  20  s’1  stabilized  using  a  counter- flow  burner.  NO  concentration  profiles  were  measured  in 
this  flame  using  three  different  Raman  transitions.  To  understand  the  effect  of  diluents  on  NO 
formation,  the  fuel  stream  of  the  hydrogen-air  counter- flow  flame  was  doped  with  10%,  25%  and 
35%  N2  and  CO2.  Peak  NO  signals  were  also  measured  in  a  series  of  counter-flow  flames  by 
varying  the  fraction  of  H2  in  the  fuel  stream  (remainder  N2)  for  pure  O2  in  the  oxidizer  stream  as 
well  as  by  varying  the  fraction  of  O2  in  the  oxidizer  stream  (remainder  N2)  for  pure  H2  in  the  fuel 
stream.  For  all  counter-flow  flame  measurements,  the  measured  NO  profiles  were  compared 
with  concentration  profiles  computed  using  an  opposed-flow  flame  code.  Pathway  and 
sensitivity  analyses  were  conducted  so  as  to  understand  the  chemical  kinetics  related  to  NO 
formation  and  destruction  at  various  dilution  levels  for  both  fuel  and  oxidizer. 
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2.  Experiment 

A  two-dimensional,  non-premixed,  near-adiabatic  Hencken  burner  (Research  Technologies 
Model  RD15X15)  was  used  to  stabilize  the  atmospheric-pressure  hydrogen-air  and  acetylene-air 
flames.  An  oxidizer  mixture  of  79%  N2  and  21%  O2  was  employed  instead  of  commercial  air. 
Mass  flow  controllers  (Models  MKS  1559A  and  M100B)  were  used  to  regulate  gas  flow  into  the 
burner.  A  more  detailed  description  of  the  Hencken  burner  is  given  elsewhere  [14].  The  burner 
is  mounted  on  a  translation  stage  that  permits  horizontal  and  lateral  positioning  so  as  to  adjust  the 
ERE-CARS  probe  volume  within  the  flame.  The  counter- flow  burner  consists  of  two  1.9-cm 
diameter  nozzles  made  of  hastalloy  C-276  designed  to  carry  either  the  fuel  or  oxidizer  mixture. 
The  nozzles  are  water-cooled  to  prevent  overheating  and  the  water  temperature  is  maintained 
around  30°C  so  as  to  avoid  condensation  on  nozzle  surfaces.  The  separation  distance  between 
the  fuel  and  oxidizer  nozzles  was  fixed  at  2  cm  and  the  velocity  of  the  reactants  at  the  nozzle 
exits  was  maintained  at  20  cm/s,  thus  producing  a  global  strain  rate  of  20  s'1,  where  the  global 
strain  rate  is  defined  as  the  sum  reactant  velocities  at  the  nozzle  exits  divided  by  the  nozzle 
separation  distance.  The  counter-flow  burner  facility  is  described  in  more  detail  in  a  previous 
publication  [15]. 

An  energy-level  diagram  describing  the  ERE-CARS  process  for  nitric  oxide  is  shown  in  Fig.  1. 
The  pump  (coi)  and  Stokes  (002)  lasers  are  visible  beams  with  frequencies  far  detuned  from  the 
A2!1  -  X2n  electronic  system  of  the  NO  molecule.  In  contrast,  the  probe  beam  frequency  (or 3)  is 
at  or  near  electronic  resonance.  The  CARS  signal  (04)  is  generated  using  a  three  dimensional 
phase-matching  geometry.  Figure  2  shows  a  schematic  diagram  of  the  experimental  system. 
The  second  harmonic  output  (-532  nm)  of  an  injection-seeded,  Q-switched  Nd:YAG  laser  was 
used  as  the  pump  beam.  This  second  harmonic  output  was  also  used  to  pump  a  narrowband  dye 
laser  to  produce  tunable  radiation  in  the  vicinity  of  704  nm.  The  output  of  the  dye  laser  was 
frequency-mixed  with  the  third  harmonic  output  (-355  nm)  of  the  injection-seeded  YAG  laser  to 
generate  the  probe  beam  (X3  =  236  nm).  The  second  harmonic  output  of  a  separate  unseeded,  Q- 
switched  Nd:YAG  laser  was  used  to  pump  another  narrowband  dye  laser  to  produce  tunable 
radiation  in  the  vicinity  of  591  nm,  which  acts  as  the  Stokes  beam.  The  full-width  at  half¬ 
maximum  (FWHM)  linewidth  of  the  pump  beam  (532  nm)  was  0.003  cm'1  while  the  linewidth 
for  the  Stokes  (591  nm)  and  the  probe  (236  nm)  laser  beam  was  0.1  cm'1.  Using  a  translating 
razor  blade,  the  diameters  of  the  three  beams  at  20  mm  away  from  the  focus  (CARS  probe 
volume)  were  approximately  250  pm.  A  polarization-sensitive  technique  was  employed  to 
suppress  the  non-resonant  background  signal  arising  from  four-wave  mixing.  The  probe  beam 
was  vertically  polarized  while  the  polarizations  of  the  pump  and  Stokes  beams  were  set  at  an 
angle  of  60°  with  respect  to  the  vertical  axis.  A  fine  adjustment  of  the  polarizer  in  the  detection 
channel,  orthogonal  to  the  four-wave  mixing  signal,  enables  optimum  suppression  of  non¬ 
resonant  background  [10]. 

For  experiments  performed  using  the  Hencken  burner,  the  ultraviolet  probe  wavelength  was  held 
fixed  at  236.06  nm  corresponding  to  the  Qi(13.5)  transition  in  the  (0,1)  band  of  the  A  E  -XII 
electronic  system  of  NO.  Spectra  were  recorded  at  various  heights  above  the  burner  by  tuning 
the  wavelength  of  the  visible  Stokes  beam,  so  that  UV  fluorescence  interferences  and/or 
background  scattering  remained  constant  during  the  scan.  Such  scans,  for  which  the  Stokes 
wavelength  was  varied  while  the  UV  probe  wavelength  was  fixed,  are  referred  to  as  Stokes 
scans.  The  resulting  baseline  can  be  subtracted  to  obtain  a  background-corrected  ERE-CARS 
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signal.  This  background-corrected  signal  is  divided  by  the  ultraviolet  pulse  energy  to  account  for 
shot-to-shot  variations  in  the  energy  of  the  pulsed  probe  beam. 


Figure  1:  Energy  level  diagram  showing  the  ERE-CARS  process  for  NO.  The  transitions  identify 
the  pump  beam  (coi),  Stokes  beam  (co2),  probe  beam  (©3)  and  CARS  signal  beam  (co4). 


Figure  2:  Schematic  of  the  experimental  setup  for  ERE-CARS  of  NO.  T:  telescope;  k/2:  half-wave 
plate;  PMT :  photomultiplier  tube.  Polarizer  angles  are  set  with  respect  to  the  vertical  axis.  Filters 
are  four  45°,  215-nm  mirrors  having  70%  transmission  at  226  nm  and  1%  transmission  at  236  nm. 
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Three  different  Raman  transitions  were  investigated  for  the  counter-flow  hydrogen-air  flame. 
These  Raman  transitions,  Qi(9.5),  Qi(13.5),  and  Qi(17.5),  were  selected  to  assess  the 
temperature  sensitivity  of  the  measured  [NO]  profile.  For  the  three  selected  Raman  transitions, 
the  ultraviolet  probe  wavelength  was  held  fixed  at  236.19  nm,  236.06  nm  and  235.87  nm, 
respectively,  corresponding  to  the  Qi(9.5),  Qi(13.5)  and  Qi(17.5)  transitions  in  the  (1,0)  band  of 
the  A2E+  -  X2n  electronic  system  of  NO.  Stokes  scans  were  recorded  every  1  mm  between  the 
fuel  and  oxidizer  nozzles  for  each  of  the  three  ERE-CARS  transitions.  For  the  remaining 
measurements  in  the  counter-flow  burner,  the  probe  beam  was  fixed  236.06  nm  corresponding  to 
the  Qi(13.5)  transition  in  the  (0,1)  band  of  the  A2E+  -  X2n  electronic  system  of  NO.  Stokes 
scans  were  recorded  and  the  baseline  was  subtracted  to  obtain  a  background-corrected  signal. 
This  signal  was  divided  by  the  UV  pulse  energy  and  the  normalized  ERE-CARS  signal  was 
integrated  over  the  width  of  the  Raman  transition  and  the  square-root  of  the  integrated  signal  was 
corrected  to  the  ground-level  population  of  NO  via  division  by  the  Boltzmann  fraction.  The 
square-root  of  the  Boltzmann  fraction  corrected  NO  ERE-CARS  signal  was  compared  directly 
with  the  computed  NO  number  density.  For  the  N2  and  CO2  diluted  flames,  all  reported 
measurements  are  relative  to  the  peak  NO  concentration  in  the  hydrogen-air  flame. 

3.  Modeling 

Numerical  computations  for  the  hydrogen-air  flame  stabilized  using  the  Hencken  burner  was 
performed  using  the  UNICORN  (Unsteady  Ignition  and  Combustion  with  Reactions)  code  [16- 
18].  The  flame  is  modeled  as  a  combination  of  several  diffusion  flamelets,  where  each  flamelet 
is  supported  by  fuel  originating  from  each  individual  tube  within  the  burner.  The  exact  nature  of 
the  flamelet  (premixed,  partially  premixed  or  non-premixed)  can  be  varied,  depending  on 
experimental  flow  conditions.  For  the  counter-flow  flame,  OPPDIF,  a  Sandia  opposed-flow 
flame  code  [19],  was  used  for  calculations  of  temperature,  velocity  and  species  concentration 
profiles  along  the  centerline  between  the  two  nozzles.  The  mathematical  model  for  OPPDIF 
reduces  the  two-dimensional,  axi-symmetric  flow  field  to  a  one-dimensional  formulation  via  a 
similarity  transformation  [20],  The  GRI  mechanism  (version  3.0)  [21]  was  used  for  the  chemical 
kinetics  and  gas-phase  radiation  was  considered  by  adding  a  radiation  source  term  in  OPPDIF. 
The  effect  of  radiative  heat  loss  was  considered  in  the  optically  thin  limit  [22],  The  radiation 
model  utilizes  Planck  mean  absorption  coefficients  for  the  major  species  CO2,  H2O,  CO  and 
CH4;  the  temperature  dependence  of  these  coefficients  was  modeled  using  fourth-order 
polynomial  fits  to  the  results  of  narrow-band  calculations.  A  time-dependent,  axi-symmetric 
model  in  UNICORN  was  also  employed  for  simulation  of  the  weakly- stretched  counter-flow 
hydrogen-air  diffusion  flame. 

The  ERE-CARS  spectra  obtained  in  the  sooting  acetylene-air  flame  were  modeled  using  a 
perturbative  analysis  applicable  at  lower  laser  irradiances  via  modification  of  the  Sandia 
CARSFT  code  [10,  23].  Spectral  data  for  the  NO  molecule  were  obtained  via  LIFBASE  [24] 
and  from  high-resolution  CARS  measurements  [25,  26], 

4.  Results  and  Discussion 

Stokes  scans  were  recorded  for  various  heights  in  a  hydrogen-air  flame  stabilized  on  the 
Hencken  burner  at  an  equivalence  ratio  of  1.15.  We  previously  added  known  quantities  of  NO  to 
the  oxidizer  flow  in  a  similar  flame  to  determine  the  NO  detection  limit  at  atmospheric  pressure 
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[12].  Figure  3  shows  a  typical  spectrum  at  a  height  55  mm  above  the  burner  surface.  The 
spectrum  exhibits  a  non-resonant  background  resulting  from  scattering  of  the  UV  probe  beam 
and  fluorescence  induced  by  the  UV  probe  beam.  Because  the  UV  probe  wavelength  is  fixed 
during  Stokes  scans,  this  non-resonant  background  is  nominally  constant,  independent  of  Stokes 
laser  wavelength.  Furthermore,  the  non-resonant  background  does  not  modulate  the  ERE-CARS 
signal  and  it  can  be  subtracted  in  data  processing.  The  value  of  non-resonant  background  signal 
was  obtained  via  integration  between  Raman  shifts  of  1871  and  1871.5  cm"1.  After  background 
subtraction  and  division  by  the  UV  probe  energy,  the  ERE-CARS  signal  was  integrated  between 
Raman  shifts  of  1872  and  1874  cm"1.  Figure  4  shows  a  comparison  between  the  measured 
concentration  of  NO,  which  is  proportional  to  the  square -root  of  the  integrated  ERE-CARS 
signal,  and  predicted  NO  concentrations  computed  using  UNICORN  at  various  heights  above  the 
burner  surface.  As  fuel  and  oxidizer  are  rapidly  mixed  in  the  region  above  the  burner  surface,  a 
sharp  increase  in  temperature  occurs  owing  to  combustion  reactions.  In  the  post-flame  regime, 
the  temperature  essentially  remains  constant;  however,  the  NO  concentration  increases 
continuously  because  of  the  Zeldovich  reactions.  The  data  points  are  not  corrected  for  variations 
in  Boltzmann  fraction  owing  to  the  nearly  constant  post- flame  temperatures,  as  seen  in  Fig.  4. 


Raman  Shift  (cm'1) 


Figure  3:  Stokes  scan  at  55  mm  above  the  Hencken  burner  in  an  H2-air  =  1.15)  flame.  The  UV 
probe  frequency  was  fixed  at  42,361.46  cm"1,  corresponding  to  the  Qi(13.5)  transition.  Pump, 
Stokes  and  probe  energy  levels  were  fixed  at  14  mJ/pulse,  18  mJ/pulse  and  0.6  mJ/pulse, 

respectively. 


Figure  4:  Comparison  between  measured  and  computed  NO  concentrations  (using  UNICORN)  at 
various  heights  above  the  Hencken  burner  in  an  H2-air  (4>  =1.15)  flame.  The  data  was  scaled  so  as 
to  match  measured  and  calculated  [NO]  at  48  mm  above  the  burner  surface. 
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Flames  encountered  in  practical  applications,  such  as  gas  turbine  combustors,  furnaces  and 
internal  combustion  engines,  are  highly  luminous  and  particle  laden,  especially  when  using 
liquid  fuels.  Hydrocarbon  species,  their  fragments  and  soot  particulates  possess  very  broad 
absorption  and  emission  signatures  throughout  the  ultraviolet  region  [21].  Such  broadband  UV 
interferences  complicate  signal  interpretation  when  detecting  NO  via  LIF  for  excitation  near  226 
nm  in  the  y(0,0)  band  [1-3].  Therefore,  acetylene-air  flames  were  studied  from  lean  =  0.8)  to 
rich  (<|)  =  1.6)  conditions  to  assess  the  feasibility  of  ERE-CARS  measurements  under  highly 
sooting  conditions.  Spectra  recorded  55  mm  above  the  burner  surface  are  shown  in  Fig.  5  along 
with  theoretical  spectral  fits  obtained  using  the  modified  Sandia  CARSFT  code  for  the 
stoichiometric  condition.  Good  agreement  is  observed  between  theory  and  experiment  for  these 
conditions.  The  excellent  selectivity  of  the  ERE-CARS  technique  arises  from  the  fact  that  both 
Raman  and  electronic  resonance  conditions  must  be  satisfied  to  generate  the  ERE-CARS  signal. 


Figure  5:  Comparisons  between  measured  and  computed  ERE-CARS  spectra  at  55  mm  above  the 
Hencken  burner  for  a  highly  sooting  acetylene-air  flame  (<|>  =  1).  The  UV  probe  frequency  was  fixed 
at  42,361.46  cm'1,  corresponding  to  the  QdlS.5)  transition.  Pump,  Stokes  and  probe  energy  levels 
were  fixed  at  10  mJ/pulse,  16  mJ/pulse  and  1.2  mJ/pulse,  respectively. 

Stokes  spectra  were  recorded  at  various  positions  between  the  fuel  and  oxidizer  nozzle  for  the 
non-premixed,  hydrogen-air  counter- flow  flame  at  a  global  strain  rate  of  20  s'1.  A  significant 
modulation  in  ERE-CARS  signal  was  obtained  between  the  fuel  and  oxidizer  nozzles.  Knowing 
the  computed  temperature  at  each  position  from  OPPDIF,  the  Boltzmann  fraction  was  calculated 
for  the  rotational-vibrational  level.  The  square-root  of  the  integrated  ERE-CARS  signal  was  then 
corrected  for  population  differences  using  an  appropriate  Boltzmann  fraction  calculation.  In  Fig. 
6,  the  square-root  of  the  integrated  signal,  as  divided  by  the  Boltzmann  fraction  for  the 
corresponding  rotational  level  at  the  calculated  temperature,  is  plotted  versus  the  distance 
between  the  two  nozzles  for  three  different  Raman  transitions. 

The  three  different  profiles  were  scaled  by  setting  the  peak  of  the  Qi(13.5)  profile  to  unity. 
While  the  profile  peaks  for  the  Qi(9.5)  and  Qi(17.5)  ERE-CARS  signals  were  not  scaled  to 
match  the  Qi(13.5)  case,  the  peaks  for  all  three  profiles  agree  to  within  15%.  This  agreement 
was  observed  even  though  measurements  for  the  three  different  transitions  were  acquired  over 
several  hours,  thus  indicating  the  stability  of  the  experimental  alignment.  We  observe  that  the 
shapes  of  the  NO  concentration  profiles  measured  using  three  different  Raman  transitions  are 
very  similar,  and  that  the  peaks  of  the  profiles,  corrected  for  their  respective  Boltzmann 
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fractions,  are  in  excellent  agreement.  We  should  note,  however,  that  in  regions  of  low  NO 
concentration,  the  integrated  ERE-CARS  signal  is  sensitive  to  the  background  correction. 


d)  CO 

o  £ 

s_  O 

®  w 

I  = 
=  ° 

z  o 

i  i 


TO  X 
£ 

O 


Figure  6:  Comparison  between  measured  NO  signals  and  computed  number  density  in  an 
atmospheric  pressure,  laminar,  counter-flow,  non-premixed  H2-air  flame  at  a  global  strain  rate  of 
20  s'1.  Computed  profiles  using  OPPDIF  (one-dimensional  calculation)  and  UNICORN  (two- 
dimensional  calculation)  match  well  at  the  low  strain  rate  of  20  s'1. 


The  relative  agreement,  both  in  terms  of  spatial  location  and  magnitude,  between  the 
experimental  and  computed  [NO]  profiles,  either  using  OPPDIF  (one-dimensional  calculation)  or 
UNICORN  (two-dimensional  calculation),  is  quite  satisfactory.  Indeed,  considering  potentially 
complicating  factors  such  as  variations  in  temperature,  collisional  width  and  quenching 
environment  (the  total  electronic  quenching  rate  varies  by  more  than  an  order  of  magnitude  in 
the  region  encompassing  measurable  NO  concentrations  for  this  flame),  this  excellent  agreement 
between  measured  and  calculated  profiles  is  surely  remarkable.  Hence,  we  find  that  the 
proposed  ERE-CARS  technique  should  be  applicable  in  complex  collisional  environments,  while 
still  giving  a  spatial  resolution  comparable  to  techniques  such  as  LIF  and  conventional  CARS. 
For  our  experimental  conditions,  we  have  demonstrated  a  detection  limit  of  approximately  25 
ppm  for  the  hydrogen-air  counter-flow  flame  using  three  different  Raman  transitions.  This 
detection  limit  could  potentially  be  improved  by  focusing  the  beams  tightly  and  by  employing 
strategies  to  reduce  the  UV  scattering/fluorescence. 

Figures  7  displays  the  comparisons  between  measured  and  predicted  NO  concentrations  when 
diluting  the  fuel  stream  using  various  levels  of  N2.  The  relative  agreement  in  terms  of  spatial 
location  and  magnitude  between  the  experimental  and  calculated  profdes  is  quite  good  for 
different  levels  of  N2.  As  the  concentration  of  inert  gas  in  the  fuel  stream  increases,  the 
predicted  peak  NO  position  moves  away  from  the  fuel  nozzle,  which  is  also  observed 
experimentally.  Similar  results  were  obtained  when  diluting  the  fuel  stream  using  CO2.  The 
results  also  confirm  that  CO2  is  more  effective  than  N2  in  reducing  the  flame  temperature,  thus 
leading  to  lower  NO  concentrations.  In  a  previous  study,  similar  observations  were  made  using 
probe  measurements  [28]. 

To  simulate  high  hydrogen-content  fuels  under  oxygen-rich  conditions,  experiments  were 
performed  when  varying  either  the  H2  to  N2  ratio  in  the  fuel  stream  for  pure  O2  in  the  oxidizer 
stream  or  the  O2  to  N2  ratio  in  the  oxidizer  stream  for  pure  H2  in  the  fuel  stream.  Figure  8 
displays  the  variation  in  integrated  NO  signal  at  the  location  of  peak  [NO]  as  a  function  of 
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oxygen  content  in  the  oxidizer  stream.  The  comparison  between  measurements  and  predictions 
at  various  H2  and  O2  contents  is  excellent.  Using  a  kinetic  analysis,  thermal  NO  was  found  to  be 
the  dominant  pathway  for  NO  formation  in  these  flames;  hence,  good  agreement  should  be 
expected  as  the  kinetics  for  the  Zeldovich  reactions  are  relatively  well-known.  Similar  results 
were  observed  when  varying  the  hydrogen  content  in  the  fuel  stream.  In  both  cases,  the  NO 
concentration  first  rises  with  decreasing  N2  dilution,  reaches  a  maximum  around  40%  N2  dilution 
and  then  drops  for  increasing  hydrogen  or  oxygen  content.  The  lack  of  nitrogen  clearly 
dominates  the  rise  in  temperature  when  dilution  levels  drops  below  about  40%,  thus  giving  a 
maximum  NO  level.  For  co-flow,  laminar,  non-premixed  methane-oxygen  flames,  the  NOx 
emission  index  was  found  to  peak  at  60%  O2  (40%  N2)  in  the  oxidizer  stream  [29],  which  is 
consistent  with  our  present  measurements.  In  addition,  for  methane-air  counter-flow  flames, 
computations  suggest  a  similar  variation  in  peak  NO  concentration  with  N2  dilution  in  the 
oxidizer  stream  [30].  The  flame  temperatures  at  a  given  oxygen  content  in  the  oxidizer  stream 
are  greater  than  the  temperatures  for  the  same  hydrogen  content  in  the  fuel  stream  and  we  thus 
observe  much  higher  NO  levels  for  oxygen  variation  compared  to  hydrogen  variation. 
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Figure  7:  Comparison  between  measured  NO  signals  and  computed  number  densities  in 
atmospheric  pressure,  laminar,  counter-flow,  non-premixed  H2-air  flames  (diluted  with  different  N2 
levels  in  the  fuel  stream)  at  a  global  strain  rate  of  20  s'1. 
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Figure  8:  Comparisons  between  measured  NO  signals  and  computed  number  densities  at  peak 
locations  in  atmospheric-pressure,  laminar,  counter-flow,  non-premixed  H2/02  flames  (with 
various  N2  levels  in  the  oxidizer  stream  and  pure  H2  in  the  fuel  stream)  at  a  global  strain  rate  of 
20  s'1.  Pump,  Stokes  and  probe  energy  levels  are  fixed  at  10  mJ/pulse,  14  mJ/pulse  and 

0.5  mJ/pulse,  respectively. 

Fundamental  knowledge  regarding  NOx  formation  and  destruction  can  be  obtained  by  combining 
reliable  experimental  measurements  with  chemical  kinetic  analysis.  Pathway  analysis  gives 
contributions  from  the  four  major  NO  formation  mechanisms,  viz.,  thermal,  N2O,  NNH  and 
prompt,  to  total  NO  production.  Differences  between  total  NO  concentrations  predicted  with  the 
full  kinetic  mechanism  and  those  obtained  by  removing  initiation  reaction(s)  for  a  particular 
route  give  the  fractions  contributed  by  each  NO  production  pathway  [5].  A  sensitivity  analysis 
within  OPPDIF  permits  the  computation  of  sensitivity  coefficients  for  each  species  with  respect 
to  changes  in  the  rate  coefficient  for  each  elementary  reaction  within  the  kinetic  mechanism. 
Such  an  analysis  identifies  key  reactions  controlling  peak  NO  concentrations.  With  decreasing 
dilution  level  of  either  N2  or  CO2,  the  importance  of  the  thermal  pathway  rises  almost 
exponentially.  Thermal  NO  is  found  to  dominate  the  N2O  and  NNH  pathways  and  no 
contribution  arises  from  the  prompt  route  owing  to  lack  of  CH  radicals.  The  sensitivity 
coefficients  for  initiation  reactions  of  the  thermal,  N2O  and  NNH  mechanisms  mirror  the 
findings  of  the  pathway  analysis. 

5.  Conclusions 

ERE-CARS  was  applied  successfully  to  NO  concentration  measurements  in  different 
atmospheric  pressure  flames.  Stokes  scans  were  recorded  at  various  heights  in  a  slightly  rich 
((|)  =  1.15)  hydrogen-air  flame  stabilized  on  a  Hencken  burner.  The  axial  profile  of  the 
background-corrected,  square-root  of  the  NO  ERE-CARS  signal  proved  to  be  in  excellent 
agreement  with  calculated  NO  concentration  profiles.  Detection  of  NO  was  also  demonstrated  in 
acetylene-air  flames  under  both  fuel-lean  and  highly  sooting  fuel-rich  conditions.  Excellent 
agreement  was  obtained  between  measured  and  theoretical  spectra  when  using  a  modified  Sandia 
CARSFT  code.  An  atmospheric-pressure,  laminar,  counter-flow  non-premixed  hydrogen-air 
flame  was  investigated  at  a  global  strain  rate  of  20  s'1.  Despite  considerable  variation  in 
collisional  and  Doppler  line  widths,  the  measured  and  computed  NO  concentration  profiles  were 
found  to  be  in  excellent  agreement. 
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NO  concentration  profiles  for  10%,  25%  and  35%  dilution  by  N2  and  CO2  in  the  fuel  stream 
were  compared  with  predictions  using  the  GRI  3.0  kinetic  mechanism.  Spatial  locations  and 
relative  magnitudes  of  [NO]  measured  using  ERE-CARS  were  in  good  agreement  with 
calculated  NO  number  densities.  Pathway  and  sensitivity  analyses  were  implemented  and  the 
thermal  mechanism  was  found  to  dominate  as  the  dilution  level  decreased.  For  counter-flow 
flames,  either  with  varying  hydrogen  content  (30%  to  90%)  in  the  fuel  stream  (with  pure  oxygen 
in  the  oxidizer  stream)  or  with  varying  oxygen  content  (30%  to  90%)  in  the  oxidizer  stream  (with 
pure  hydrogen  in  the  fuel  stream),  an  optimum  condition  at  40%  N2  dilution  was  observed  for 
peak  NO  production. 

From  a  diagnostics  viewpoint,  the  potential  for  ERE-CARS  detection  of  NO  with  good  spatial 
resolution  has  been  demonstrated  in  challenging  environments  such  as  flames  with  large 
temperature  and  concentration  gradients  which  exhibit  substantial  variations  in  collisional 
quenching  as  well  as  in  heavily  sooting  flames.  This  demonstration  in  laboratory-scale  flames 
paves  the  path  for  application  of  ERE-CARS  diagnostics  to  pollutant  measurements  in  practical 
combustion  systems  (gas  turbine  combustors  and  internal  combustion  engines)  under  high- 
pressure  conditions. 
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abstract  We  report  the  application  of  electronic-resonance- 
enhanced  coherent  anti-Stokes  Raman  scattering  (ERE-CARS) 
for  measurements  of  nitric  oxide  concentration  ([NO])  in  three 
different  atmospheric  pressure  flames.  Visible  pump  (532  nm) 
and  Stokes  (591  nm)  beams  are  used  to  probe  the  Q-branch 
of  the  Raman  transition.  A  significant  resonance  enhancement 
is  obtained  by  tuning  an  ultraviolet  probe  beam  (236  nm)  into 
resonance  with  specific  rotational  transitions  in  the  (i/  =  0, 
v"  =  1)  vibrational  band  of  the  A2S+-X2n  electronic  sys¬ 
tem  of  NO.  ERE-CARS  spectra  are  recorded  at  various  heights 
within  a  hydrogen-air  flame  producing  relatively  low  concentra¬ 
tions  of  NO  over  a  Hencken  burner.  Good  agreement  is  obtained 
between  NO  ERE-CARS  measurements  and  the  results  of  flame 
computations  using  UNICORN,  a  two-dimensional  flame  code. 
Excellent  agreement  between  measured  and  calculated  NO 
spectra  is  also  obtained  when  using  a  modified  version  of  the 
Sandia  CARSFT  code  for  heavily  sooting  acetylene-air  flames 
(</>  =  0.8  to  (j>  =  1.6)  on  the  same  Hencken  burner.  Finally,  NO 
concentration  profiles  are  measured  using  ERE-CARS  in  alam- 
inar,  counter-flow,  non-premixed  hydrogen-air  flame.  Spectral 
scans  are  recorded  by  probing  the  Qi  (9.5),  Qi  (13.5)  and  Qi 
(17.5)  Raman  transitions.  The  measured  shape  of  the  [NO]  pro¬ 
file  is  in  good  agreement  with  that  predicted  using  the  OPPDIF 
code,  even  w  i  thout  correcti  ng  for  col  I  isi  onal  effects.  T  hese  com¬ 
parisons  between  [NO]  measurements  and  predictions  establish 
the  utility  of  ERE-CARS  for  detection  of  NO  in  flames  with 
large  temperature  and  concentration  gradients  as  well  as  in  soot¬ 
ing  environments. 

PACS  07.88. +y;  42.62. Fi;  42. 65.Dr 


1  I  ntroduction 

Emissions  of  oxides  of  nitrogen  (N Ox)  from  inter¬ 
nal  combustion  and  gas  turbine  engines  is  a  major  environ¬ 
mental  concern,  owing  to  the  direct  impact  of  nitrogenous 
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species  on  the  formation  of  photochemical  smog  and  their  role 
in  global  warming  via  depletion  of  the  ozone  layer.  Combus¬ 
tion  processes  contribute  about  95%  of  atmospheric  N  Ox  and 
a  majority  of  the  NOx  from  combustion  sources  is  emitted  in 
the  form  of  nitric  oxide  (NO).  Consequently,  development  of 
combustors  producing  low  NO  levels  is  an  important  task  fac¬ 
ing  the  combustion  community;  moreover,  such  combustors 
benefit  from  advances  in  fundamental  knowledge  regarding 
formation  and  destruction  of  NO  in  flame  environments. 

Laser-induced  fluorescence  (LIF)  is  frequently  used  for 
the  measurement  of  minor  species  concentrations  in  flames, 
owing  to  its  sensitivity,  excellent  spatial  resolution  and  ex¬ 
perimental  simplicity.  Many  researchers  have  developed  LIF 
strategies  for  quantitative  detection  of  nitric  oxide  in  high- 
pressure  flames  [1-5].  However,  fluorescence  signals  from 
NO  can  become  difficult  to  interpret,  especially  with  increas¬ 
ing  pressure,  owing  to:  (a)  interferences  from  oxygen  in  fuel- 
lean  regions  and  from  hydrocarbons  or  soot  in  fuel-rich  re¬ 
gions,  (b)  quenching  of  the  LIF  signal  via  collisions  with  O2, 
CO2  and  H2O,  among  other  colliding  partners,  and  (c)  absorp¬ 
tion  of  both  the  I  aser  beam  and  the  fl  uorescence  si  gnal  by  C  0  2 , 
H2O  or  hydrocarbons  at  typical  UV  excitation  wavelengths. 

Recently,  quantification  of  NO  LIF  in  a  heavy-duty  Diesel 
engine  was  demonstrated  by  correcting  for  attenuation  of  the 
laser  beam  and  of  the  NO  fluorescence  signal  arising  from 
CO2  and  O2  absorption  [6,7],  Additional  corrections  were 
made  for  nitrogen  Raman  scattering  and  for  window  fouling 
arising  from  soot.  A  combination  of  one-dimensional  spectral 
line-imaging  and  spatially- resolved,  two-dimensional  NO- 
LIF  in  conjunction  with  a  new  multi-spectral  detection  strat¬ 
egy  has  also  been  utilized  to  quantify  measurements  in  lami¬ 
nar,  premixed  methane-airflamesatpressuresupto  60  bar  [8]. 
In  addition,  a  two-photon  LIF  technique  has  been  developed 
and  applied  to  study  in-cylinder  Diesel  combustion,  elimi¬ 
nating  many  difficulties  associated  with  the  more  common 
single-photon  NO  LIF  [9], 

While  laser-induced  fluorescence  techniques  are  attrac¬ 
tive,  due  to  their  simplicity  and  the  substantial  progress  be¬ 
ing  made  to  overcome  challenges  in  quantification  of  NO  via 
LIF,  other  researchers  have  considered  diagnostic  techniques 
such  as  cavity  ring-down  spectroscopy,  laser-induced  polar- 
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ization  spectroscopy,  and  coherent  anti -Stokes  Raman  scatter¬ 
ing.  While  most  practical  combustion  devices  operate  at  high 
pressure,  the  robustness  and  utility  of  such  alternative  tech¬ 
niques  must  first  be  tested  in  atmospheric  pressure  flames. 

Conventional  coherent  anti-Stokes  Raman  scattering 
(CARS)  has  previously  been  applied  to  NO  measurements  in 
the  temperature  range  from  300  to  800  K  at  atmospheric  pres¬ 
sure  [10].  The  detection  limit  for  NO  was  found  to  be  about 
2500 ppm  in  N 2  buffer  gas.  In  a  subsequent  effort,  CARS 
was  utilized  to  measure  the  reduction  in  NO  resulting  from 
a  microwave  generated  nitrogen  plasma  at  atmospheric  pres¬ 
sure  [11].  A  polarization  sensitive  background  suppression 
scheme  was  applied  to  detect  NO  concentrations  down  to 
a  few  hundred  ppm. 

A  significant  enhancement  in  the  CARS  detection  limit 
can  be  obtained  by  tuning  one  or  more  of  the  pump,  Stokes 
and  probe  beams  into  resonance  with  a  suitable  electronic 
transition.  Previously,  such  electronic-resonance-enhanced 
(ERE)  CARS  has  been  applied  successfully  to  selected  radi¬ 
cal  species.  For  example,  hydroxyl  (OH)  concentrations  were 
measured  in  a  low-pressure  microwave  discharge  as  well  as  in 
atmospheric-pressure,  premixed  hydrogen-air  and  methane- 
air  flames  [12],  E  RE-CARS  detection  of  OH  was  also  demon¬ 
strated  i  n  I  ami  nar,  flatfl  ames  at  pressures  up  to  9.6  bar  [  13] .  I  n 
a  later  investigation,  methylidyne  (CH)  concentrations  were 
measured  in  a  low-pressure  H2/CH4/Ar  microwave  plasma 
using  both  LIF  and  ERE-CARS  [14]. 

For  these  previous  explorations  of  resonance-enhanced 
CARS  [12- 14],  the  pump,  Stokes  and  probe  beams  were  all  at 
ultraviolet  frequencies.  In  contrast,  an  ERE-CARS  technique 
has  recently  been  reported  which  implements  an  ultraviolet 
probe  beam  in  electronic  resonance  while  using  visible  pump 
and  Stokes  beams  far  from  electronic  resonance  [15- 18].  By 
employing  a  room-temperature  jet  of  1000  ppm  NO  in  N2, 
with  substitution  of  N  2  buffer  gas  by  up  to  82%  O2  orC02,  the 
NO  ERE-CARS  signal  was  shown  to  display  little  sensitiv¬ 
ity  to  electronic  quenching  [16].  This  finding  is  importantfor 
many  practical  combustors,  for  which  the  quenching  environ¬ 
ment  can  undergo  rapid  spatial  and  temporal  variations.  The 
pressure  dependence  of  the  E  R  E  -C  A  R  S  si gnal  from  300  ppm 
NO  in  N 2  has  also  been  studied  within  a  gas  cell  at  pressures 
up  to  8  bar  [17],  The  NO  ERE-CARS  signal  increased  from 
0.1  to  2  bar  and  remained  approximately  constant  at  pressures 
up  to  8 bar.  Finally,  ERE-CARS  has  recently  been  applied 
to  an  atmospheric  pressure  hydrogen-air  flame  stabilized  on 
aHencken  burner.  By  doping  known  quantities  of  NO  into  the 
flame,  a  detection  limit  of  approximately  50  ppm  was  demon¬ 
strated  [18]. 

In  this  paper,  we  present  NO  measurements  via  ERE- 
CARS  for  three  different  flame  environments,  as  shown  in 
F  i  g.  1. 0  ur  goal  was  to  assess  further  the  appl  i  cabi  I  i ty  of  E  R  E  - 
CARS  for  detection  of  NO  in  flames  with  low  NO  concen¬ 
trations,  with  sooting  interferences,  and  with  steep  tempera¬ 
ture  and  concentration  gradients.  First,  a  hydrogen-air  flame 
was  stabilized  using  aHencken  burner  and  ERE-CARS  meas¬ 
urements  of  NO  were  obtained  at  various  heights  above  the 
burner  surface.  The  measured  NO  profile  was  compared  with 
calculations  using  a  detailed  reactive  flow  code.  In  a  second 
set  of  experiments,  heavily  sooting  acetylene-air  flames  were 
stabilized  using  the  same  Hencken  burner  and  spectral  scans 


a  Non-sooting  hydrogen-air  (<J)  =  1.15}  flame  on  a  Hencken  burner 


b  S  ooti  ng  Ci  H  2-ai  r  tl  ame  s  on  a  Henck en  burner 


c  Non-premixed  hydrogen-air  flame  within  a  counter-flow  burner 
figure  l  Three  different  types  of  flames  investigated  in  this  study 

were  recorded  at  various  equivalence  ratios  to  demonstrate 
detection  of  NO,  despite  interferences  typically  precluding 
LIF  measurements.  A  third  set  of  measurements  was  per¬ 
formed  in  a  counter-flow  flame.  The  counter-flow  configura¬ 
tion  produces  flat  flames  having  a  one-dimensional  structure, 
which  permits  direct  modeling  of  interactions  between  fluid 
mixing  and  chemical  kinetics,  thus  promoting  reliable  cal¬ 
culations  of  flame  structure  and  pollutant  formation.  Before 
applying  ERE-CARS  to  NO  measurements  in  high-pressure 
gas  turbine  combustors,  we  must  unravel  several  diagnostic 
issues  in  atmospheric  pressure,  laboratory-scale  counter-flow 
flames,  which  provide  not  only  a  challenging  measurement 
environment  but  also  a  good  diagnostic  test  from  the  perspec¬ 
tive  of  chemical  kinetics.  Therefore,  a  I  ami  nar,  non-premixed, 
hydrogen-air  flame  at  a  global  strain  rate  of  20s_1  was  stabi¬ 
lized  using  a  counter-flow  burner.  In  particular,  this  flame  ex¬ 
hibits  steep  spatial  gradients  in  both  temperature  and  species 
concentrations.  NO  concentration  profiles  were  measured  in 
this  flame  using  three  different  Raman  transitions.  M  easured 
NO  profiles  were  then  compared  with  concentration  profiles 
computed  using  an  opposed-flow  flame  code. 
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2  Experiment 

A  two-dimensional,  non-premixed,  near-adiabatic 
Hencken  burner  (Research  Technologies  Model  RD15X15) 
was  used  to  stabilize  the  atmospheric-pressure  hydrogen-air 
and  acetylene-air  flames.  An  oxidizer  mixture  of  79%  N2  and 
21%  O2  was  employed  instead  of  commercial  air.  M  ass  flow 
controllers  (M  odels  M  KS  1559A  and  M  100B)  were  used  to 
regulate  gas  flow  into  the  burner.  The  burner  surface  is  fabri¬ 
cated  from  a  36.5-mm  square  hastalloy  honeycomb  through 
which  the  oxidizer  flows.  The  honeycomb  structure  supports 
stainless  steel  fuel  tubes  in  every  fourth  honeycomb  cell.  Fuel 
and  ox i  di zer  remai  n  separated  before  ex i  ti  ng  at  the  burner  su r- 
face.  The  burner  is  designed  so  as  to  ensure  rapid  mixing  of 
fuel  and  oxidizer  immediately  above  the  burner.  A  co-flow  of 
nitrogen  gas  was  used  in  the  region  surrounding  the  36.5-mm 
square  honeycomb  to  shroud  the  flame.  A  more  detailed  de¬ 
scription  of  the  Hencken  burner  is  given  elsewhere  [19],  The 
burner  is  mounted  on  a  translation  stage  that  permits  ho¬ 
rizontal  and  lateral  positioning  so  as  to  adjust  the  ERE-CARS 
probe  volume  within  the  flame.  A  linear  dial  gauge  was  used 
to  measure  vertical  movement  of  the  burner  so  that  spec¬ 
tra  could  be  recorded  at  known  heights  above  the  burner 
surface. 

The  counter-flow  burner  consists  of  two  1.9-cm  diam¬ 
eter  nozzles  made  of  hastalloy  C-276  designed  to  carry  either 
the  fuel  or  oxidizer  mixture.  The  nozzles  are  water-cooled 
to  prevent  overheating  and  the  water  temperature  is  main¬ 
tained  around  30  °C  so  as  to  avoid  condensation  on  nozzle 
surfaces.  An  annular  region  surrounding  the  main  reactant 
tube  provides  a  nitrogen  shroud  which  surrounds  the  nearly 
one-dimensional,  non-premixed  flame  stabilized  between  the 
opposed  nozzles.  The  separation  distance  between  the  fuel 
and  oxidizer  nozzles  was  fixed  at  2  cm  and  the  velocity  of 
the  reactants  at  the  nozzle  exits  was  maintained  at  20  cm/s, 
thus  producing  a  global  strain  rate  of  20  s_1,  where  the  global 
strain  rate  is  defined  as  the  sum  of  reactant  velocities  at  the 
nozzle  exits  divided  by  the  nozzle  separation  distance.  The 
counter-flow  burner  facility  is  described  in  more  detail  in 
a  previous  publication  [20]. 

An  energy-level  diagram  describing  the  ERE-CARS  pro¬ 
cess  for  nitric  oxide  is  shown  in  Fig.  2.  The  pump  (<ui) 
and  Stokes  (&>2>  lasers  are  visible  beams  with  frequencies 
far  detuned  from  the  A2s+-X2n  electronic  system  of  the 
NO  molecule.  In  contrast,  the  probe  beam  frequency  (0)3) 
is  at  or  near  electronic  resonance.  The  CARS  signal  (&>4)  is 
generated  using  a  three-dimensional  phase-matching  geom¬ 
etry.  Figure  3  shows  a  schematic  diagram  of  the  experimen¬ 
tal  system.  The  second  harmonic  output  (~  532  nm)  of  an 
injection-seeded,  Q-switched  Nd:YAG  laser  was  used  as  the 
pump  beam.  This  second  harmonic  output  was  also  used  to 
pump  a  narrow-band  dye  laser  to  produce  tunable  radiation 
in  the  vicinity  of  704  nm.  The  output  of  the  dye  laser  was 
frequency-mixed  with  the  third  harmonic  output  (~  355  nm) 
of  the  injection-seeded  YAG  laser  to  generate  the  probe  beam 
(~  236  nm).  The  second  harmonic  output  of  a  separate  un¬ 
seeded,  Q-switched  Nd:YAG  laser  was  used  to  pump  another 
narrow-band  dye  laser  to  produce  tunable  radiation  in  the 
vicinity  of  591  nm,  which  acts  as  the  Stokes  beam.  The  full- 
width  athalf-maximum(FWHM )  linewidth  ofthepumpbeam 


FIGURE  2  Energy  level  diagram  showing  the  ERE-CARS  process  for  NO. 
The  transitions  identify  the  pump  beam  (co\  =  18  789.4  cm-1),  Stokes  beam 
[oo 2  =  16920.5  cm-1),  probe  beam  (<03  =  42  372.8  cm-1)  and  CARS  signal 
beam  (<04  =  44241.7  cm-1) 

(532  nm)  was  0.003  cm-1  while  the  linewidths  for  the  Stokes 
(591  nm)  and  the  probe  (236  nm)  beams  wereO.l  cm-1.  Using 
a  translating  razor  blade,  we  measured  the  diameters  of  the 
three  beams  20  mm  away  from  the  focus  (CARS  probe  vol¬ 
ume)  to  be  approximately  250  |xm. 

A  polarization-sensitive  technique  was  employed  to  sup¬ 
press  the  non-resonant  background  signal  arising  from  four- 
wave  mixing.  The  probe  beam  was  vertically  polarized  while 
the  polarizations  of  the  pump  and  Stokes  beams  were  set  at 
an  angle  of  60°  with  respect  to  the  vertical  axis.  Fine  adjust¬ 
ment  of  the  polarizer  in  the  detection  channel,  orthogonal  to 
the  four-wave  mixing  signal,  enables  optimum  suppression  of 
any  non- resonant  background  [14]. 

For  experiments  performed  using  the  Hencken  burner,  the 
ultraviolet  probe  wavelength  was  held  fixed  at  236.06  nm  cor¬ 
responding  to  theQi  (13.5)  transition  in  the  (0,1)  band  of  the 
A2S+-X2n  electronic  system  of  NO.  Spectra  were  recorded 
at  various  heights  above  the  burner  by  tuning  the  wavelength 
of  the  visible  Stokes  beam,  so  that  U  V  fluorescence  interfer¬ 
ences  and/or  background  scatteri  ng  remai  ned  constant  duri  ng 
thespectral  scan.  Such  scans,  for  which  the  Stokes  wavelength 
was  varied  while  the  UV  probe  wavelength  was  fixed,  are 
referred  to  as  Stokes  scans.  The  resulting  baseline  can  be  sub¬ 
tracted  to  obtain  a  background-corrected  ERE-CARS  signal. 
This  background-corrected  signal  is  then  divided  by  the  meas¬ 
ured  U  V  pul  se  energy  to  account  for  shot-to-shot  vari  ati  ons  i  n 
the  energy  of  the  pulsed  probe  beam. 

Three  different  Raman  transitions  were  investigated  for 
experiments  performed  using  the  counter-flow  burner.  A  sub¬ 
stantial  temperature  gradient  exists  between  the  fuel  and  oxi¬ 
dizer  streams  in  the  counter-flow  configuration.  In  fact,  NO  is 
formed  and  destroyed  over  temperatures  ranging  from  700  K 
to  2500  K.  For  these  experiments,  theQi  (9.5),  Qi  (13.5)  and 
Qi  (17.5)  Raman  transitions  were  selected  to  assess  the  tem- 
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figure  3  Schematic  of  the  ex¬ 
perimental  setup  for  E RE-CARS  of 
NO.  T:  telescope;  k/2:  half-wave 
plate;  PMT:  photomultiplier  tube. 
Polarizer  angles  are  set  with  respect 
to  the  vertical  axis.  Filters  are  com¬ 
posed  of  four  45°,  215-nm  mirrors 
having  70%  transmission  at  226  nm 
and  1%  transmission  at  236  nm 


perature  sensitivity  of  the  measured  [NO]  profile.  F  or  thethree 
selected  Raman  transitions,  the  ultraviolet  probe  wavelength 
was  held  fixed  at  236.19  nm,  236.06  nm  and  235.87  nm,  re¬ 
spectively,  corresponding  to  the  Qi  (9.5),  Qi  (13.5)  and  Qi 
(17.5)  transitions  in  the  (1,0)  band  of  the  A2Z+-X2n  elec¬ 
tronic  system  of  NO.  Stokes  scans  were  recorded  every  one 
mm  between  thefuel  and  oxidizer  nozzles  for  each  of  thethree 
ERE-CARStransitions. 

3  Modeling 

Numerical  computations  for  the  hydrogen-air 
flame  stabilized  using  the  Hencken  burner  was  performed 
using  the  UNICORN  (UNsteady  Ignition  and  combustion 
with  ReactioNs)  code  [21-23].  The  flame  is  modeled  as 
a  combination  of  several  diffusion  flamelets,  where  each 
flamelet  is  supported  by  fuel  originating  from  each  individ¬ 
ual  tube  within  the  burner.  The  exact  nature  of  the  flamelet 
(premixed,  partially  premixed  or  non-premixed)  can  be  var¬ 
ied,  depending  on  experimental  flow  conditions.  The  flamelet 
established  over  thefuel  tube  is  modeled  as  an  axi -symmetric 
flow  while  the  hexagonal  opening  around  the  fuel  tube, 
through  which  the  oxidizer  mixture  flows,  is  modeled  as  a  co- 
annular  tube.  Adiabatic  flow  conditions  are  assumed  at  the 
fuel-tube  wall .  Symmetric  boundary  conditions  are  employed 
along  the  centerline  of  the  flow  aswell  as  at  the  outer  bound¬ 
ary  in  the  radial  direction  of  the  burner;  linear  extrapolation 
of  flow  variables  is  implemented  along  the  outflow  boundary 
located  at  a  height  of  several  fuel-tube  diameters  above  the 
burner  surface.  F  uel  and  ai  r  velocities  are  determi  ned  from  the 
known  mass  flow  rates  of  gases. 

For  the  counter-flow  flame,  OPPDIF,  a  Sandia  opposed- 
flow  flame  code  [24],  was  used  for  calculations  of  tempera¬ 
ture,  vel  oci  ty  and  speci  es  concentrati  on  profi  I  es  al  ong  the  cen¬ 


terline  between  the  two  nozzles.  The  mathematical  model  for 
OPPDIF  reduces  the  two-dimensional,  axi-symmetric  flow 
field  to  a  one-dimensional  formulation  via  a  similarity  trans¬ 
formation  [25].  The  GRI  mechanism  (version  3.0)  [26]  was 
used  for  the  chemical  kinetics;  gas-phase  radiation  was  con¬ 
sidered  by  adding  a  radiation  source  term  in  OPPDIF.  The 
effect  of  radiative  heat  loss  was  considered  in  the  optically 
thin  limit  [27],  The  radiation  model  utilizes  Planck  mean  ab¬ 
sorption  coefficients  for  the  major  species  CO2,  H2O,  CO  and 
CH4;  the  temperature  dependence  of  these  coefficients  was 
modeled  using  fourth-order  polynomial  fits  to  the  results  of 
narrow-band  calculations.  A  time-dependent,  axi-symmetric 
model  in  UNICORN  was  also  employed  for  simulation  of 
a  weakly-stretched  counter-flow  diffusion  flame.  The  two- 
dimensional  calculations  were  performed  on  a  grid  having 
801  by  41  nodal  points  in  the  axial  and  radial  directions,  re¬ 
spectively. 

The  ERE-CARS  spectra  were  modeled  using  a  perturba¬ 
tive  analysis  applicable  at  lower  laser  irradiances  via  modifi¬ 
cation  of  the  Sandia  CARSFT  code  [15, 28].  Spectral  data  for 
the  NO  molecule  were  obtained  via  LIFBASE  [29]  and  from 
high-resolution  CARS  measurements  [30, 31]. 

4  Results  and  discussion 

Figure  4  displays  spectra  recorded  for  various 
heights  in  a  hydrogen-air  flame  stabilized  on  the  Hencken 
burner  at  <p  =  1.15.  We  previously  added  known  quantities  of 
NO  to  theoxidizer  flow  in  a  similar  flame  to  determine  the  NO 
detection  limit  at  atmospheric  pressure  [  18].  From  Fig.  4,  we 
find  that  theNO  ERE-CARS  signal  along  the  centerline  of  the 
flame  rises  with  height  above  the  burner  surface.  The  spec¬ 
tra  in  Fig.  4  exhibit  a  non- resonant  background  resulting  from 
scattering  of  the  UV  probe  beam  and  fluorescence  induced 
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Raman  Shift  (cm1) 


figure  4  Spectral  scans  at  various  heights  above  the  Hencken  burner  in  an  H  2-air  (0  =  1.15)  flame.  TheUV  probe  frequency  was  fixed  at  42  361.46  cm-1, 
corresponding  to  the  Qi  (13.5)  transition  in  the  A2E+-X2n  (1,0)  band.  Pump,  Stokes  and  probe  energy  levels  were  fixed  at  14  mj  /pulse,  18  mj /pulse  and 
0.6  mj  /pulse,  respectively 


bythesameUV  beam.  Because  the  UV  probe  wavelength  is 
fixed  during  Stokes  scans,  this  non-resonant  background  is 
nominally  constant,  independent  of  Stokes  laser  wavelength. 
Furthermore,  the  non-resonant  background  does  not  modu¬ 
late  theERE-CARS  signal,  so  thatitcan  be  subtracted  in  data 
processing.  The  overall  non-resonant  background  signal  was 
obtained  via  integration  between  Raman  shifts  of  1871.0  and 
1871.5cm-1.  After  background  subtraction  and  division  by 


the  UV  probe  energy,  the  ERE-CARS  signal  was  integrated 
between  Raman  shifts  of  1872  and  1874  cm-1. 

Figure  5  shows  a  comparison  between  the  measured  con¬ 
centration  of  NO,  which  is  proportional  to  the  square-root  of 
theintegrated  ERE-CARS  signal,  and  predicted  NO  concen¬ 
trations  computed  using  UNICORN  at  various  heights  above 
the  burner  surface.  A s  fuel  and  oxidizer  are  rapidly  mixed  in 
the  region  above  the  burner  surface,  a  sharp  increase  in  tem- 
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perature  occurs  owing  to  combustion  reactions.  In  the  post¬ 
flame  regime,  the  temperature  remains  essentially  constant; 
however,  the  NO  concentration  increases  continuously  be¬ 
cause  of  theZeldovich  reactions.  Weshould  note  that  the  data 
points  are  not  corrected  for  variations  in  Boltzmann  fraction, 
ow  i  ng  to  the  nearl  y  constant  post-fl  ame  temperature,  as  show  n 
in  Fig.  5. 

Flames  encountered  in  practical  applications,  such  as  gas 
turbine  combustors,  furnaces  and  internal  combustion  en¬ 
gines,  arehighly  luminous  and  particleladen,  especially  when 
using  liquid  fuels.  Flydrocarbon  species,  their  fragments  and 
soot  particulates  possess  very  broad  absorption  and  emis¬ 
sion  signatures  throughout  the  ultraviolet  region  [32],  Such 
broadband  UV  interferences  complicate  signal  interpretation 
when  detecting  NO  via  LIF  for  excitation  near  226 nm  in 
they  (0,0)  band  [1-5].  Therefore,  acetylene-air  flames  were 
studied  from  lean  (<p  =  0.8)  to  rich  (<f>  =  1.6)  conditions  to 
assess  the  feasibility  of  ERE-CARS  measurements  under 
highly  sooting  conditions.  Spectra  recorded  55  mm  above 
the  burner  surface  are  shown  in  Fig.  6  along  with  theoret¬ 
ical  spectral  fits  obtained  using  the  modified  SandiaCARSFT 
code.  Good  agreement  is  observed  between  theory  and  ex¬ 
periment  for  these  conditions.  The  excellent  selectivity  of 


FIGURE  5  Comparison  between  measured  and  computed  NO  concentra¬ 
tions  (using  UNICORN)  at  various  heights  above  the  Hencken  burner  in  an 
H 2-air  (</>  =  1.15)  flame.  The  data  were  scaled  so  as  to  match  measured  and 
calculated  [NO]  at  48  mm  above  the  burner  surface.  The  temperature  profile 
was  also  calculated  using  UNICORN 

the  ERE-CARS  technique  arises  from  the  fact  that  both  Ra¬ 
man  and  electronic  resonance  conditions  must  be  satisfied 
to  generate  the  ERE-CARS  signal.  Based  on  Fig.  6,  ERE- 
CARS  can  be  employed  for  detection  of  NO,  even  in  heavily 


FIGURE  6  Comparisons  between  measured  and  computed  ERE-CARS  spectra  at  55  mm  above  the  H  encken  burner  for  highly  sooting  C  2H  2-air  flames.  The 
UV  probe  frequency  was  fixed  at  42  361.46  cm-1,  corresponding  to  the  Qi  (13.5)  transition  in  the  A2U+-X2n  (1,0)  band.  Pump,  Stokes  and  probe  energy 
levels  were  fixed  at  10  mj  /pulse,  16  mj  /pulse  and  1.2  mj  /pulse,  respectively.  For  the  theoretical  calculations,  linewidths  of  the  Stokes  and  probe  laser  were 
selected  to  be  0.37  cm-1  and  3  cm-1,  respectively.  The  theoretical  fits  were  obtained  using  a  temperature  of  2300  K  and  an  NO  concentration  of  1000  ppm 
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sooting  flames,  thus  overcoming  one  of  the  major  drawbacks  shown  in  Fig.  7.  The  background-corrected  and  normalized 
of  LIF.  ERE-CARS  signals  from  these  spectra  were  integrated  be- 

Figure  7  displays  Stokes  spectra  recorded  at  various  pos-  tween  Raman  shifts  of  1871.2  and  1873.8  cm-1.  Knowing  the 
itions  between  the  fuel  and  oxidizer  nozzle  for  the  non-  computedtemperatureateachpositionfromOPPDIF,wecal- 
premixed,  hydrogen-air  counter-flow  flame  at  a  global  strain  culated  the  Boltzmann  fraction  for  the  ]  "  =  13.5,  N"  =  13, 

rate  of  20  s-1.  A  significant  modulation  in  ERE-CARS  sig-  v"  =  0  rotational -vibrational  level.  The  square-root  of  the  in- 

nal  is  obtained  between  the  fuel  and  oxidizer  nozzles,  as  tegrated  ERE-CARS  signal  was  then  corrected  for  population 


1870  1871  1872  1873  1874  1875  1870  1871  1872  1873  1874  1875 


Raman  Shift  (cm'1)  Raman  Shift  (cm'1) 
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Raman  Shift  (cm'1)  Raman  Shift  (cm'1) 

FIGURE  7  Spectral  scans  indicating  NO  ERE-CARS  signals  at  various  positions  in  an  atmospheric  pressure,  laminar,  counter-flow,  non-premixed  H 2-ai r 
flame  at  a  global  strain  rate  of  20  s-1.  The  UV  probe  frequency  was  fixed  at  42  361.46  cm-1,  corresponding  to  the  Qi  (13.5)  transition  in  the  A2E+-X2n 
(1,0)  band.  Pump,  Stokes  and  probe  energy  levels  were  fixed  at  14  mj  /pulse,  10  mj  /pulse  and  0.5  mj  /pulse,  respectively 
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differences  using  an  appropriate  calculation  of  Boltzmann 
fraction.  The  integration  intervals  for  the  two  other  Raman 
transitions,  Qi  (9.5)  and  Qi  (17.5),  were  selected  to  be  1873  to 
1875cm-1  and  1869  to  1872  cm-1,  respectively.  In  Fig.  8,  the 
square-root  of  the  integrated  signal,  as  divided  by  the  Boltz¬ 
mann  fraction  for  the  corresponding  rotational  level  at  the 
calculated  temperature,  is  plotted  versus  distance  between  the 
two  nozzles  for  three  different  Raman  transitions. 

The  three  different  profiles  were  scaled  by  setting  the 
peak  of  theQi  (13.5)  profile  to  unity.  While  the  profile  peaks 
for  the  Qi  (9.5)  and  Qi  (17.5)  ERE-CARS  signals  were  not 
scaled  to  match  theQi  (13.5)  case,  the  peaks  for  all  three  pro¬ 
files  agree  to  within  15%.  This  agreement  was  observed  even 
though  measurements  for  the  three  different  transitions  were 
acquired  over  several  hours,  thus  indicating  the  stability  of 
the  optical  alignment.  We  observe  that  the  shapes  of  the  NO 
concentration  profiles  measured  using  three  different  Raman 
transitions  are  very  similar,  and  that  the  peaks  of  the  profiles, 
corrected  for  their  respective  Boltzmann  fractions,  are  in  ex¬ 
cellent  agreement.  We  should  note,  however,  that  in  regions 
of  low  NO  concentration,  theintegrated  ERE-CARS  signal  is 
sensitive  to  any  background  correction. 

The  relative  agreement,  both  in  terms  of  spatial  loca¬ 
tion  and  magnitude,  between  the  experimental  and  com¬ 
puted  [NO]  profiles,  either  using  OPPDIF  (one-dimensional 
calculation)  or  UNICORN  (two-dimensional  calculation),  is 
quite  satisfactory.  Indeed,  considering  potentially  complicat- 
i  ng  factors  such  as  vari  ati  ons  i  n  temperature,  col  I  i  si  onal  w  i  dth 
and  quenchi  ng  envi  ronment  i  n  the  counter- fl ow  configuration, 
the  excellent  agreement  between  measured  and  calculated 
profiles  is  surely  remarkable.  Hence,  weconcludethat  the  pro¬ 
posed  ERE-CARS  technique  should  be  applicable  in  complex 
col  I  isional  environments,  while  still  giving  aspatial  resolution 
comparableto  techniques  such  as  L I F  and  CARS. 

Figure  9  shows  a  comparison  between  measured  and 
predicted  NO  concentrations,  including  the  variation  in 
calculated  temperature,  for  the  counter-flow  hydrogen-air 


FIGURE  8  Comparison  between  measured  NO  signals  and  computed  NO 
number  density  in  an  atmospheric  pressure,  laminar,  counter-flow,  non- 
premixed  H 2-ai r  flame  at  a  global  strain  rate  of  20  s-1.  The  integrated 
ERE-CARS  signal  has  been  corrected  through  background  subtraction,  divi¬ 
sion  by  the  ultraviolet  pulse  energy,  and  division  by  the  Boltzmann  fraction 
using  temperatures  calculated  from  OPPDIF  with  GRI  3.0  chemical  kinetics. 
Computed  profiles  using  OPPDIF  (one-dimensional  calculation)  and  UNI¬ 
CORN  (two-dimensional  calculation)  match  well  at  the  low  strain  rate  of 
20  s-1 


flame.  Scaling  the  measured  ERE-CARS  signals  via  the 
predicted  peak  NO  concentration,  we  estimate  a  detection 
iimit  of  ~  25  ppm  for  the  counter-flow  flame  measure¬ 
ments  using  three  different  Raman  transitions.  This  detection 
limit  could  potentially  be  improved  by  focusing  the  beams 
more  tightly  and  by  employing  strategies  to  reduce  the  UV 
scatteri  ng/fl  uorescence. 

Collisions  of  the  NO  molecule  with  other  atoms  (e.g., 
0,  H),  diatomic  radicals  (e.g.,  OH,  NO)  and  major  species 
(e.g.,  H 2,  O2,  H2O,  CO,  CO2,  CH4,  N2)  depend  on  pressure 
and  temperature.  It  is  well-known  that  LIF  signals  decrease 
owing  to  such  collisions,  thus  requiring  corrections  for  quan¬ 
tification  of  NO  LIF  signals.  We  have  previously  shown  that 
the  ERE-CARS  signal  is  nearly  independent  of  electronic 
quenching  when  considering  two  important  colliders,  O2  and 
CO2  [16].  In  a  counter- flow  non-premixed  flame,  temperature 
and  species  concentrations  vary  significantly  in  the  flow  field 
between  the  fuel  and  oxidizer  nozzles.  Figure  10  shows  the 
computed  variation  in  total  quenching  rate  (Fig.  10a)  as  well 
as  that  for  the  col  I  isional  and  Doppler  linewidths  (Fig.  10b) 
fora  non-premixed  H2-airflame.  Quenching  rate  coefficients 
(cm3s-1)  for  collisions  of  NO  with  H,  H2,  O,  O2,  OH,  H2O, 
N 2,  NH,  NO,  NO2  and  N2O  were  obtained  from  the  litera¬ 
ture  [33],  The  number  density  of  each  collider  and  the  tem¬ 
perature  at  different  locations  were  obtained  from  OPPDIF, 
with  the  total  quenching  rate(s-1)  calculated  from  the  sum  of 
individual  quenching  rates. 

As  shown  in  Fig.  10a,  the  total  electronic  quenching  rate 
varies  considerably  in  the  region  encompassing  measurable 
NO  concentrations.  In  practical  combustion  systems,  such 
vari  ati  ons  in  quenching  rate,  both  in  space  and  time,  can  cause 
substantial  variations  in  signal  levels  when  using  LIF.  The 
ERE-CARS  spectra  recorded  using  Stokes  scans  at  different 
positions  between  the  fuel  and  oxidizer  nozzles  were  ana¬ 
lyzed,  without  correction  for  variations  in  the  collision  rate. 
H  ence,  the  good  agreement  between  measured  and  calculated 
[NO]  profiles,  as  shown  in  Fig.  8,  demonstrates  the  effective¬ 
ness  of  the  ERE-CARS  technique  despite  large  variations  in 
col  I  isional  rate  throughout  the  flame. 


FIGURE  9  Comparison  between  measured  and  computed  NO  concentra¬ 
tions  in  an  atmospheric  pressure,  laminar,  counter-flow,  non-premixed  H 2-air 
flame  at  a  global  strain  rate  of  20  s-1.  Data  points  were  obtained  by  averaging 
the  ERE-CARS  measurements  shown  in  Fig.  8  at  each  position,  calibrat¬ 
ing  using  the  computed  maximum  NO  number  density,  and  converting  from 
number  density  to  ppm  levels  using  temperatures  calculated  from  OPPDIF 
with  GRI  3.0  chemical  kinetics 
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b  Distance  from  the  fuel  nozzle  (mm) 

figure  10  Variation  of  (a)  total  electronic  quenching  rate  and  (b)  colli- 
sional  and  Doppler  widths  in  an  atmospheric  pressure,  laminar,  counter-flow, 
non-premixed  H  2-air  flame  at  a  global  strain  rate  of  20  s_1.  Temperature  and 
species  concentrations  are  obtained  from  OPPDIF  using  GRI  3.0  chemical 
kinetics 


The  CARS  signal  generated  from  the  probe  volume  de¬ 
pends  on  the  square  of  the  third  order  non-linear  susceptibil¬ 
ity;  the  exact  scaling  is  affected  by  the  broadening  mechanism 
for  both  the  Raman  transition  and  the  U  V  probe  transition,  as 
well  as  on  the  transition  spacing.  Although  much  information 
is  available  on  col  I  isional  broadening  of  ultraviolet  transi¬ 
tions,  little  information  is  available  on  NO  Raman  linewidths 
at  flame  conditions.  A  s  the  temperature  increases  from  about 
350  K  in  the  wings  of  the  N  0  profile  to  about  2500  K  near  the 
[NO]  peak,  the  density  decreases  which  produces  a  reduction 
in  the  collision-broadened  linewidth.  The  Doppler  width,  on 
the  other  hand,  increases  somewhat  in  the  high-temperature 
region,  although  at  atmospheric  pressure  the  Raman  transition 
is  predominantly  collision-broadened  even  at  flame  tempera¬ 
tures.  Figure  10b  shows  this  variation  in  computed  collisional 
and  Doppler  widths  between  the  two  nozzles.  In  the  region 
between  4  to  12  mm  from  the  fuel-side  nozzle,  the  ratio  of 
collisional  to  Doppler  widths  changes  by  over  a  factor  of 
two.  Such  variations  could  cause  substantial  changes  in  laser 
interaction  with  the  Raman  and  probe  transitions,  thus  poten¬ 


tially  complicating  the  interpretation  of  ERE-CARS  signals. 
However,  based  on  Fig.  8,  for  which  the  experimental  concen¬ 
tration  profile  was  corrected  only  for  changes  in  temperature, 
the  measured  NO  profile  still  agrees  very  well  with  compu¬ 
tations  using  rigorous  transport  and  chemical  kinetics.  The 
factors  which  lead  to  such  good  agreement  will  be  explored  in 
future  work.  In  particular,  our  intention  is  to  investigate  sat¬ 
uration  effects  on  the  Raman  transition  and/or  the  U  V  probe 
transition. 

5  Conclusions 

ERE-CARS  was  applied  successfully  to  NO  con¬ 
centration  measurements  in  three  different  atmospheric  pres¬ 
sure  flames.  Stokes  scans  were  recorded  at  various  heights 
in  a  slightly  rich  (</>  =  1.15)  hydrogen-air  flame  stabilized 
on  a  Hencken  burner.  The  axial  profile  of  the  background- 
corrected,  square-root  of  the  NO  ERE-CARS  signal  proved 
to  be  in  excellent  agreement  with  calculated  NO  concen¬ 
tration  profiles.  Background-corrected  detection  of  NO  was 
also  demonstrated  in  acetylene-air  flames  under  both  fuel- 
lean  and  highly  sooting  fuel-rich  conditions.  Excellent  agree¬ 
ment  was  obtained  between  measured  and  theoretical  spectra 
when  using  a  modified  Sandia  CARSFT  code.  Finally,  an 
atmospheric-pressure,  laminar,  counter-flow  non-premixed 
hydrogen-air  flame  was  investigated  at  a  global  strain  rate 
of  20s_1.  Despite  considerable  variation  in  collisional  and 
Doppler  linewidths,  the  measured  and  computed  NO  concen¬ 
tration  profiles  were  found  to  be  in  excel  lent  agreement. 

The  above  three  experiments  demonstrate  that  ERE- 
CARS  is  a  robust  diagnostic  technique  which  can  be  used  to 
detect  flame-generated  NO  in  challenging  environments.  The 
ERE-CARS  signal  appears  to  be  much  less  dependent  on  col¬ 
lisional  rates,  especially  electronic  quenching  rates,  than  is 
the  case  for  NO  LIF.  Continuing  efforts  will  focus  on  under¬ 
standing  the  physics  of  the  ERE-CARS  process,  on  further 
development  of  the  technique  to  enable  single-shot  measure¬ 
ments,  and  on  applications  of  ERE-CARS  to  high-pressure 
I  aboratory  fl  ames  as  wel  I  as  to  gas-turbi  ne  combustors. 
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The  impact  of  oxygenated  fuel  additives  on  soot  emissions  has  been  investigated  in  a  collaborative 
university,  industry  and  government  effort.  The  main  objective  of  this  program  was  to  obtain 
fundamental  understanding  of  how  changes  in  fuel  composition  can  reduce  soot  and  PAH 
emissions  from  military  aircraft  combustors.  The  research  team  used  a  suite  of  laboratory  devices 
that  included  a  shock  tube,  a  well-stirred  reactor,  a  premixed  flat  flame,  an  opposed- flow  diffusion 
flame,  and  a  high  pressure  turbulent  reactor.  The  two  primary  additives  investigated  were  ethanol 
and  cyclohexanone.  Fuels  included  ethylene,  heptane,  a  heptane/toluene  blend  and  JP8.  With  one 
exception,  an  ethylene  opposed- flow  diffusion  flame,  the  addition  of  an  oxygenated  compound  led 
to  substantial  reductions  in  soot.  Modeling  of  the  premixed  flame  and  opposed-jet  diffusion  flame 
was  used  to  obtain  insights  into  the  mechanism  behind  the  observed  soot  reductions. 


1.  Introduction 

It  is  estimated  that  US  military  aircraft  emit  about  600,000  kg  of  particulate  matter  into  the 
atmosphere  each  year.  All  of  this  particulate  matter  is  in  the  form  of  particles  with  diameters  less 
than  2.5  microns  (PM2.5),  which  a  growing  body  of  evidence  indicates  are  the  cause  of 
significant  health  and  environmental  problems.  Thus  the  military  is  seeking  methods  to  reduce 
PM  emissions. 
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There  are  two  approaches  to  reducing  PM2.5  emissions  from  gas  turbine  engines,  modification 
or  redesign  of  the  combustion  system  and  modification  of  the  fuel  either  by  reformulation  or 
additives.  For  existing  engines,  hardware  retrofits  are  normally  prohibitively  expensive.  Thus, 
the  preferred  approach  is  fuel  modifications. 

The  technical  objective  of  this  program  was  to  develop  fundamental  understanding  of  the 
complex  effects  of  changes  in  fuel  composition  on  the  processes  that  lead  to  PM  emissions  from 
military  gas  turbine  engines.  The  overall  project  included  investigations  of  organic  compounds 
containing  oxygen,  nitrogen,  and  phosphorus.  The  work  reported  in  this  paper  is  a  summary  of 
experimental  and  modeling  results  on  the  effects  of  two  oxygenated  compounds,  ethanol  and 
cyclohexanone,  on  soot  formation  across  a  suite  of  laboratory  devices;  the  fuels  investigated 
were  ethylene,  heptane,  heptane/toluene,  and  JP8. 

2.  Approach 

Because  of  the  inherent  complexity  of  the  combustion  processes  within  gas  turbine  combustors 
and  great  difficulty  in  making  measurements  inside  combustors,  it  was  not  possible  to  achieve 
the  technical  objective  of  this  program  by  making  measurements  in  gas  turbine  combustors. 
Furthermore,  due  to  the  complexity  of  the  combustion  process  in  a  gas  turbine  combustor,  no 
single  laboratory  flame  or  reactor  is  sufficient  to  serve  as  a  model  for  a  combustor.  Therefore, 
multiple  laboratory  devices  were  applied  to  study  the  effects  of  additives  on  soot.  These  devices 
were  a  shock  tube,  a  well-stirred  reactor,  a  premixed  flame,  an  opposed-jet  diffusion  flame,  and  a 
high  pressure  turbulent  reactor. 

The  devices  were  chosen  to  cover  the  range  of  combustion  regimes  present  in  a  gas  turbine 
combustor.  They  were  also  chosen  so  that  they  covered  a  range  of  complexity  in  terms  of  the 
chemical  and  physical  processes  involved,  from  the  shock  tube,  where  chemical  kinetics  is  the 
dominant  process,  to  the  high  pressure  turbulent  reactor  in  which  chemical  kinetics,  molecular 
diffusion,  turbulent  mixing,  and  spray  processes  are  all  involved.  This  set  of  devices  was 
applied  in  an  hierarchical  manner  to  identify  the  key  chemical  and  physical  processes  through 
which  the  additives  affect  soot. 

Numerical  simulation  proved  to  be  an  invaluable  tool  for  understanding  the  mechanisms  by 
which  oxygenated  compounds  reduce  soot  in  these  devices.  Simulations  were  performed  to  the 
extent  possible  for  each  additive/fuel  combination.  CHEMKIN  was  the  used  for  modeling  of  the 
premixed  flame  and  the  opposed-jet  diffusion  flame.  For  modeling  the  effects  of  ethanol  on 
ethylene  chemistry,  the  research  team  combined  several  mechanism  available  in  the  literature  [1, 
2,3]. 

The  devices  used  in  the  study  along  with  their  associated  diagnostics  have  all  been  described  in 
detail  elsewhere  [4,  5,  6,  7,  8]  so  they  will  not  be  described  here.  Table  1  summarizes  the  range 
of  fuel/oxygenate  experiments  that  were  conducted  during  the  study.  This  paper  will  focus  on 
the  effects  of  ethanol  and  cyclohexanone  on  soot;  cyclohexanone  was  studied  because  it  was  a 
component  of  a  commercial  additive  that  caused  reductions  in  soot  emissions.  The  fuels  used 
included  ethylene,  pre-vaporized  heptane  and  an  80/20  volume  mixture  of  heptane  and  toluene, 
as  well  as  liquid  JP8.  Details  of  the  experimental  methods  can  be  found  in  the  Final  Report  of 
the  project;  the  data  are  available  as  well  [9],  Because  of  the  large  volume  of  results  only 
summary  tables  and  plots  will  be  presented  along  with  key  observations  from  the  modeling 
studies. 
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Table  1:  Experiments  performed  on  oxygenated  compounds 


Additive 

Fuel 

Effect  on 
Soot 

Comments 

Shock  tube 

Ethanol 

Ethylene 

Decrease 

Cyclohexanone 

Heptane/ 

Toluene 

Decrease 

Well- stirred  reactor 

Ethanol 

Ethylene 

Varies: 
decrease  to 
slight 
increase 

Effect  is  dependent  on 
reactor  temperature 

Cyclohexanone 

Heptane/ 

Toluene 

Decrease 

Premixed  flame 

Ethanol 

Ethylene 

Decrease 

DME 

Ethylene 

Decrease 

DME  shows  slightly 
greater  effectiveness 

Opposed-jet  flame 

Ethanol 

Ethylene 

Increase 

Ethanol 

Heptane 

Decrease 

HP  Turbulent  reactor 

Ethanol 

JP8 

Decrease 

Cyclohexanone 

JP8 

Decrease 

3.  Shock  Tube 

The  test  section  for  all  ethylene  experiments  contained  5%  fuel  (v/v),  6.4%  oxygen  (v/v),  and  the 
balance  argon;  the  equivalence  ratio  was  2.34.  For  ethylene  +ethanol  experiments,  ethanol  was 
added  such  that  5%  (m/m)  of  ethylene-ethanol  mix  was  oxygen.  Since  the  diluent  gas  (Ar)  is 
approximately  90%,  the  heat  release  from  combustion  will  only  cause  a  minor  change  in 
temperature.  The  results  from  ethylene  and  ethylene  +  ethanol  experiments  are  shown  in  Table 
2.  The  comparison  of  the  sample  means  from  ethylene  and  ethylene+ethanol  experiments  shows 
that  addition  of  ethanol  decreased  the  mean  soot  yield  by  1 8  pg,  a  20%  decrease  in  mean  soot 
production. 


Table  2.  Summary  of  Soot  Yields  From  Premixed  Ethylene  Experiments 


Average 

Temperature,  T5,  (°C) 

Average 

Pressure,  P5,  (atm.) 

Average 

Soot  Yield  (pg) 

Ethylene 

788 

16.5 

93.1 

Ethylene  + 
Ethanol 

784 

16.4 

74.9 
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Figure  1.  Averaged  carbon  signal  obtained  by  desorbing  soot  samples  collected  from  ethylene 
and  ethylene+ethanol  experiments  in  shock  tube 

Figure  1  compares  averaged  carbon  signal  obtained  by  desorbing  soot  samples  collected  from 
ethylene  and  ethylene+ethanol  experiments.  The  results  show  that  the  soot  produced  in  both  sets 
of  experiments  has  a  high  soluble  organic  fraction  (carbon  desorbed  below  300°C)  compared  to 
diesel  soot  whose  soluble  organic  fraction  is  usually  in  5  to  25%  range.  This  high  soluble 
organic  fraction  is  perhaps  due  to  low  post-shock  temperature  in  these  premixed  experiments. 
Figure  1  also  shows  that  addition  of  ethanol  did  not  change  the  molecular  weight  distribution  of 
soot;  it  just  lowered  the  soot  yield  in  all  molecular  weight  divisions. 

Figure  2  presents  the  effect  of  cyclohexanone  on  soot  for  pre-vaporized  heptane  /toluene.  The 
overall  equivalence  ratio  for  these  experiments  was  3,  and  cyclohexanone  was  added  to  give 
4  %  oxygen  in  the  fuel.  The  reaction  temperature  was  varied  by  changing  the  initial  pressure  of 
the  reaction  mixture  in  the  test  section.  The  cyclohexanone  caused  substantial  reductions  in  soot 
at  all  temperatures  studied.  The  particle  yield  data  for  the  base  fuel  forms  a  bell-shaped  curve. 
The  lower  soot  yields  at  the  lower  temperatures  (~1 150  K)  are  due  to  the  slower  rate  of 
formation  of  soot  precursors  and  the  reduced  combustion  time  due  to  the  increased  ignition 
delays.  However,  the  lower  soot  yield  at  higher  temperatures  (~1500  K)  is  due  to  the  rates  of 
oxidation  dominating  the  rate  of  particle  formation.  The  maximum  in  soot  yield  curves  thus 
occurs  when  temperatures  are  high  enough  for  particle  formation  processes  (e.g.,  precursor 
formation,  nucleation  and  surface  growth)  but  are  still  too  low  for  particle  oxidation  to  be 
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significant.  Regardless  of  conditions,  however,  the  cyclohexanone  was  effective  in  reducing 
soot. 


1100  1150  1200  1250  1300  1350  1400  1450  1500  1550  1600 

Temperature  (K) 

Figure  2:  Carbon  yield  from  shock  tube  experiments  with  heptane/toluene  and  cyclohexanone 


4.  Well-stirred  Reactor 

The  effect  of  ethanol  as  an  additive  was  studied  by  Reich  et  al.  [10].  The  air  flow  for  the 
experiments  was  set  at  a  constant  240  g/min  with  an  inlet  temperature  set  at  392  +/-  5K.  The 
fuel/air  equivalence  ratio  ranged  from  1.9  to  2.6  for  both  neat  and  ethanol  added  to  raise  the 
oxygen  mass  fraction  of  the  fuel  to  5%.  Soot  samples  for  mass  measurements  were  made  in  the 
plug  flow  region  16  cm  downstream  of  the  reactor  and  within  the  toroidal  WSR.  Figure  3  shows 
total  carbon  analysis  of  the  quartz  filter  samples  extracted  from  both  the  reactor  and  the  plug 
flow  sections  of  the  WSR.  The  results  show  that  the  addition  of  ethanol  decreases  the  carbon 
mass  for  all  of  the  cases.  In  all  cases  an  increase  was  shown  in  the  total  carbon  mass  between 
the  reactor  and  the  plug  flow  section.  The  particle  size  distributions  sampled  from  the  plug  flow 
region  of  the  reactor  for  both  the  neat  ethylene  and  the  ethylene-ethanol  mixtures  over  a  range  of 
<|)  from  2.0  to  2.6;  details  are  available  in  Reich  et  al.  [10]  The  ethylene-ethanol  mixture  was 
found  to  reduce  particle  concentration  at  all  §  compared  to  the  neat  ethylene.  The  total  particle 
number  densities  obtained  by  integrating  the  areas  under  the  curves  also  showed  a  reduction  for 
the  ethanol  additive  cases  as  compared  to  the  neat  ethylene  case. 
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Figure  3:  Total  Carbon  Measurements  Results  For  Neat  Ethylene  and  Ethanol  Additives  in 

well-stirred  reactor 


The  effectiveness  of  cyclohexanone  was  studied  in  the  Well-Stirred  reactor  (WSR)  with  the  80% 
heptane-20%  toluene  fuel.  The  results  are  summarized  below  and  presented  in  more  detail  in 
Reference  5  .  Equivalence  ratios  between  1.90  and  2.10  were  studied;  cyclohexanone  was  added 
to  the  fuel  at  levels  of  such  that  either  2%  or  4%  of  the  fuel  weight  was  from  oxygen  in  the 
cyclohexanone.  The  experimental  results  shown  will  be  predominately  from  the  carbon  mass 
determined  from  carbon  bumoff  from  quartz  filters.  Particulate  mass  samples  were  drawn 
through  an  oil-cooled  probe  at  a  location  16  cm  downstream  of  the  WSR  in  the  plug  flow  reactor 
region. 

Figure  4  shows  the  total  particulate  carbon  mass  data  for  experiments  with  the  cyclohexanone 
additive  plotted  vs.  temperature  measured  in  the  WSR.  The  curve  shows  a  peak  at  4>=  2  and  a 
familiar  soot  bell  shape.  The  addition  of  cyclohexanone  was  shown  to  reduce  soot  at  all 
equivalence  ratios.  At  c|)  =  1.95  the  4  %  O  additive  case  produced  36  %  less  carbon  mass  than 
the  neat  case.  The  effect  of  cyclohexanone  on  the  temperature  changed  depending  on  the 
equivalence  ratio.  For  the  high  temperature  side  of  the  soot  bell  the  combustion  temperature  for 
the  neat  and  the  additive  cases  were  nearly  the  same,  implying  that  the  effect  of  the  additive  in 
this  region  is  chemical  rather  than  thermal.  On  the  low  temperature  side  of  the  soot  bell,  the 
combustor  temperature  decreased  for  the  additive  case  relative  to  the  neat  case  as  the  equivalence 
ratio  was  further  increased.  For  the  highest  equivalence  ratio  case  studied  (§=2. 1)  the 
combustion  temperature  using  the  4  %  O  additive  was  increased  for  one  data  point  by  increasing 
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the  inlet  conditions,  and  the  soot  mass  increased  to  match  that  for  the  neat  case,  implying  that  for 
the  low  temperature  side  of  the  soot  bell  the  effect  of  the  additive  is  mainly  due  to  a  decrease  in 
the  combustor  temperature. 


CO 

E 

'S) 

E 


if) 

if) 

03 


c 

o 

_Q 

03 

o 


160 
140 
120 
100 
80 
60 
40 
20 
0 

1150  1200  1250  1300  1350  1400  1450 


0=2.05 


0=2.10 


0=2.0 — \ 

/"CA 

A  ' 

1  o\ 

A 

l  A  / 

-0=  1.90 


ONeat 

+  4%  O  Higher  Inlet  Temperature 
A  2%0 
4%0 


Temperature(C) 


Figure  4:  Effect  of  cyclohexanone  on  particulate  mass  with  heptane/toluene  fuel 


5.  Premixed  Flame 

Flames  with  equivalence  ratios  of  2.34,  and  2.64  were  studied  to  facilitate  comparison  to  past 
work  on  ethylene  flames.  Two  oxygen  concentrations,  5  and  10  wt%  in  the  ethylene/additive 
mixture,  were  studied.  5  wt%  oxygen  requires  a  14.4  %  mass  fraction  of  ethanol  in  the  fuel 
stream,  and  10  wt%  requires  approximately  twice  this  amount.  When  the  ethanol  was  introduced 
into  the  fuel  line,  the  ethylene  flow  rate  was  reduced  in  appropriate  proportion  in  order  to  keep 
the  total  carbon  flow  rate  constant.  The  equivalence  ratio  was  not  affected  by  the  introduction  of 
the  ethanol  so  adjustment  of  the  air  flow  rate  was  not  required  to  keep  the  equivalence  ratio 
constant.  Detailed  results  on  this  flame  are  available  in  Wu  et  al.  [6] 

Figure  5  presents  a  comparison  of  the  experimental  and  modeling  results  for  the  ethylene  flames 
at  the  two  equivalence  ratios  studied.  In  the  simulations  experimental  temperature  profiles  were 
used.  The  model  does  reasonably  well  in  capturing  the  trends  in  small  and  large  PAH,  but  it 
underestimates  the  soot  volume  fraction  and  also  the  effect  of  equivalence  ratio  on  soot.  Similar 
comparisons  of  the  model  predictions  and  experimental  data  for  the  addition  of  ethanol  shows 
that  for  small  aromatic  species  and  large  PAH,  the  model  results  capture  the  general  trend  that 
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increasing  the  amount  of  oxygen  leads  to  greater  reductions  in  aromatic  species.  Also  the 
magnitudes  of  the  reductions  relative  to  the  baseline  match  the  data  reasonably  well  for  the 
aromatic  species.  The  soot  predictions  for  cp=2.34  are  reasonably  consistent  with  the 
experimental  data,  although  the  volume  fraction  is  under-predicted.  For  0=2.64,  the  comparison 
of  the  model  and  experiment  are  not  good.  The  model  predicts  no  effect  of  5%  oxygen  at  this 
condition. 

6.  Opposed-jet  Diffusion  Flame 

In  experiments  and  calculations,  addition  of  ethanol  to  the  ethylene  increases  soot  and  soot 
precursors,  while  peak  OH  concentrations  remain  approximately  constant.  A  graph  of 
experimental  measurements  of  peak  light  scattering  and  OH  fluorescence  and  predictions  of 
species  maximum  mole  fraction  based  upon  calculations,  for  fuel  side  addition  of  ethanol,  is 
shown  in  Figure  6.  The  calculated  data  have  been  normalized  to  the  experimental  data  to  allow 
comparisons  of  the  trends  shown  by  each.  Overall,  the  trend  of  the  change  (increasing),  with 
increasing  fuel  side  ethanol  addition,  of  calculated  peak  mole  fractions  for  the  species  A1 
through  A4  is  in  good  agreement  with  peak  experimental  values  (measured  along  the  centerline 
between  burner  ducts)  of  light  scattering,  while  the  change,  with  increasing  fuel  side  ethanol 
addition,  of  the  calculated  peak  mole  fraction  of  OH  is  in  reasonable  agreement  with  peak 
measured  values  of  OH  fluorescence.  Calculation  and  experimental  measurement  show  peak 
OH  concentration  to  remain  nearly  constant  with  increasing  ethanol  addition. 

Calculations  predict  that  addition  of  8  mole  percent  ethanol  to  the  fuel  stream  increases  the 
integrated  mole  fraction  of  aromatic  species  A1  (C<sH<s),  A2  (CioHg),  A3  (C14H10),  and  A4 
(C^Hio)  by  approximately  3%,  19%,  23%,  and  22%,  respectively.  The  peak  increase  in  light 
scattering  observed  experimentally  was  approximately  19%.  Temperature  and  OH  concentration 
are  predicted  by  calculation  to  remain  approximately  constant.  Acetylene  is  predicted  to  remain 
approximately  constant  while  propargyl  concentration  is  predicted  to  decrease  approximately  9% 
when  8%  ethanol  is  added  to  the  fuel  stream. 

Because  the  predicted  change  in  propargyl  mole  fraction  with  ethanol  addition  was  in  the 
opposite  direction  of  the  change  in  A1  mole  fraction  for  fuel  side  ethanol  addition,  an  analysis  of 
rate  of  formation  of  A1  by  reaction  was  performed.  The  reactions  contributing  to  A1  formation, 
and  the  change  in  A1  rate  of  formation  per  reaction,  relative  to  the  neat  flame,  when  8%  ethanol 
was  added  to  the  fuel  stream,  are: 


Calculated  Change  in  Rate  of  A1  Formation  - 
8%  Ethanol  addition  to  Fuel 

C3H3  +  C3H3  A1  -8% 

n-C4H5  +  C2H2  -»•  A1  +  H  +23% 

1-C6H6  +  H  — ►  A1  +  H  +27% 

n-C6H7  — ►  A1  +  H  +34% 

The  increased  production  of  A1  via  these  routes  is  predicted  to  be  the  consequence  of  methyl 
radical  formation  from  the  ethanol  which  leads  to  increased  C3H3+  CH3  (+M)  ->  C4H6  (+M) 

This  reaction  shows  a  calculated  increase  in  rate  of  production  of  C4H6  of  17%  for  the  flame  with 
8%  mole  fraction  ethanol  compared  to  the  neat  ethylene/air  flame.  Mole  fraction  profiles  (see 
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Figure  6)  of  propargyl  show  a  slight  decrease  in  concentration  over  this  temperature  range 
(1400K  -  1700K).  Approximately  85%  of  the  C4H6  reacts  with  H  to  form  C4H5,  which  then 
reacts  in  the  acetylene  bath  to  form  A1  and  aromatic  precursors.  Details  of  the  modeling  and 
experiments  can  be  found  in  McNesby  et  al.  [7] 

Figure  7  shows  the  results  for  the  addition  of  ethanol  to  a  heptane/air  opposed-jet  flame.  In  this 
case  the  addition  of  ethanol  reduces  soot.  The  postulated  reason  for  the  change  in  the  trend 
compared  to  ethylene  is  the  abundance  of  methyl  radicals  present  with  heptane  as  the  fuel,  so  the 
added  methyl  production  from  the  ethanol  has  a  negligible  effect  on  soot.  Unfortunately  the 
OPPDIF  model  would  not  converge  for  the  heptane  mechanism  used. 


7.  High  Pressure  Turbulent  Reactor 

All  tests  with  oxygenated  additives  in  the  high  pressure  turbulent  reactor  were  run  with  JP8  as 
the  fuel;  a  major  consideration  being  its  reasonable  cost  compared  to  the  heptane/toluene  blend. 
The  air  flow  for  the  tests  was  32  gm/s  and  the  equivalence  ratio  was  1.3.  The  inlet  air 
temperature  was  550K  and  the  chamber  pressure  was  0.5  MPa.  Three  oxygenated  additives  were 
investigated:  ethanol,  cyclohexanone,  and  methanol.  Methanol  was  studied  as  a  comparison  to 
the  ethanol  since  it  had  shown  good  potential  to  reduce  soot  in  prior  work  with  sooting  diffusion 
flames.  For  cyclohexanone  and  ethanol  a  range  of  concentration  was  investigated  up  to  10%  by 
volume.  Methanol  was  only  studied  at  the  highest  concentration.  Figure  8  presents  the  results 
for  these  three  compounds  based  on  the  mole  fraction  of  oxygen  introduced  with  the  additive.  It 
shows  that  the  three  oxygenates  fall  on  essentially  the  same  curve  of  soot  reduction,  which 
indicates  that  the  soot  reduction  in  each  case  is  largely  being  driven  by  the  same  phenomena. 
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Figure  5.  Comparison  of  experiments  (square  symbols)  and  model  (solid  lines)  for 
(a)  small  aromatic  species,  (b)  large  PAH,  (c)  soot  at  base  flames  (LIF  data 
normalized  by  the  maximum  signal  observed  at  0=2.64) 
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Figure  6:  Comparison  of  measurements  and  predictions  for  OH,  soot  and  soot  precursors,  for 
addition  of  ethanol  to  ethylene  in  an  opposed-jet  diffusion  flame. 
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%  O  in  the  fuel  by  weight 


Figure  8:  Effect  of  Oxygenated  Additives  on  soot  formation  with  JP-8 

8.  Conclusions 

Reduction  in  soot  was  achieved  by  the  addition  of  oxygenated  compounds  in  all  of  the  devices 
studied,  with  the  single  exception  of  the  ethylene  opposed-jet  diffusion  flame.  Furthermore, 
reduction  was  achieved  whether  the  fuel  was  introduced  as  a  liquid  or  vapor  and  regardless  of 
whether  the  conditions  were  laminar  or  turbulent.  The  ability  to  reduce  soot  across  the  suite  of 
devices  in  which  the  key  governing  processes  vary  so  significantly  means  that  the  process 
through  which  the  soot  reduction  is  effected  must  be  common  to  all  of  the  devices  —  that 
common  process  is  chemical  kinetics.  Therefore,  these  studies  add  to  the  evidence  that  kinetic 
processes  are  driving  the  reduction  of  soot  by  oxygenated  additives. 

Through  detailed  modeling  studies,  the  mechanism  by  which  soot  is  increased  when  ethanol  was 
added  to  ethylene  in  the  opposed-jet  diffusion  flame  was  determined  to  be  kinetic  in  nature  as 
well.  Soot  was  increased  due  to  the  enhancement  of  the  “even-carbon  species”  pathway  to 
benzene  as  a  result  of  the  production  of  methyl  radicals  from  ethanol,  not  via  the  enhancement  of 
the  “odd-carbon  species,”  as  was  originally  expected.  Detailed  modeling  of  the  results  for 
addition  of  ethanol  to  the  ethylene  diffusion  flames  predict  that  the  soot  reduction  in  these 
flames  is  via  effects  on  the  propargyl  radical  pathway  to  the  first  aromatic  ring.  Comparison  of 
the  premixed  flame  results  for  ethanol  and  DME  (not  reported  here,  see  reference  11) 
demonstrated  that  the  chemical  structure  of  the  additive  can  play  a  role  in  the  effectiveness  of 
oxygenated  additives  in  reducing  soot.  [12  ] 

Together  this  set  of  results,  from  a  wide  range  of  experimental  devices,  serves  as  a  challenging 
benchmark  for  modeling  soot  formation  for  ethylene  and  the  effects  of  the  addition  of 
oxygenated  compounds  on  soot. 
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The  effect  of  nitrogen-bearing  fuel  additives  on  soot  and  PAH  emissions  formation  has  been 
investigated  in  a  collaborative  university,  industrial  and  governmental  effort.  The  overall  objective 
of  this  program  was  to  obtain  fundamental  understanding  of  how  changes  in  fuel  composition  can 
effect  soot  and  PAH  emissions  from  military  aircraft  combustors.  Six  different  laboratory  burners, 
including  a  premixed  flat  flame,  an  opposed-flow  diffusion  flame,  a  well-stirred  reactor,  a 
turbulent  spray  flame,  a  shock  tube,  and  a  high  pressure  turbulent  combustor  were  used  to 
investigate  the  impact  of  additives  covering  a  wide  range  of  combustion  conditions.  The  additives 
included  various  nitroalkanes  (nitromethane,  nitroethane,  and  nitropropane),  i-propylnitrate, 
nitrogen  dioxide,  pyridine  and  quinoline.  Fuels  included  ethylene,  a  heptane/toluene  blend  and 
JP8.  The  effects  of  many  of  the  additives  were  examined  in  most  experimental  facilities  and  the 
results  were  contrasted  and  compared.  The  experimental  results  were  also  modeled  using  a  variety 
of  modeling  packages  and  mechanisms.  Reductions  in  soot  were  as  large  as  70%,  although  in 
some  cases  no  change  was  detected;  in  others,  increases  were  observed.  Modeling  failed  to  offer 
explanations  for  all  of  the  experimental  observations.  This  paper  will  summarize  the  key  results, 
our  interpretations,  and  suggest  some  needs  for  future  research. 
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1.  Introduction 

US  military  aircraft  emit  about  600,000  kg  of  particulate  matter  into  the  atmosphere  each  year. 
This  particulate  matter  is  in  the  form  of  particles  with  diameters  less  than  2.5  microns  (PM2.5). 
Recent  research  indicates  particulates  are  the  cause  of  significant  health  and  environmental 
problems.  Thus,  the  military  is  seeking  methods  to  reduce  PM  emissions.  PM2.5  emissions  from 
gas  turbine  engines  can  be  reduced  through  modification  or  redesign  of  the  combustion  system  or 
through  modification  of  the  fuel  either  by  reformulation  or  additives.  For  existing  engines, 
hardware  retrofits  are  normally  prohibitively  expensive.  Thus,  the  preferred  approach  is  fuel 
modifications.  The  technical  objective  of  this  program  was  to  develop  fundamental 
understanding  of  the  interactions  of  additives  with  the  processes  that  lead  to  PM  emissions  from 
military  gas  turbine  engines.  The  overall  project  included  investigations  of  organic  compounds 
containing  oxygen,  nitrogen,  and  phosphorus.  The  work  reported  in  this  paper  is  a  summary  of 
results  on  the  effects  of  several  nitrogen-bearing  additives.  Results  of  work  on  organic 
oxygenates  and  phosphorous-containing  additives  are  reportedly  separately  [1,2]. 

The  motivation  for  examining  nitrogen-bearing  compounds  came  from  a  series  of  screening  tests 
on  the  effects  of  several  commercial  fuel  additives.  One  of  the  commercial  additives  that  reduced 
soot  significantly  was  determined  to  be  composed  of  nitroalkanes,  cyclohexanone,  toluene,  and 
dichloroethane.  The  latter  two  compounds  are  known  to  increase  soot  so  they  were  not 
investigated  as  possible  additives.  Cyclohexanone  was  not  expected  to  have  a  significant  impact, 
so  the  nitroalkanes,  the  primary  constituents  in  the  commercial  additive,  were  identified  as  the 
likely  constituents  leading  to  soot  reduction.  Consequently,  these  compounds  were  investigated 
in  detail  with  experiments  and,  to  the  extent  possible,  modeling;  the  three  compounds  selected 
for  investigation  were  nitromethane,  nitroethane,  and  nitropropane.  It  was  recognized  that  such 
compounds  could  well  increase  total  NOx  emissions  and  hence  may  not  present  a  practical 
solution.  Yet,  this  path  was  pursued  with  an  expectation  of  learning  more  about  the  soot 
formation  process  and  how  it  might  be  suppressed.  As  long  as  the  nitroalkanes  were  under  study, 
NO2  and  nitrogen-heterocyclics  were  included  in  the  study;  NO2  is  well-known  to  oxidize  soot 
particles  (for  diesel  engine  emission  control,  for  example)  and  pyridine  had  been  shown  to  be  an 
effective  soot  suppressing  agent  in  premixed  flames  in  at  least  one  prior  study  [3], 

In  this  manuscript,  results  for  several  nitro-alkanes  will  be  presented.  In  addition,  key  results 
from  the  addition  of  NO2,  pyridine  and  quinoline  will  be  summarized.  The  fuels  investigated 
were  a  simple  JP8  surrogate,  heptane/toluene,  and  JP8.  Complete  documentation  of  this  study 
can  be  found  in  [4], 

2.  Approach 

Focusing  only  on  measurements  and  interpretations  of  processes  within  a  gas  turbine  combustor 
to  achieve  program  goals  seemed  to  be  questionable,  given  the  inherent  complexity  of 
combustion  processes  within  gas  turbine  combustors  and  the  difficulty  in  collecting  a  complete 
set  of  quantitative  measurements  inside  combustors.  Furthermore,  no  single  laboratory  flame  or 
reactor  is  a  model  for  a  combustor.  Therefore,  multiple  laboratory  devices  were  applied  to  study 
the  effects  of  additives  on  soot  formation  processes.  These  devices  were  a  shock  tube,  a  well- 
stirred  reactor,  a  premixed  flame,  an  opposed-jet  diffusion  flame,  and  a  high  pressure  turbulent 
reactor. 
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Table  1.  Summary  of  the  Effects  of  Nitroalkanes  on  Soot. 


Additives 

Fuel 

Effect  on 
Soot 

Comments 

Shock  tube 

Nitromethane 

Heptane/ 

Toluene 

Soot 

unchanged 

Well-stirred  reactor 

Nitromethane 

Nitroethane 

Nitropropane 

Heptane/ 

Toluene 

Decreased 

Temperature  plays  a  role 
but  a  chemical  effect  is 
present. 

Premixed  flame 

Nitromethane 

Nitroethane 

Heptane/ 

Toluene/ 

Ethylene 

Decrease 

The  addition  of  ethylene 
was  required  to  avoid 
instability  on  the  flame. 

Nitropropane 

Heptane/ 

Toluene/ 

Ethylene 

Increase 

2%  oxygen  level. 

Opposed-jet  flame 

Nitromethane 
i-propyl  nitrate 

Heptane/ 

Toluene 

Small 

increase 

Turbulent  spray 
flame 

Nitroethane 

Nitropropane 

Heptane/ 

Toluene 

Decrease 

Nitromethane  not  run 
due  to  explosion  hazard. 

HP  Turbulent 
reactor 

Nitroethane 

Nitropropane 

JP-8 

Decrease 

Nitromethane  not  run 
due  to  explosion  hazard. 

The  devices  were  chosen  to  cover  a  range  of  combustion  regimes  present  in  a  gas  turbine 
combustor.  They  also  covere  a  range  of  complexity  in  terms  of  the  chemical  and  physical 
processes  involved,  from  the  shock  tube,  where  chemical  kinetics  is  the  dominant  process,  to  the 
high  pressure  turbulent  reactor  in  which  chemical  kinetics,  molecular  diffusion,  turbulent  mixing, 
and  spray  processes  are  all  coupled.  The  objective  of  these  experiments  was  to  identify  the  key 
chemical  and  physical  processes  through  which  the  additives  affect  soot.  In  the  related  studies 
(on  organic  oxygenates,  for  example),  numerical  simulation  proved  invaluable  for  understanding 
the  mechanisms  by  which  added  compounds  reduce  soot  in  these  devices.  For  the  nitrogen¬ 
bearing  additives,  this  success  cannot  be  claimed  due  to  numerical  convergence  issues  and 
because  computational  and  experimental  results  were  generally  not  in  agreement.  Simulations 
were  performed  to  the  extent  possible  for  each  additive/fuel  combination. 

For  modeling  the  effects  of  nitromethane,  the  research  team  combined  the  reaction  set  of  Zhang 
and  Bauer  [5,6]  to  the  heptane  mechanism  of  Babushok  and  Tsang  [7]  which  also  includes 
toluene  reaction  steps.  The  NIST  mechanism  also  contains  a  compilation  of  the  PAH  formation 
steps  from  Appel,  et  al.  [8]  and  Richter,  et  al.  [9],  The  devices  used  in  the  study  along  with  their 
associated  diagnostics  have  all  been  described  in  detail  elsewhere  [10-14]  so  they  will  not  be 
described  here.  Table  1  and  2  summarizes  the  range  of  experiments  that  were  conducted  during 
the  study  for  nitroalkanes  and  for  several  nitrogen-heterocyclics.  These  tables  also  have 
summary  results  for  the  different  sets  of  additives.  This  paper  will  focus  on  the  results  of 
experiments  with  nitroalkanes  added  to  fuels  and  interpretations.  The  fuels  used  included  an 
80%/20%  volume  mixture  of  heptane  and  toluene,  as  well  as  liquid  JP8.  Details  of  the 
experimental  methods  can  be  found  in  the  Final  Report  of  the  project;  the  data  are  available  as 
well  [4],  Because  of  the  large  volume  of  results  only  summary  tables  and  plots  will  be  presented 
here  along  with  key  observations. 
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Table  2.  Summary  of  the  Effects  of  Pyridine  on  Soot. 


Additive 

Fuel 

Effect  on 
Soot 

Comments 

Shock  tube 

Pyridine 

Heptane/ 

Toluene 

Varies:  no 
change  to 
increase 

Variation  occurs  as  reaction 
temperature  increases. 

Well-stirred  reactor 

Pyridine 

Heptane/ 

Toluene 

Varies: 
decrease  to 
increase 

Temperature  of  reactor 
appears  to  be  key  factor. 

Quinoline 

Heptane/ 

Toluene 

Increase 

Premixed  flame 

Pyridine 

Heptane/ 

Toluene/ 

Ethylene 

Decrease 

Opposed-  jet  flame 

Pyridine 

Heptane/ 

Toluene 

No  data  due  to  experimental 
difficulties. 

Turbulent  spray 
flame 

Pyridine 

Heptane/ 

Toluene 

Decrease 

HP  Turbulent 
Reactor 

Pyridine 

.IP-8 

No  Effect 

Heptane/ 

Toluene 

No  effect 

Run  to  determine  if  the  lack 
of  an  effect  was  due  to  use  of 
JP-8. 

Equivalence  Ratio 


Figure  1.  Comparison  of  the  experimental  ranges  for  several  of  the  experiments  with  each  other 
and  against  equilibrium  curves.  The  turbulent  flame  and  opposed  jet  experiments,  presumably 

track  close  to  the  equilibrium  curves. 
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As  is  apparent  from  Tables  1-2,  there  are  differences  in  results  amongst  the  experimental  studies. 
Such  contrary  and  confusing  results  are  not  inconsistent  with  prior  studies  on  the  effect  of 
additives  on  soot  formation.  At  least  part  of  the  differences  may  be  due  to  the  different  set  of 
experimental  conditions  present  in  each  set  of  experiments.  Figure  1  is  a  plot  comparing  the 
different  conditions  (temperature  and  equivalence  ratio)  for  the  well-stirred  reactor,  the  shock 
tube  and  the  premixed  flame  experiments.  In  addition  to  variations  in  temperature  and 
equivalence  ratio,  there  are  of  course  difference  in  local  turbulence,  pressure  (20  atm  for  the 
shock  studies),  diffusion,  and  back  mixing  of  products  amongst  the  different  experiments. 

3.  Shock  Tube 

All  nitroalkane  additive  experiments  in  the  shock  tube  (7.6  cm  ID  x  2.74  m  long  driver  section,  a 
5.08  cm  ID  x  2.75  m  long  driven  section,  and  a  5.08  cm  ID  x  0.9  m  long  test  section)  were 
conducted  at  a  pressure  of  ~  21  atm  over  a  post-shock,  pre-combustion  temperature  range  of 
1100  K-1600  K  (post-combustion  temperature  range  of  1650  K-1950  K).  The  argon  content  in 
the  test  section  was  maintained  at  93  vol%  and  the  remainder  comprised  of  oxygen  and  fuel.  The 
experiments  were  conducted  at  an  equivalence  ratio  of  3.0.  The  exothermic  reactions  of 
nitrocompounds  cause  an  increase  in  post-combustion  temperature  [15].  To  exclude  thermal 
effects  when  interpreting  the  results,  all  product  yields  measured  in  this  study  were  compared  at 
post-combustion  temperatures,  defined  here  as  the  computed  post-combustion  temperature 
immediately  after  onset  of  ignition.  Thus,  any  observation  herein  and  associated  conclusions  are 
principally  due  to  the  chemical  effect  from  the  additive. 

For  the  nitromethane  experiments,  5  vol%  of  nitromethane  was  added  to  the  base  fuel  mixture  so 
that  the  oxygen  content  in  the  fuel  mixture  was  4  wt%.  Both  gaseous  products  and  soot  yields 
were  measured  and  normalized  with  respect  to  the  mass  of  carbon  in  the  fuel  to  exclude  any 
volumetric  effect  that  may  arise  from  normalization  with  respect  to  the  mass  of  the  fuel.  Results 
from  Leco  carbon  analysis  of  particle  yields  are  shown  in  Fig.  2.  The  solid  lines  indicate 
polynomial  trend  lines  fitted  to  the  experimental  soot  yields.  The  trend  lines  show  that  addition 
of  nitromethane  had  no  discemable  impact  on  soot  yields. 

The  low  carbon  yields  observed  at  the  lower  temperatures  (Fig.  2)  are  due  partially  to  the  slower 
rate  of  particle  formation,  but  also  can  be  affected  by  finite  ignition  delay  times  that  limits  the 
total  reaction  time.  (Total  dwell  times  are  ~  7.5  msec;  reaction  times  can  be  reduced  by  lengthy 
ignition  delays,  which  generally  are  negligible  under  the  higher  temperatures  of  this  work.)  As 
the  temperature  is  increased,  particle  formation  dominates  and  the  soot  yield  goes  to  a  maximum. 
However,  with  further  temperature  increases,  soot  production  decreases  due  to  the  decreased 
stability  of  the  aromatic  building  blocks  related  to  soot  formation.  Thus,  particle  yields  decrease 
generating  a  classical  bell-shaped  curve  for  soot  yield  as  a  function  of  temperature.  Closer  to  the 
maxima  where  the  soot  formation  is  high,  small  differences  in  reaction  times  can  cause  a 
significant  change  in  soot  formation,  as  it  is  formed  late  in  the  reaction  process.  This  is  the  likely 
explanation  for  high  experimental  scatter  close  to  the  maxima. 

The  product  yields  were  obtained  by  using  a  point  calibration  of  the  internal  standards  for  a 
similar  class  of  compounds.  The  yields  from  both  product  analysis  and  modeling  were 
normalized  with  respect  to  the  mass  of  carbon  in  the  fuel.  The  product  yields  are  given  as  yield 
%  per  unit  mass  of  carbon  in  fuel.  For  clarity,  only  a  few  selected  species  are  shown  here;  other 
data  is  provided  in  [15].  The  experimental  yields  of  various  species  have  been  fitted  with 
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exponential  trend  lines  and  are  shown  as  solid  lines  in  Fig.  3.  The  broken  lines  represent  model 
yields  and  have  been  plotted  using  point  plots.  While  comparing  experimental  and  model  yields, 
the  reader  should  be  aware  that  axes  showing  experimental  and  model  yields  have  different 
scales.  As  such,  the  difference  observed  from  experimental  yields  with  the  additives  may  not  be 
visible  in  product  yields  generated  by  the  kinetic  model. 


Figure  2.  Carbon  Yield  from  Combustion  (®  =  3)  of  n-Heptane/Toluene  and  n-Heptane/Toluene 

+  Nitromethane  at  21  atm. 

The  measured  lightweight  species  indicate  that  at  the  lower  temperatures,  the  addition  of 
nitromethane  has  a  tendency  to  increase  yield  of  every  soot  precursor  yield  except  that  of 
benzene  (Fig.  3a),  isomers  of  methyl  naphthalene,  and  o-diethenylbenzene  (latter  two  not 
shown).  Alternatively,  the  modeling  results  indicate  that  at  lower  temperatures,  the  yield  of  all 
volatile  and  semivolatile  species  decreases  with  the  addition  of  nitromethane;  and  for  most 
modeled  species  the  differences  between  the  curves  (with  and  without  the  additives)  are 
significantly  smaller  than  for  the  experimental  data.  Experimental  scatter  was  higher  at  lower 
temperatures  although  the  scatter  was  less  than  the  base  fuel  for  nitromethane. 

Although  no  significant  difference  in  soot  yield  was  observed,  PAH  yields  increase  with  the 
addition  of  nitromethane,  In  general,  the  predicted  curves  track  the  general  shape  of  the 
experimental  data  remarkably  well.  However,  the  effect  of  the  additive  as  predicted  by  the 
models  did  not  match  the  observed  experimental  (relative)  trends.  For  the  base  fuel,  the  model 
was  able  to  qualitatively  predict  experimental  trends  in  species  profiles  (except  for 
benzo[ghi]perylene  -  not  shown  -  and  coronene),  but  the  quantitative  model  over  predicted  from 
a  factor  of  two  for  benzene  to  two  orders  of  magnitude  for  most  other  species.  The  model  does 
not  include  particle  formation,  which  might  scrub  PAH  species  and,  hence,  is  likely  a  large 
contributor  to  the  errors.  In  addition,  the  model  may  have  inaccuracies  in  the  thermodynamic  or 
kinetic  data  or  perhaps  key  species  are  missing  from  the  reaction  mechanism. 
Dibenzo[ah]anthracene  is  an  example  of  a  species  missing  from  the  NIST  mechanism. 
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Figure  3.  Yields  of  (a)  Benzene,  (b)  Naphthalene,  (c)  Chrysene,  and  (d)  Coronene  from 
Combustion  of  n-Heptane/Toluene  and  n-Heptane/Toluene  +  Nitromethane  at  21  atm. 


An  attempt  was  made  to  identify  all  species  with  significant  yields,  especially  the  nitrogenated 
compounds,  in  the  hope  that  this  information  might  help  to  better  understand  how  nitromethane 
impacts  the  soot  formation  process.  The  following  compounds  were  detected  in  this  study  when 
nitromethane  was  used  as  the  additive:  benzonitrile,  2-methyl-benzonitrile,  4-methyl-2-nitro- 
phenol,  5-methyl-2-nitro-phenol,  and  2-nitro-phenol.  The  species  with  the  largest  concentration 
was  benzonitrile,  with  data  (concentration  and  shape)  similar  to  that  for  the  chrysene  (with 
nitromethane  present),  as  depicted  in  Fig.  3c. 

4.  Well-Stirred  Reactor  (WSR) 

The  effectiveness  of  three  nitroalkanes  (nitromethane,  nitroethane  and  nitropropane)  was  studied 
in  the  WSR.  The  results  are  discussed  below  and  in  Stouffer,  et  al  [16].  The  neat  fuel  for  the 
tests  was  80%  heptane/20%  toluene  by  volume.  The  reactor  material  was  amorphous  fused  silica 
which  minimized  both  cracking  and  heat  loss  and  could  be  used  because  the  temperature  in  the 
reactor  was  less  than  the  1500°C  melting  point  of  the  silica. 

Equivalence  ratios  between  1.90  and  2.10  were  studied.  The  WSR  was  limited  to  this 
equivalence  ratio  range  on  the  low  side  by  the  melting  point  of  the  fused  silica  and  on  the  high 
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side  by  the  rich  blowout  limit.  This  range  of  equivalence  ratios  captures  the  peak  along  with  the 
low  temperature  and  high  temperature  sides  of  the  so-called  "soot  bell".  The  airflow  was  held  at 
a  constant  240  g/s  and  the  average  residence  time  in  the  reactor  was  10  +/-  0.4  ms.  The  reactor 
pressure  was  slightly  (0.6- 1.4  kPa)  over  the  ambient  atmospheric  pressure  for  all  of  the  tests. 

The  nitroalkane  additives  were  added  to  the  fuel  in  concentrations  such  that  the  oxygen  mass 
fraction  of  the  fuel  was  0%  (neat  heptane/toluene  mixture),  2%  and  4%.  The  mass  flows  of  the 
additive  and  the  base  fuel  were  adjusted  to  maintain  the  same  equivalence  ratio  as  the  neat  case. 
The  additives  concentrations  used  to  achieve  the  desired  oxygen  levels  are  listed  in  Table  3. 


Table  3.  Additives  and  Concentration  Levels  (ppm  by  volume)  Used  in  the  Nitroalkane 

Experiments. 


Additive 

Formula 

2%  O  in  Fuel 

Additive  Concentration 

4%  O  in  Fuel 

Additive  Concentration 

Nitromethane 

CH3NO2 

24,660  ppm 

50,020  ppm 

Nitroethane 

C2H5NO2 

32,820  ppm 

66,620  ppm 

Nitropropane 

C3H7NO2 

40,820  ppm 

82,950  ppm 

For  each  of  the  nitroalkane  additives,  three  test  concentrations  were  considered  with  the  same 
inlet  fuel/air  mixture  temperature  at  each  equivalence  ratio:  neat  fuel,  additive  with  2%  oxygen 
weight  in  the  fuel,  and  additive  with  4%  oxygen  weight.  Highly  energetic  nitroalkane  additive 
compounds,  such  as  nitromethane,  will  increase  the  combustion  temperature  at  the  same  inlet 
temperature  and  equivalence  ratio.  Temperature  increases  decrease  soot  produced  on  the  high 
temperature  side  of  the  soot  bell  and  increase  soot  produced  on  the  low  temperature  side.  To 
explore  the  effect  of  temperature  on  the  soot  formation,  an  additional  test  point  was  also 
considered  where  the  combustion  temperature  of  the  neat  case  was  adjusted  to  match  that  of  one 
of  the  additive  cases.  The  combustion  temperature  was  increased  by  increasing  the  inlet 
temperature  of  the  fuel/air  mixture,  and  allowed  differentiation  between  the  thermal  effect  on  the 
kinetic  process  and  any  chemical  effect  of  the  additive.  At  the  highest  equivalence  ratios  tested 
((()  =  2.1),  the  increase  in  the  inlet  temperature  also  has  an  effect  on  the  combustion  temperature 
due  to  the  increase  in  the  combustion  efficiency,  as  exhibited  by  a  decreased  measured  oxygen 
levels  in  the  exhaust  emissions. 

The  experimental  results  shown  are  the  carbon  mass  determined  from  carbon  bum  off  from 
quartz  filters  and  gaseous  emissions  from  FTIR  measurements.  Particulate  mass  samples  were 
drawn  through  an  oil-cooled  probe  at  a  location  16  cm  downstream  of  the  WSR  in  the  plug  flow 
reactor  region.  Smoke  number  was  also  determined  during  the  study  and  was  found  to  track  well 
with  the  soot  mass. 

Figure  4  shows  the  total  particulate  carbon  mass  data  for  experiments  with  the  nitromethane 
additive  plotted  versus,  temperature  measured  in  the  WSR.  The  curve  shows  a  peak  and  a 
familiar  soot  bell  shape.  Note  however  that  the  peak  in  soot  occurs  at  a  lower  temperature 
(~1600K)  than  for  the  shock  tube  results  (~1 750- 1 800K).  This  shift  may  be  due  in  part  to  the 
presence  of  high  concentrations  of  02  and  hence  O-atoms  under  fuel-rich  conditions  in  the  WSR 
that  act  to  oxidize  soot  particles  and  precursors  (see  Colket,  et  al.  [17]).  For  the  neat  cases  the 
peak  is  found  for  tests  with  §  =  2.  Above  this  equivalence  ratio  the  carbon  mass  decreased  as  the 
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temperature  increased  (as  §  was  lowered  or  inlet  temperature  was  increased)  and  is  commonly 
referred  to  as  the  high  temperature  side  of  the  soot  bell.  On  the  opposite  (low  temperature)  side 
of  the  soot  bell,  the  carbon  mass  production  increased  as  the  temperature  increased.  For  ready 
comparison,  data  at  the  same  equivalence  ratios  is  outlined  within  the  ovals  on  the  plots.  The 
data  clearly  show  that  nitromethane  decreases  the  total  carbon  particulate  mass  for  §  =  2.05.  As 
the  concentration  of  nitromethane  increased  the  carbon  mass  dropped  further.  The  reduction  in 
carbon  mass  at  §  =  1.95  was  over  47%  for  the  4%  O  case.  To  explore  the  effect  of  temperature, 
the  inlet  temperature  for  the  neat  elevated  inlet  temperature  case  was  increased  until  the  WSR 
flame  temperature  was  approximately  the  same  for  both  the  2%  O  and  the  neat  case.  For  the  low 
temperature  side  of  the  soot  bell,  the  increased  combustion  temperature  associated  with  the  inlet 
temperature  increased  the  soot  mass  production.  On  the  high  temperature  side  of  the  soot  bell, 
the  soot  produced  for  the  neat  case  decreased  as  temperature  was  increased.  However,  the  soot 
mass  production  for  the  nitromethane  additive  case  at  the  same  temperature  was  less  than  or 
equal  to  the  neat  case  at  the  same  combustion  temperature.  Therefore,  it  is  apparent  that  the  drop 
in  soot  production  observed  over  most  of  the  test  points  with  the  additive  addition  is  not  merely 
due  to  an  increase  in  temperature  caused  by  the  additive,  but  rather  by  other  features  of  the 
reaction  mechanism  associated  with  the  additive.  At  the  lowest  equivalence  ratio  considered  (<|) 
=  1 .90),  the  additive  case  and  the  neat  case  had  approximately  the  same  total  carbon  mass. 


Temperature  (C) 

Figure  4.  Total  Carbon  Mass  for  Nitromethane  Additive  Cases  Studied  in  the  WSR. 


During  the  early  work  with  the  nitromethane  additive,  an  MKS  2030  FTIR  multigas  analyzer 
was  used  to  determine  the  concentrations  of  several  hydrocarbon  species  at  neat  and  28,460  ppm 
additive  concentrations.  This  additive  level  corresponds  to  2.3  weight  %  O  in  the  fuel.  Both  the 
acetylene  and  methane  concentrations  decrease  (~10%  and  -50%  respectively)  with  the  addition 
of  nitromethane  and  increase  with  increasing  equivalence  ratio.  Ethylene  and  formaldehyde  also 
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are  reduced  by  nitromethane  (-50%  each)  and  increase  with  an  increase  in  equivalence  ratio. 
Figure  5  shows  the  effect  of  the  nitromethane  on  NO  and  HCN.  The  NO  and  HCN  were  both 
below  the  detection  limits  for  the  neat  case  and  were  increased  dramatically  with  the  addition  of 
nitromethane.  No  measurable  quantities  of  N02  were  detected  for  either  the  neat  or  additive 
case.  For  the  very  fuel  rich  conditions  of  this  study,  this  result  is  not  surprising. 
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Figure  5.  Hi 
Summary  of  all  nitroalkanes 

All  three  of  the  nitroalkane  additives  evaluated  in  the  WSR  showed  a  reduction  in  the  amount  of 
soot  mass  produced.  While  there  is  an  effect  of  the  additive  on  the  flame  temperature  which 
will,  in  turn,  affect  the  rates  of  reaction,  temperature  is  not  the  only  effect  of  these  additives  and 
altered  chemistry  plays  a  role. 

The  level  of  the  reduction  in  carbon  mass  was  similar  for  each  of  the  additives  as  shown  in  Table 
4  for  three  additives  at  oxygen  levels  of  4  %  and  an  equivalence  ratio  of  1.95.,  at  the  same 
reaction  temperature. 

Analysis  of  the  gaseous  emissions  showed  that  nitromethane  reduced  acetylene,  ethylene  and 
formaldehyde  while  increasing  hydrogen  cyanide  and  nitric  oxide. 


•  Hydrogen  Cyanide--28460ppm  of  CH3N02 
o  Nitric  Oxide--28460ppm  of  CH3N02 


150  1.900  1.950  2.000  2.050  2.100  2.150 

Equivalence  Ratio  (0>) 

"N  and  NO  Emissions  with  Nitromethane  Additive.  (Neat  case  emissions  were 
below  detectable  limits.) 


Table  4.  Reduction  in  Carbon  Mass  with  4%  O  Addition 


Additive 

Reduction  in  Carbon  Mass 

Nitromethane 

48% 

Nitroethane 

50% 

Nitropropane 

48% 
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5.  Premixed  Flame 

Initial  experiments  with  the  80%  heptane/20%  toluene  mixture  resulted  in  cellular  flame 
structures  using  a  perforated  plate  for  stabilizing  a  premixed  flames.  The  premix  burner  surface 
was  changed  to  a  porous  plug  due  to  concerns  that  jetting  from  discrete  holes  created  localized 
non-uniformities  in  the  flame.  Repeat  formation  of  the  cellular  structures  in  the  porous  burner 
and  further  investigations  reminded  us  of  the  well-known  structures  in  fuel-rich  flames  occurring 
with  high  molecular  weight  fuels  [17].  Hence  subsequent  experiments  were  performed  with  25% 
mass  of  the  fuel  as  ethylene  to  mitigate  this  effect. 

Control  of  reactant  gas  and  coflow  to  the  premixed  burner  was  performed  using  Brooks  5800 
series  mass  flow  controllers.  The  additives  were  introduced  (along  with  the  liquid  and  gaseous 
reactants)  into  a  1  L  vaporization/mixing  chamber  maintained  at  200°C.  The  mixing  chamber 
was  connected  to  the  base  of  the  burner  with  50  cm  of  6.35mm  OD  heated  stainless  steel  tubing. 

Liquids  were  injected  by  use  of  high  pressure  syringe  pumps.  Two  ISCO  500D  precision  syringe 
pump  systems  were  installed  which  allowed  on-demand  control  of  fuel  and  additive(s)  at  any 
given  flow  rate  from  0.001  to  200  ml/min.  Delivery  flow  rates  were  verified  to  be  better  than  1% 
of  setpoint  by  experiment.  The  additives  and  fuel  were  mixed  with  air  and  introduced  into  the 
heated  vaporization  chamber. 


Gas  Temperature  on  Flame  Centerline 


Height  Above  Burner  (mm) 

Figure  6.  Flame  temperatures  as  a  function  of  height  in  the  premixed  flames. 


Additive  studies  have  been  performed  using  nitromethane,  nitroethane,  and  nitropropane,  the 
primary  components  in  a  commercial  additive,  which  was  found  to  have  a  relatively  strong  effect 
on  soot  formation.  Flame  temperatures  (thermocouple  particle  densitometry  -  TPD)  and  soot 
volume  fractions  (laser  extinction)  have  been  measured  as  a  function  of  height  above  the  burner 
surface.  Relatively  small  differences  in  flame  temperatures  were  observed,  as  shown  in  Fig  6  for 
the  baseline  flame  and  for  the  additives  nitropropane  and  nitromethane.  Relative  mass  and  flow 
conditions  are  reported  in  Table  5. 
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Table  5.  Mass  and  mole  fractions  of  fuels  with  various  additives  in  premixed  flame  studies. 


Mole  Fractions 

Mass  Fractions 

Additive 

%  (O) 

C7H16 

C7H8 

C2H4 

Additive 

C7H16 

C7H8 

C2H4 

Additive 

none 

0 

0.344 

0.118 

0.538 

0.000 

0.570 

0.180 

0.250 

0.000 

nitromethane 

2 

0.331 

0.114 

0.518 

0.037 

0.549 

0.173 

0.241 

0.037 

nitromethane 

4 

0.318 

0.109 

0.498 

0.075 

0.527 

0.167 

0.231 

0.076 

nitroethane 

2 

0.331 

0.114 

0.518 

0.038 

0.543 

0.172 

0.238 

0.046 

nitroethane 

4 

0.317 

0.109 

0.497 

0.076 

0.517 

0.163 

0.227 

0.093 

nitropropane 

2 

0.330 

0.114 

0.517 

0.039 

0.538 

0.170 

0.236 

0.056 

nitropropane 

4 

0.316 

0.109 

0.496 

0.079 

0.506 

0.160 

0.222 

0.112 

At  additive  loadings  of  4%  by  mass  of  oxygen,  the  most  effective  additives  were  nitromethane 
and  nitroethane,  with  the  former  reducing  the  soot  production  by  about  25%  and  the  latter 
reducing  soot  production  by  more  than  50%.  For  flames  with  (|)  =  2.4,  a  comparison  of  the 
fractional  reductions  in  soot  as  a  function  of  additive  levels  is  shown  in  Fig.  7. 

The  most  unusual  feature  of  the  data  in  Fig.  7  is  the  contrary  effects  of  different  levels  of  the 
additive,  nitropropane.  All  of  the  results  (and  trends)  have  been  confirmed  by  using  a  time 
tracing  method.  In  these  tests,  the  flame  height  was  kept  constant  and  the  make  up  of  the  inlet 
gases  were  altered  in  the  following  sequence:  base  flame,  4%  oxygen  (additive);  base  flame,  2% 
oxygen  (additive).  A  typical  time  trace  is  shown  in  Fig.  8  for  the  nitropropane  results  which 
exhibited  the  unusual  results  of  increasing  soot  at  the  lower  concentration,  but  reducing  soot  at 
higher  concentrations. 


Figure  7.  Relative  Soot  Production  in  Laminar  Premixed  Flame  at  Phi  =  2.4. 
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Figure  8.  Time  Trace  Confirming  Concentration  Effect  with  Nitropropane. 


Our  interpretation  of  these  results  in  the  laminar,  premixed  flames  is  that  a  C3-hydrocarbon 
fragment  (C3H5)  from  nitropropane  enhances  the  propargyl  radical  (C3H3)  concentration  at  low 
additive  levels.  Propargyl,  in  turn,  is  a  known  key  intermediary  to  the  formation  of  aromatic 
rings.  We  speculate  that  the  formation  of  propargyl  initially  counterbalances  any  soot-reducing 
potential  that  the  nitrate  group  provides.  But  at  higher  additive  levels,  the  C3  level  is  saturated, 
and  the  effect  of  the  NO2  component  dominates,  leading  to  reduced  soot  production. 
Nitromethane  is  a  less  active  soot-reducing  agent  than  is  nitroethane  since  the  former  produces 
methyl  radicals  that  add  to  C2  hydrocarbons  to  form  C3  species.  Nitroethane,  on  the  other  hand, 
is  the  most  effective  presumably  because  it  barely  perturbs  the  existing  C2  concentrations. 
Propargyl  radicals  are  unaffected  and  there  is  no  counterbalancing  effect  inhibiting  the  added 
NO2  from  reducing  soot. 

6.  Opposed-Jet  Diffusion  Flame 

The  data  reported  here  are  for  flames  to  which  nitromethane  was  added  to  the  fuel.  The  base  fuel 
an  80%  heptane/20%  toluene  mixture  by  liquid  volume.  This  base  flame  was  found  to  be  much 
more  soot  producing  than  a  neat  heptane/air  flame.  Even  with  the  heptane/toluene  fuel  mix,  it 
was  found  that  above  an  added  oxygen  component  of  approximately  2.4%  by  weight  (about  3  ml 
of  nitromethane  added  to  100  ml  of  heptane/toluene  mix),  some  nitromethane  would  separate  out 
if  allowed  to  stand  for  a  few  minutes. 

The  experimental  procedure  was  as  follows.  Fuel  and  air  flows  were  initiated,  and  the  flame  was 
ignited  by  placing  a  small  torch  between  the  burner  ducts.  Once  the  flame  was  established,  a 
heated  nitrogen  shroud  was  used  to  prevent  outside  air  from  being  entrained  in  the  fuel  flow. 
Approximately  half  of  the  contents  of  the  injection  pump  (50  ml  capacity)  were  dispensed  into 
the  flame  when  collection  of  data  began.  Each  data  point  represents  the  average  of  the  Planar 
Laser  Induced  Incandescence  (PLII)  signal  produced  by  100  laser  shots.  After  every  few  data 
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points  the  laser  was  blocked  and  an  emission  spectrum  was  recorded.  The  emission  from  the 
flame  was  typically  2.5  %  of  the  PLII  signal.  Each  charging  of  the  injection  pump  yielded 
between  5  and  10  data  points.  An  example  PLII  image  of  a  heptane/air  flame  is  provided  in 
Figure  9. 


Figure  9.  A  PLII  Image  of  a  Heptane/ Air  Flame. 


(A 


Run  Number 


Figure  10.  The  Peak  Pixel  Value  of  the  Raw  PLII  Signal  Measured  Along  the  Centerline  of  the 
Burner  for  Fuel  Side  Addition  of  Nitromethane  to  Heptane/Toluene/Air  Flames.  (Up  to  an 
oxygen  addition  from  nitromethane  corresponding  to  2.4%  oxygen  by  weight.) 

Figure  10  shows  the  peak  pixel  value  of  the  raw  PLII  signal  measured  along  the  centerline  of  the 
burner  for  fuel  side  addition  of  nitromethane  to  heptane/toluene/air  flames,  up  to  an  oxygen 
addition  from  nitromethane  corresponding  to  2.4%  oxygen  by  weight.  The  data  shown  in  Figure 
9  is  not  corrected  for  emission.  For  each  addition  of  nitromethane  to  the  fuel  stream,  an  increase 
in  particle  formation  was  observed.  The  amount  of  soot  formation  was  approximately 
proportional  to  the  amount  of  nitromethane  added  to  the  fuel  stream,  and  was  independent  of 
whether  successive  tests  involved  increases  or  decreases  of  the  additive.  The  increase  in  soot 
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reported  here  for  small  nitromethane  addition  to  the  fuel  stream  was  also  seen  for  small  additions 
of  ethanol  and  isopropyl  nitrate  to  the  fuel  stream  of  heptane/air  opposed  flow  flames,  and  for 
ethanol  addition  to  the  fuel  stream  of  ethylene/air  opposed  flow  flames.  Modeling  results  for 
ethanol  addition  suggest  the  increase  in  soot  for  the  ethylene/air  opposed  flow  flames  upon 
addition  of  ethanol  to  the  fuel  stream  may  be  attributed  to  introduction  of  hydrocarbon  radicals  in 
extremely  fuel-rich  areas  near  the  stagnation  plane.  Modeling  efforts  (OPPDIF,  Reaction 
Design)  have  been  attempted  to  help  understand  the  increase  in  soot  formation  observed  for  the 
heptane/toluene/air  flames  with  fuel  side  nitromethane  addition.  However,  to  date  we  have  been 
unsuccessful  in  achieving  a  convergent  solution  for  this  large  reaction  mechanism  (1700 
reactions. 

The  increase  in  soot  with  fuel  side  addition  is  also  similar  to  the  result  observed  by  Hura  and 
Glassman  [19]  who  showed  that  soot  increases  when  small  amounts  of  oxidizers  (e.g.,  oxygen)  is 
added  to  the  fuel  side  of  a  non-premixed  flame. 

7.  Turbulent  Spray  Flame 

A  mixture  of  20%  toluene/80%  heptane  was  used  as  the  base  fuel  for  these  experiments  to  better 
approximate  the  composition  of  JP-8.  The  overall  equivalence  ratio  for  these  experiments  was 
2.37.  The  airflow  rate  was  the  same  as  that  for  the  heptane/ethanol  experiments  [1]  so  the  cold 
flow  Reynolds  number  was  identical  for  the  two  sets  of  tests.  The  commercial  additive  was 
added  at  5%  by  volume.  At  the  time  of  the  initial  experiments  with  the  commercial  additive,  its 
chemical  constituents  and  properties  were  not  available.  Therefore,  the  fuel  flow  rates  with  and 
without  the  commercial  additive  were  not  corrected,  but  adopted  the  same  value.  The 
experimental  conditions  of  the  study  are  listed  in  Table  6. 

Subsequent  to  the  initial  experiments  with  the  commercial  additive,  its  basic  composition  was 
determined  and  the  main  components  with  a  potential  to  reduce  soot  were  identified  as 
cyclohexanone,  nitromethane,  nitroethane,  and  nitropropane.  These  components  were  run 
individually  in  the  turbulent  spray  flame  to  determine  their  effectiveness  in  reducing  soot  under 
conditions  similar  to  those  listed  in  Table  6.  Nitromethane  was  not  run  in  these  experiments 
because  of  the  possibility  that  it  could  explode  upon  compression.  The  tests  were  done  at  two 
levels  of  oxygen  addition,  2%  and  4%  of  the  fuel  by  mass. 

The  commercial  additive  showed  very  interesting  time  dependent  behavior  in  these  experiments. 
After  it  was  first  introduced,  the  amount  of  soot  decreased  slowly  to  a  steady  state  level;  when 
the  additive  was  removed,  the  soot  increased  slowly  toward  the  initial  baseline  level.  This 
behavior  is  illustrated  in  Fig.  11.  A  number  of  experiments  were  run  to  determine  the  cause  of 
this  slow  time  response.  Unfortunately,  difficulty  getting  good  repeatability  in  these  experiments 
due  to  nozzle  fouling  made  it  impossible  to  determine  the  cause  of  the  time  dependent  behavior. 
Variable  level  of  nozzle  fouling  is  in  fact  a  leading  contributing  factor  in  the  time-dependent 
behavior. 

Data  to  determine  the  effect  of  the  additive  on  soot  were  collected  during  the  steady  periods  of 
behavior.  Three  hundred  (300)  shot  averages  were  used  and  the  results  were  background 
corrected  and  also  corrected  for  pixel-to-pixel  variation.  Figure  12  presents  a  plot  of  the  average 
LII  intensity  for  the  flame  with  and  without  the  commercial  additive.  The  results  for  the 
commercial  additive  show  that  it  has  a  greater  effectiveness  than  ethanol  [1].  Soot  yields 
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decreased  by  about  40%,  even  though  its  volume  fraction  is  significantly  less  than  that  used  for 
ethanol. 

Following  this  work,  experiments  were  performed  to  test  the  effective  individual  components  in 
the  commercial  additive.  Figure  13  presents  summaries  of  the  effect  of  the  nitroethane  and 
nitropropane  on  soot  formation  in  the  turbulent  spray  flame.  The  effectiveness  of  ethanol  and 
cyclohexanone  are  also  presented  for  comparison  purposes.  The  nitroalkanes  are  both  more 
effective  than  ethanol  at  equivalent  oxygen  levels,  and  the  cyclohexanone  leads  to  soot 
reductions  on  the  order  of  those  for  ethanol. 


Additive 

Off 


Figure  11.  Series  of  LII  Images  Illustrating  the  Time  Dependent  Behavior  of  the  Commercial 

Additive. 
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Table  6.  Experimental  Conditions  for  Heptane/Toluene  Fuel  and  Commercial  Additive 


Base  Fuel  Formulation 

80%  Heptane,  20% 
Toluene  by  volume 

Additive 

Commercial 

Additive 

Base  Fuel  Supply  (g/s) 

0.28 

Fuel  with  Additive  Supply  (g/s) 

0.28 

Air  Supply  (g/s) 

1.76 

Equivalence  Ratio  for  Baseline 
Test 

2.37 

Figure  12.  Effects  of  Commercial  Additive  on  Soot. 


Figure  13.  Effect  of  Individual  Components  of  the  Commercial  Additive  on  Soot  (ethanol 

included  for  comparison  purposes). 
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8.  High  Pressure  Turbulent  Reactor 

All  tests  with  nitroalkane  additives  in  the  high  pressure  turbulent  combustor  were  run  with  JP-8 
as  the  fuel,  a  major  consideration  being  its  reasonable  cost  compared  to  the  heptane/toluene 
blend.  The  airflow  for  the  tests  was  32  gm/s  and  the  equivalence  ratio  was  1.3.  The  inlet  air 
temperature  was  550  K  and  the  chamber  pressure  was  0.5  MPa.  Only  two  of  the  three 
nitroalkanes  from  the  commercial  additive  were  studied,  nitroethane  and  nitropropane.  The 
third,  nitromethane,  can  detonate  due  to  compression  so  it  was  not  run  in  these  experiments. 

Figure  14  presents  a  summary  of  the  test  results  on  soot  volume  fraction  versus  additive 
concentration.  Nitroethane  was  added  to  JP-8  in  concentrations  ranging  from  approximately 
2.5%  to  10%  by  volume  of  the  fuel.  It  was  found  that  the  nitroethane  reduced  soot  at  all 
concentrations.  The  soot  suppression  effect  was  found  to  increase  with  increases  in  the  additive 
concentrations.  At  the  lowest  concentration  of  about  2.5%,  the  soot  reduction  was  roughly  20%; 
at  an  additive  concentration  of  10%  by  volume  in  the  fuel,  the  reduction  was  ~70%.  Similar 
trends  were  observed  with  the  addition  of  nitropropane.  Although  the  reduction  in  soot  was 
approximately  the  same  as  with  nitropropane  at  the  lowest  additive  concentrations,  the  reduction 
was  slightly  lower  than  nitroethane  at  higher  additive  concentrations.  At  an  additive 
concentration  of  about  10%  by  volume  of  JP-8,  nitropropane  reduced  soot  by  approximately 
60%. 

These  levels  of  reduction  were  substantially  greater  than  those  obtained  with  ethanol.  Modeling 
of  the  experiments  could  not  be  performed  with  standard  tools  in  CHEMKIN  due  to  the 
complexity  of  the  problem,  so  the  reasons  for  the  greater  effectiveness  observed  could  not  be 
identified  through  modeling. 


Figure  14.  Effect  of  Nitroalkanes  on  Soot  Formation  in  the  Dump  Combustor  with  JP-8. 
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9.  Summary  Effect  of  Other  Additives 

The  study  of  NO2  addition  in  the  shock  tube  was  directed  at  checking  the  hypothesis  that  the 
methyl  radical  formed  when  nitromethane  decomposes  could  offset  the  tendency  of  the  NO2  to 
reduce  soot,  leading  to  the  minimal  benefits  as  observed  with  nitromethane  in  the  shock  tube 
experiments.  The  experimental  results  did  not  confirm  this  hypothesis;  they  showed  a  small 
decrease  in  soot  at  lower  temperatures  and  a  small  increase  at  higher  temperatures.  Therefore, 
the  results  were  not  significantly  different  than  those  for  nitromethane.  Modeling  was  then 
undertaken  to  investigate  the  effect,  but  the  study  did  not  yield  conclusive  answers,  potentially 
due  to  difficulties  with  the  kinetic  model. 

A  study  of  NO2  addition  to  the  ethylene  flame  was  conducted  in  order  to  determine  the  relative 
contributions  of  temperature  changes  and  direct  kinetic  effects  on  reducing  soot.  The  study 
yielded  the  very  unusual  result  that  soot  decreased,  but  the  polycyclic  aromatic  hydrocarbons 
increased.  Modeling  of  the  flames  with  and  without  the  addition  of  NO2  was  used  to  understand 
the  reason  for  the  increased  PAH,  which  appears  to  be  linked  to  higher  yield  of  acetylene  when 
N02  is  added. 

The  study  of  nitroalkanes  triggered  a  thought  process  that  led  the  team  to  consider  other  species 
containing  heteroatoms  that  might  reduce  soot,  which  eventually  led  to  testing  of  pyridine. 
Pyridine,  a  six-membered  ring  containing  five  carbons  and  one  nitrogen,  is  known  to  pyrolyze 
without  forming  much  soot.  Initial  studies  in  a  premixed  flame  showed  substantial  reductions  in 
soot  and  led  to  the  study  in  the  full  suite  of  devices. 

The  pyridine  results  show  fairly  complex  behavior  from  variations  on  the  effectiveness  with 
temperature  in  the  shock  tube  and  the  WSR  to  the  complete  lack  of  an  effect  in  the  HP  Turbulent 
Reactor.  Only  the  premixed  flame  and  the  turbulent  spray  flame  showed  decreases  in  soot.  A 
possible  explanation  for  the  trends  that  were  observed  is  that  there  are  two  competing  effects:  an 
inhibiting  effect  caused  by  the  presence  of  the  nitrogen  in  the  ring  that  slows  ring  growth,  and  an 
accelerating  effect  resulting  from  the  reaction  of  the  ring  producing  products  that  contribute  to 
soot  formation.  The  inhibiting  effect  requires  the  ring  to  remain  intact  and  would  be  more 
important  at  lower  temperatures. 

In  order  to  check  this  hypothesis,  a  chemical  kinetic  mechanism  was  created  based  on  available 
pyridine  chemistry,  which  was  added  to  the  heptane/toluene  mechanism.  Modeling  was 
undertaken  for  the  shock  tube  and  the  premixed  flame.  The  results  showed  that  there  were 
significant  deficiencies  in  the  model,  so  it  was  not  possible  to  confirm  or  refute  the  hypothesis. 
So  the  data  set  stands  as  a  challenge  for  future  research  after  an  improved  mechanism  can  be 
formulated. 

10.  Summary 

The  study  of  nitroalkanes  was  motivated  by  testing  of  a  commercial  additive  that  showed 
promise  in  reducing  soot.  Analysis  of  the  additive  showed  that  its  components  that  were  most 
likely  to  be  causing  the  soot  reduction  were  nitroalkanes  and  cyclohexanone. 

In  the  various  test  rigs,  the  nitroalkanes  showed  very  complex  effects  on  soot  depending  on 
experimental  conditions  and  the  structure  of  the  additive.  In  the  shock  tube,  negligible  changes  in 
the  soot  production  were  observed,  although  the  concentration  of  nearly  all  aromatic  soot 
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precursors  increased  with  added  nitromethane.  Modeling  indicated  the  opposite  should  occur.  In 
the  well-stirred  reactor,  all  of  the  nitroalkanes  showed  reduced  soot  emissions,  but  their 
effectiveness  varied  with  equivalence  ratio.  Measurement  of  product  species  demonstrates 
concerns  about  the  viability  of  nitroalkane  additives  due  to  the  HCN  formation  and  added  NO 
production.  For  the  premixed  flame,  two  of  the  additives  (nitromethane  and  nitroethane) 
decreased  soot  monotonically  with  increases  in  additive  concentrations.  Alternatively,  increasing 
the  amount  of  nitropropane  initially  increased  soot,  but  further  increases  in  the  amount  of 
nitroproprane  decreased  soot.  This  unusual  result  may  be  the  caused  by  added  C3-hydrocarbons 
with  nitropropane  causing  increases  in  benzene  formation.  Under  non-premixed  opposed  jet 
conditions,  nitromethane  increased  soot  production,  consistent  with  prior  studies  on  the  effect  of 
oxygen  or  oxygenated  additives  in  the  fuel-side  of  the  flame.  In  the  atmospheric  pressure  spray 
flame  and  the  high  pressure  turbulent  combustor  the  effectiveness  was  dependent  on  the  structure 
of  the  alkyl  group,  although  all  additives  provided  a  decrease  in  soot.  Considering  the  opposing 
results  obtained  in  the  non-premixed  jet  flame  configuration,  it  is  rational  to  conclude  that  much 
of  the  fuel  is  burning  in  a  partially  premixed  mode  rather  than  purely,  non-premixed. 

Such  a  rich  set  of  experimental  results  provide  an  excellent  test  for  kinetic  models  of  PAH  and 
soot  formation.  In  an  effort  to  test  a  model  for  heptane/toluene  combustion  made  available  by 
the  NIST  SERDP  team,  kinetics  related  to  nitromethane  were  added  to  the  model. 
Unfortunately,  it  failed  to  model  accurately  even  the  shock  tube  data  where  kinetic  processes 
must  be  dominant.  The  mechanism  was  too  large  to  readily  run  when  transport  effects  were 
included.  Therefore,  we  were  unable  to  establish  whether  the  model  supported  conjectures  on  the 
mechanisms  underlying  the  trends  in  the  premixed  flame  data  and  the  opposed-jet  diffusion 
flame  results. 
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Recently  researchers  from  universities,  industry  and  governmental  laboratories  completed  a 
collaborative  study  that  investigated  the  impact  of  different  types  of  organic  fuel  additives  on  soot 
and  PAH  emissions  from  military  gas  turbine  engines.  The  main  objective  of  this  program  was  to 
obtain  fundamental  understanding  of  how  even  a  small  changes  in  fuel  composition  can  affect  soot 
and  PAH  emissions.  Six  different  combustors  namely,  a  premixed  flame,  a  co-flow  diffusion 
flame,  an  opposed-flow  diffusion  flame,  a  well-stirred  reactor,  a  shock  tube,  and  a  swirl-stablized 
combustor  were  used  to  investigate  the  impact  of  additives  covering  a  wide  range  of  combustion 
conditions.  The  experimental  results  from  this  study  were  then  modeled  using  variety  modeling 
packages  and  mechanisms.  This  paper  will  summarize  the  key  results  from  studies  of  the  effects  of 
phosphorus  additives,  trimethyl  phosphite,  trimethyl  phosphate,  diethyl  allyl  phosphate,  and 
dimethyl  methyl  phosphonate  on  soot  and  PAH  for  several  gaseous  fuels  and  a  simple  JP8 
surrogate,  heptane/toluene. 

1.  Introduction 

The  total  amount  of  particulate  matter  (PM)  emissions  for  aircraft  in  the  United  States  is  about  3 
million  kg  per  year.  The  US  civil  and  military  aviation  uses  about  20  and  25  billion  gallons  of 
aviation  fuel  per  year.  The  fleet  average  emission  index  for  soot  has  been  estimated  to  be 
approximately  0.04  g/kg  of  fuel  burned  [International  Civil  Aviation  Organization  (ICAO)  Data 
Base].  Although  there  is  some  uncertainty  in  these  estimates,  they  are  consistent  with  the 
magnitude  being  used  to  estimate  global  emissions  from  aircraft.  There  are  two  approaches  to 
reducing  PM2.5  emissions  from  gas  turbine  engines,  modification  or  redesign  of  the  combustion 
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system  and  modification  of  the  fuel  either  by  reformulation  or  additives.  For  existing  engines, 
hardware  retrofits  are  normally  prohibitively  expensive.  Thus,  the  preferred  approach  is  fuel 
modifications.  The  technical  objective  of  this  program  was  to  develop  fundamental 
understanding  of  the  complex  interactions  of  additives  with  the  processes  that  lead  to  PM 
emissions  from  military  gas  turbine  engines.  The  overall  project  included  investigations  of 
organic  compounds  containing  oxygen,  nitrogen,  and  phosphorus.  The  work  reported  in  this 
paper  is  a  summary  of  the  key  results  from  studies  of  the  effects  of  phosphorus  additives, 
trimethyl  phosphite,  trimethyl  phosphate,  diethyl  allyl  phosphate,  and  dimethyl  methyl 
phosphonate  on  soot  and  PAH  for  several  gaseous  fuels  and  a  simple  JP8  surrogate, 
heptane/toluene. 

The  phosphorus  compounds  were  chosen  as  additives  because  an  earlier  study  by  Hastie  and 
Bonnell  showed  that  the  addition  of  1000  ppm  of  trimethylphosphate  (TMP)  resulted  in 
substantial  reduction  of  soot  in  a  propane-air  diffusion  flame.  [1]  The  primary  focus  of  the  study 
was  flame  inhibition  so  only  a  small  amount  of  information  is  available  on  the  effects  on  soot 
including  images  of  the  flames  with  and  without  the  additives.  They  also  reported  that  1000  ppm 
of  TMP  increased  smoke  in  a  propane-air  premixed  flame;  however,  the  images  in  their  report 
indicate  that  the  amount  of  increase  is  small.  Also,  recently  phosphorus  has  received  significant 
attention  again  as  a  flame  inhibitor  and  phosphorus  compounds  have  been  studied  as  surrogates 
for  nerve  agents  that  can  be  destroyed  by  incineration.  [2,  3]  As  a  result  of  these  studies  detailed 
kinetic  mechanisms  for  phosphorus  are  appearing  in  the  literature.  The  mechanism  by  which  the 
phosphorus  compounds  inhibit  premixed  flames  is  postulated  to  be  through  a  pseudo-catalytic 
mechanism,  similar  to  the  one  identified  for  NO2  in  our  work  with  nitro-alkanes.  The  key 
reactions  are  for  fuel-rich  premixed  flames  are: 

P02  +  H  OPOH 
OPOH  +  H  P02  +  H2 

OPOH  +  O  02POH 

02POH  +  H  P02  +  H20 

These  reactions  lead  to  reductions  in  the  radical  concentration  and  lower  the  flame  speed  in 
premixed  flames.  The  reduction  in  radicals  will  affect  the  soot  formation,  but  precisely  how  is 
not  clear. 

The  mechanism  for  the  inhibition  of  diffusion  flames  by  phosphorus  has  been  studied  in 
opposed-flow  methane/02/N2/Ar  flames  by  MacDonald  et  al.  [3]  In  this  work  the  investigators 
made  measurements  of  the  OH  concentration  and  discovered  that  peak  OH  concentration 
decreased  by  23%  with  the  addition  of  572  ppm  of  dimethylmethylphosphate.  The  conditions  of 
the  experiments  were  such  that  these  flames  did  not  produce  soot  so  no  conclusions  can  be  drawn 
about  the  effects  on  soot.  However,  it  would  be  expected  that  decreasing  the  OH  would  lead  to 
an  increase  in  soot.  For  methane-air  diffusion  flames,  this  is  precisely  what  Hastie  and  Bonnell 
report.  [1] 

No  experimental  or  modeling  work  on  the  effect  of  phosphorus  on  soot  appears  in  the  literature 
after  the  work  of  Hastie  and  Bonnell.  The  enhanced  understanding  of  the  mechanism  by  which 
phosphorus  affects  premixed  flames  and  diffusion  flames  has  not  been  used  to  understand  how  it 
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reduces  soot  in  diffusion  flames  or  how  it  affects  soot  in  premixed  flames.  Therefore  we  decided 
to  investigate  the  effects  of  phosphorus  additives  on  soot  that  would  establish  the  mechanism  by 
which  it  reduces  soot  and  also  its  potential  to  reduce  soot  in  gas  turbine  combustors. 

2.  Approach 

Because  of  the  inherent  complexity  of  the  combustion  processes  within  gas  turbine  combustors 
and  great  difficulty  in  making  measurements  inside  combustors,  it  was  not  possible  to  achieve 
the  technical  objective  of  this  program  by  making  measurements  in  gas  turbine  combustors. 
Furthermore,  due  to  the  complexity  of  the  combustion  process  in  a  gas  turbine  combustor,  no 
single  laboratory  flame  or  reactor  is  sufficient  to  serve  as  a  model  for  a  combustor.  Therefore, 
multiple  laboratory  devices  were  applied  to  study  the  effects  of  additives  on  soot  formation 
processes.  These  devices  were  a  premixed  flame,  a  co-flow  diffusion  flame,  an  opposed-flow 
diffusion  flame,  a  well-stirred  reactor,  a  shock  tube,  and  a  swirl-stablized  combustor.  The 
devices  were  chosen  to  cover  the  range  of  combustion  regimes  present  in  a  gas  turbine 
combustor.  They  were  also  chosen  so  that  they  covered  a  range  of  complexity  in  terms  of  the 
chemical  and  physical  processes  involved,  from  the  shock  tube,  where  chemical  kinetics  is  the 
dominant  process,  to  the  swirl-stablized  combustor  in  which  chemical  kinetics,  molecular 
diffusion,  turbulent  mixing,  and  spray  processes  are  all  involved.  This  set  of  devices  was  applied 
in  an  hierarchical  manner  to  identify  the  key  chemical  and  physical  processes  through  which  the 
additives  affect  soot. 

Numerical  simulation  proved  to  be  an  invaluable  tool  for  understanding  the  mechanisms  by 
which  phosphorus  compounds  affected  soot  in  these  devices.  Simulations  were  performed  to  the 
extent  possible  for  each  additive/fuel  combination.  CHEMKIN  was  the  used  for  modeling  of  the 
opposed-jet  diffusion  flame.  The  time  dependent,  axisymmetric  mathematical  model 
(UNICORN)  was  used  to  model  co-flowing  premixed  and  diffusion  flames.  The  devices  used  in 
the  study  along  with  their  associated  diagnostics  have  all  been  described  in  detail  elsewhere  [4, 

5,  6,  7,  8,  9]  so  they  will  not  be  described  here. 

Table  1  presents  a  summary  of  the  effects  of  the  phosphorus  compounds  tested.  The  use  of 
different  molecules  to  deliver  the  phosphorus  resulted  from  a  problem  with  MSDS  data  on  the 
compound  that  was  originally  chosen.  As  a  consequence,  each  lab  took  it  upon  itself  to  locate 
alternatives  suitable  for  the  device  to  be  used.  Past  work  in  the  literature  indicates  that  the 
molecule  used  to  deliver  the  phosphorus  has  little  or  no  effect  on  the  results  for  flame  inhibition. 
The  fire  suppression  works  has  shown  that  its  not  the  identity  of  parent  organophosphorus 
compounds  (OPC)  but  the  small  phosphor-bearing  species  such  as  HOPO2  and  HOPO  produced 
from  the  parent  OPC  that  alter  the  flame  chemistry  by  catalytically  recombining  the  key  flame 
radicals,  especially  H,  O,  and  OH. [2,  10]  Table  1  shows  that  depending  upon  the  device,  and  in 
some  cases  the  experimental  conditions,  the  phosphorus  often  had  no  effect;  in  the  test  of  a 
device  that  is  closest  to  an  actual  combustor,  it  increased  soot  emissions.  The  fuels  used  in  this 
study  included  ethylene,  propane,  ethane  and  an  80/20  volume  mixture  of  heptane  and  toluene. 
Details  of  the  experimental  methods  can  be  found  in  the  Final  Report  of  the  project;  the  data  are 
available  as  well  [9].  Because  of  the  large  volume  of  results  only  summary  tables  and  plots  will 
be  presented  along  with  key  observations  from  the  modeling  studies. 
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Table  1.  Summary  of  the  Effects  of  OPCs  on  Soot. 


Additive 

Fuel 

Effect  on 
Soot 

Comments 

Shock  tube 

Trimethyl 

phosphite 

Heptane/ 

Toluene 

Varies: 
decrease  to 
increase 

Variation  with  reaction 
temperature 

Well-stirred  reactor 

Diethyl  allyl 
phosphate 

Heptane/ 

Toluene 

Varies:  no 
effect  & 
reduction 

Depends  on  temperature  and 
treatment  level. 

Experimental  problems  led 
to  early  termination  of  the 
test  series. 

Premixed  flame 

Trimethyl 

phosphate 

Ethylene 

No  effect 

Coflow  Diffusion 
Flame 

Trimethyl 

phosphate 

Ethylene 

Decrease 

Trimethyl 

phosphate 

Propane 

Decrease 

Trimethyl 

phosphate 

Ethane 

No  effect 

Opposed-jet  flame 

Demethyl 

methyl 

phosphonate 

Ethylene 

No  effect 

CFM  Combustor 

Diethyl  allyl 
phophate 

Heptane/ 

Toluene 

Increases 

soot 

Decreases  particle  size,  but 
increases  number  density 

3.  Shock  Tube 

Premixed  gas  phase  experiments  were  conducted  using  a  single  pulse  shock  tube.  An  OPC, 
trimethyl  phosphite  with  an  adequate  vapor  pressure  (17  torr  at  760  mmHg),  was  selected  as  the 
phosphorus  additive  for  this  study.  For  all  phosphorus  additive  experiments  1.73  vol%  (2.5wt%  ) 
of  trimethyl  phosphite  was  added  to  base  fuel  mixture  (80  vol%  heptane  +  20  vol%  toluene). 
Experiments  were  conducted  over  a  temperature  range  of  1600  K  -  1900  K  at  a  pressure  of  ~21 
atm,  an  equivalence  ratio  of  3.0,  and  dwell  times  (fuel  exposure  times)  of  -7.5  ms. 

Both  gaseous  products  and  soot  yields  were  measured  and  normalized  with  respect  to  the  mass  of 
carbon  in  the  fuel  to  exclude  any  volumetric  effect  that  may  arise  from  normalization  with 
respect  to  the  mass  of  the  fuel.  Results  from  Leco  carbon  analysis  of  particle  yields  are  shown  in 
Figure  1.  The  solid  lines  indicate  polynomial  trend  lines  that  were  used  to  fit  the  experimental 
soot  yields.  The  trend  lines  show  that  addition  of  trimethyl  phosphate  decreased  soot  yields  at 
lower  temperatures  and  increased  soot  yields  at  higher  temperatures.  The  experiments  were  done 
at  close  temperature  intervals  to  cover  the  entire  temperature  range  instead  of  repeating  the  same 
experiments  at  a  fixed  temperature.  The  measured  ignition  delay  data  shows  (see  Figure  2) 
addition  of  trimethyl  phosphite  reduced  the  ignition  delay  over  the  entire  temperature  range. 
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The  lower  ignition  delay  under  fuel-rich  conditions  at  the  lower  temperature  region 
indicates  a  possible  chemical  effect  in  reducing  the  soot  yields  from  reactions  of  the  type 
H0P02+H=P02+H20  [2]  that  consume  the  H  radicals.  At  the  higher  temperatures  this  effect  is 
negated  due  to  dissociation  of  HOPO2. 


Post-combustion  Temperature  (K) 

Figure  1.  Carbon  Yield  from  Combustion  of  Heptane/Toluene  and  Heptane/Toluene+(25K  ppm) 
Trimethyl  Phosphite. 


Figure  2.  Ignition  Delay  from  Combustion  of  Heptane/Toluene  and  Heptane/Toluene+(25K 
ppm)  Trimethyl  Phosphite. 


4.  Well-stirred  Reactor 

Diethyl  allyl  phosphate  at  concentrations  of  2500  ppm  and  1000  ppm  was  tested  as  a  soot 
reduction  additive  in  the  WSR  using  a  80%  heptane/20%  toluene  mixture  as  the  neat  fuel.  The 
air  mass  flow  rate  for  the  WSR  was  240  g/min,  and  the  equivalence  ratio,  4>,  was  set  to  1.92  or 
2.0.  The  vapor  pressure  of  this  additive  was  much  lower  than  had  been  advertised  in  the 
manufacturers  literature,  however,  we  estimate  that  at  <j)  =  2.0  and  2500  ppm,  the  additive  needs 
to  have  a  vapor  pressure  of  only  0.125  Torr  to  remain  in  the  vapor  phase.  To  enhance 
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vaporization  the  fuel  was  heated  to  a  temperature  of  160°C,  and  the  air  to  200°C  before  entering 
the  vaporizer,  leading  to  a  final  inlet  temperature  175°C.  In  contrast  to  studies  of  lean  to  slightly 
fuel-rich  studies  in  the  CFM56  combustor,  no  visual  effect  was  observed  on  the  exhaust  plume 
when  the  additive  was  added.  Soot  mass  samples  were  acquired  from  a  probe  located  at  a 
distance  of  16  cm  from  the  exit  of  the  WSR  in  the  plug  flow  region. 

The  results  of  carbon  mass  collected  on  quartz  filters  and  determined  by  carbon  bumoff  in  the 
LECO  analyzer  are  shown  in  Figure  3.  Most  of  the  results  obtained  with  the  1000  ppm  additive 
concentration  were  compromised  by  a  problem  with  the  LECO  apparatus.  At  the  concentration 
levels  studied,  the  additive  was  shown  to  reduce  total  measured  carbon  at  §  =  2.0  by 
approximately  20%  and  to  have  little  effect  on  the  total  measured  carbon  mass  at  equivalence 
ratios  of  4>  =  1.92.  The  total  carbon  mass  measured  was  divided  into  a  volatile  component,  that 
was  obtained  by  measuring  the  carbon  burned  off  from  the  filter  at  temperatures  below  330°C, 
and  a  carbonaceous  component,  obtained  by  the  carbon  mass  burned  off  from  the  filter  at 
temperatures  above  330°C.  The  volatile  carbon  fraction  results  are  shown  in  Figure  4.  For  <|)  = 
2.0  the  greatest  reduction  in  the  carbon  mass  with  the  addition  of  the  additive  occurred  in  the 
volatile  component,  while  the  carbonaceous  fraction  of  the  carbon  mass  changed  little  for  either 
cases  with  the  additive. 

Methane,  acetylene,  ethylene,  formaldehyde  and  benzene  were  also  monitored  using  the  FTIR 
multigas  analyzer.  All  of  these  gaseous  species  increased  in  concentration  as  the  equivalence 
ratio  changed  from  ^>=1.92  to  §=  2.0,  but  their  concentrations  increased  further  when  the  additive 
was  used.  These  data  suggest  the  concentrations  of  these  soot  precursors  increase  in  association 
with  the  decrease  in  volatile  carbon  mass,  associated  with  the  use  of  the  additive.  The  results  of 
the  gas  analysis  show  no  measurable  increase  or  decrease  in  the  already  low  NOx  values. 

Reactor  temperature  was  measured  for  the  §  =  2.0  case  and  showed  a  slight  difference  (less  than 
5  °K)  between  the  additive  and  nonadditive  cases. 

200 

180 

160 

140 

120 
~cf> 

£  100 

c n 
c n 

|  80 
60 
40 
20 
0 

1.9  1.92  1.94  1.96  1.98  2  2.02 

Equivalence  Ratio 

Figure  3.  The  Effect  of  Diethyl  Allyl  Phosphate  on  Measured  Carbon  Mass  from  Samples  in  the 
WSR. 


♦  Neat  (mg/m3) 

■  2500  ppm  (mg/m3) 
a  1000  ppm  (mg/m3) 


6 


999 


Topic:  Emissions 


5th  US  Combustion  Meeting  -  Paper  #  FI 7 


60 


50 

40  - 

CO 

E 

~cf> 

£  30  - 

♦  Neat  (mg/m3) 

■  2500  ppm  (mg/m3) 
a  1000  ppm  (mg/m3) 

20 


10 


0 

1.9  1.92  1.94  1.96  1.98  2  2.02 

Equivalence  Ratio 

Figure  4.  The  Effect  of  Diethyl  Allyl  Phosphate  on  the  Volatile  Carbon  Mass  from  Samples  in 
the  WSR. 


5.  Premixed  Flame 

The  experiments  were  conducted  on  a  laminar  premixed  flat  flame  burner  using  ethylene  (C2H4) 
as  the  fuel  and  air  as  the  oxidizer.  The  flame  was  shielded  from  the  surrounding  air  using  a 
shroud  of  nitrogen  supplied  through  an  annulus  1 1  mm  thick,  concentric  to  the  burner,  which 
was  60.3  mm  in  diameter.  The  soot  volume  fraction  was  measured  using  laser  extinction,  using 
the  5 14.5  nm  line  of  an  argon-ion  laser  (Coherent  Innova  70).  The  total  mass  flow  rate  of  the 
fuel/air  mixture  was  approximately  225  mg/s.  The  additive  was  introduced  into  the  reactant 
stream  by  passing  the  reactant’s  flow  through  a  bed  of  glass  beads  ~4  mm  in  diameter  and  filled 
with  trimethyl  phosphate  (TMP).  Using  the  vapor  pressure  of  TMP,  it  was  estimated  that  the 
concentration  of  TMP  in  the  reactant  stream  was  approximately  0.1%  by  volume  of  the  reactant 
stream  or  0.7%  by  mass  of  the  reactant  stream.  The  experiment  was  conducted  for  equivalence 
ratios  of  2.34  and  2.64,  conditions  used  in  all  of  the  other  premixed  flame  experiments  conducted 
at  Penn  State.  The  flow  conditions  for  the  experiment  are  presented  in  Table  2. 

Experiments  were  also  attempted  with  propane  in  order  to  allow  direct  comparison  to  the  work 
of  Hastie  and  Bonnell  [1],  However,  the  flame  was  just  beginning  to  produce  soot  at  the  higher 
equivalence  ratio  of  2.64,  and  at  those  conditions  it  was  beginning  to  become  unstable. 
Consequently,  no  data  could  be  collected  for  propane  with  and  without  TMP  added.  The 
difference  between  the  present  experiments  and  those  of  Hastie  and  Bonnell  is  the  type  of  burner 
used.  They  used  a  small  diameter  premixed  jet  flame  that  could  be  stabilized  at  much  richer 
conditions  than  the  flat  flame  used  in  this  study.  The  flat  flame  burner  is  necessary  to  allow 
optical  diagnostics  to  be  used. 

The  soot  volume  fractions  for  the  baseline  and  the  flame  with  TMP  added  for  an  equivalence 
ratio  of  2.34  is  shown  in  Figure  5.  It  is  seen  that  the  soot  volume  fractions  for  the  flame  with 
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Table  2.  Flow  Conditions  for  Premixed  Ethylene  Flames  with  TMP. 


Flame 

Baseline 

Additive 

Baseline 

Additive 

Equivalence  Ratio 

2.34 

2.34 

2.64 

2.64 

C/O  ratio 

0.78 

0.78 

0.88 

0.88 

Fuel  mass  flow  rate 
(C2H4),  mg/s,(cc/s)a 

30.8  (26.45) 

30.8  (26.45) 

34.1  (29.28) 

34.1  (29.28) 

Air  mass  flow  rate 

194.3 

194.3 

190.9 

190.9 

mg/s,(cc/s)a 

(161.93) 

(161.93) 

(159.09) 

(159.09) 

TMP  mass  flow  rate 

0 

1.19(0.20) 

0 

1.19(0.20) 

mg/s,(cc/s)b 

Coflow  N2  mass  flow  rate 
mg/s,(cc/s)a 

557  (478.28) 

557  (478.28) 

557  (478.28) 

557  (478.28) 

Pressure  (atm) 

1 

1 

1 

1 

Temperature  (K) 

295 

295 

295 

295 

Fuel 

Ethylene 

Ethylene 

Ethylene 

Ethylene 

(99.5%) 

(99.5%) 

(99.5%) 

(99.5%) 

a:  volumetric  flow  rate  calculated  based  on  T=293K 

b:  TMP  mass  flow  rate  calculated  based  on  T=293K  and  vapor  pressure  (1  lOPa  at  293K) 


HAB  (mm) 


Figure  5.  Effect  of  TMP  on  Soot  Volume  Fractions  for  Phi  =  2.34  Premixed  C2H4  Flame. 

TMP  added  are  slightly  higher  than  the  baseline  flame,  the  increase  in  soot  at  the  last 
measurement  point  being  approximately  3%,  which  is  within  the  uncertainty  of  error  for  the 
technique.  The  same  trend  is  seen  at  an  equivalence  ratio  of  2.64  but  the  increase  in  soot  is 
slightly  higher  than  the  leaner  flame,  with  an  increase  of  approximately  6.5%  at  the  final 
measurement  point  of  20  mm  HAB.  Within  this  program,  an  increase  of  soot  was  observed  when 
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ethanol  was  added  to  ethylene/air  opposed  flow  diffusion  flames  due  to  similar  effects.  Analysis 
of  modeling  results  showed  that  the  increase  was  due  to  the  methyl  radicals  formed  from  the 
ethanol  which  increased  the  rate  of  formation  of  the  first  aromatic  ring  via  a  4-carbon 
intermediate.  The  increase  of  soot  with  the  addition  of  TMP  may  be  a  result  of  a  similar  effect. 

6.  Coflow  Diffusion  Flame 

The  fuels  used  in  the  study  were  ethylene  (purity  99.5%),  propane  (purity  99.9%)  and  ethane 
(purity  99.5%).  Coflow  air  was  supplied  from  a  laboratory  compressor.  The  volumetric  flow 
rates  of  ethylene,  propane  and  ethane  were  3.85,  2.5  and  4.13  cc/s,  while  air  flow  rate  was  fixed 
at  713.3  cc/s  for  each  fuel.  The  TMP  (purity  >  99%),  supplied  by  Sigma- Aldrich  Corp.,  and 
known  as  a  chemically  active  flame  inhibitor  is  liquid  at  room  temperature  with  low  vapor 
pressure  (less  than  1  torr  at  ambient  temperature).  Due  to  higher  boiling  point  (~197  °C)  of 
TMP,  it  is  impractical  to  make  a  vaporizer  system.  Instead,  a  glass  aspirator  was  fabricated  to 
convey  the  TMP  vapor  by  the  fuel  volumetric  flow.  The  volumetric  percentage  of  TMP  was 
approximately  0.1%  of  fuel  volumetric  flow  rate  based  on  vapor  pressure  of  TMP. 

The  most  obvious  effect  of  additive  was  visible  for  ethylene  and  propane  in  which  the  TMP 
delayed  the  appearance  of  soot  increasing  the  height  above  the  burner  at  which  soot  is  first 
observed.  For  ethane  the  soot  concentration  is  so  low  that  no  difference  was  visible.  Decreases 
in  soot  concentration  do  occur  when  TMP  is  added  to  the  ethylene  and  propane  flames,  but  they 
were  difficult  to  see.  The  examination  of  radial  soot  concentration  profiles  at  various  heights  in 
the  flames  showed  that  the  decrease  in  soot  was  most  discemable  at  the  lowest  flame  heights. 
Finally,  to  give  an  overall  sense  of  the  effects  on  soot,  volume  fraction  was  integrated  radially  at 
each  height  according  to  the  equation: 

Fv  (z)  =  rcjj*  fv  (z,  r)rdr  +  |_°r  fv  (z,  r)rdrj 

Figure  6  presents  the  overall  trends  showing  that  phosphorus  leads  to  a  decrease  in  soot  for  in  the 
ethylene  and  propane  flames.  The  reduction  in  soot  with  the  addition  of  TMP  to  the  propane 
flame  is  consistent  with  the  original  work  of  Hastie  and  Bonnell  with  this  fuel. 


0  20  40  60  80  100 

HAB  (mm) 

Figure  6.  Integrated  Soot  Volume  Fraction  as  a  Height  of  the  Flame 
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7.  Opposed-flow  Diffusion  Flame 

Because  of  the  availability  of  a  chemical  mechanism  (with  transport  files)  in  CHEMKIN  format, 
dimethylmethylphosphonate  (DMMP)  was  chosen  for  investigation  as  a  soot  suppressant  at 
ARL.  When  the  DMMP  was  added  on  the  air  side  of  the  ethylene/air  opposed-flow  flame,  at 
two  different  oxidizer  global  strain  rates  it  caused  the  flame  to  appear  more  whitish  than  the  neat 
flame  and  increased  the  apparent  separation  between  combustion  and  sooting  regions.  At  the 
time  of  these  experiments,  we  were  capable  of  supplying  additives  to  only  the  upper  gas  stream 
in  the  opposed-flow  burner.  For  this  reason,  it  was  necessary  to  move  the  fuel  stream  to  the 
upper  burner  duct  so  we  could  add  DMMP  to  the  ethylene  fuel. 

Figure  7  shows  a  summary  of  experimental  measurements  of  DMMP  to  fuel  and  oxidizer 
streams  for  the  opposed-flow  ethylene/air  flames.  As  with  ethanol  addition  to  ethylene/air 
flames,  addition  of  DMMP  to  the  oxidizer  stream  was  more  effective  at  particle  reduction  than 
fuel  side  addition.  However,  it  is  worth  mentioning  that  DMMP  is  a  known  flame  suppressant. 

A  chemical  kinetic  mechanism  for  DMMP  combustion  in  ethylene/air  flames  was  compiled,  in 
CHEMKIN  format,  with  thermo  and  transport  files.  The  low  vapor  pressure  of  DMMP  limits  the 
amount  that  can  be  introduced  as  vapor  at  room  temperature,  and  the  initial  parameters  of  the 
calculations  reflect  this  limitation.  The  calculations  of  DMMP  addition  to  fuel  and  oxidizer  sides 
of  opposed- flow  ethylene/air  flames  agree,  qualitatively,  with  experiment.  That  is,  addition  of 
DMMP  to  the  air  side  of  the  flame  is  predicted  to  be  more  effective  at  reducing  soot  precursors 
C2H2  and  A1  than  for  fuel  side  addition.  However,  as  mentioned  previously,  DMMP  is  a  known 
fire  suppressant.  The  mechanism  for  suppression  is  believed  to  be  radical  scavenging  of  H  and 
OH  in  a  catalytic-like  cycle. 

A  detailed  analysis  of  flame  chemistry  such  as  was  performed  for  ethanol  addition  to  flames  was 
not  performed  for  the  DMMP  addition.  However,  we  do  not  believe  DMMP  would  be  a  suitable 
soot  suppressant  because  of  its  flame  inhibition  characteristics.  Additionally,  we  have  a 
qualitative  observation  that  for  addition  to  ethylene/air  and  heptane/air  opposed-flow  flames, 
addition  of  DMMP  produces  a  particulate  (off  white  in  color)  in  addition  to  soot. 
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Fuel  side  addition  of  DMMP  to  C2H4/air  flames 


0  ul  DMMP 


55  ul  DMMP 


Figure  7.  PLIF  Images  of  Opposed  Flow  Ethylene/ Air  Flames  to  which  DMMP  has  been  Added 
to  the  Fuel  (ethylene)  Stream.  Note  the  fuel  stream  enters  the  flame  from  above. 


8.  CFM  Combustor 

For  this  study,  a  fuel  mixture  of  80%  heptane  and  20%  toluene  was  used  as  a  fuel.  The 
combustor  overall  equivalence  ratio  was  varied  from  cp=0.70  to  1.10,  which  resulted  in  a  fuel 
flow  rate  of  1 12-175  ml/min.  The  airflow  rate  was  constant  at  28  gm/sec.  Additive 
concentrations  of  1000  ppm,  2500  ppm  and  5000  ppm  were  tested. 
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The  particle  emissions  from  heptane/toluene  blend  were  compared  with  JP-8  particle  emissions. 
And  it  was  found  that  heptane/toluene  generally  produces  much  fewer  particles  than  JP-8. 
Additive  tests  are  generally  run  at  a  lean  (€>=0.7)  and  a  rich  (0=1.1)  equivalence  ratio.  The 
procedure  is  to  operate  the  TSI  particle  instrumentation  in  a  continuous  measurement  mode 
while  the  additive  is  cycled  on  and  off  several  times  using  syringe  pumps.  During  the  additive 
cycling,  adequate  time  is  given  for  the  fuel  system  and  combustor  to  come  to  equilibrium.  This 
demonstrates  repeatability  and  readily  shows  if  there  are  any  hysteresis  affects.  This  additive 
required  approximately  45-60  minutes  for  the  particulate  count  to  reach  a  steady  state  value, 
which  is  much  longer  than  for  most  additives. 

Figure  8  shows  the  results  of  adding  1000  ppm  of  diethyl  allyl  phosphate  to  the  80/20 
heptane/toluene  mixture.  The  additive  substantially  increases  the  particle  count  at  1000  ppm  for 
both  lean  and  rich  conditions.  The  increase  is  several  orders  of  magnitude  for  lean  conditions 
and  roughly  an  order  of  magnitude  for  rich  conditions.  At  high  PND,  i.e.,  greater  than  10000 
counts,  the  particle  counters  operate  in  the  photometric  mode,  which  is  less  sensitive  than  the 
individual  particle  counting  mode.  This  may  explain  why  the  increase  in  PND  at  rich  conditions 
is  not  as  dramatic  as  for  lean  conditions.  When  the  additive  was  being  injected  at  1000  ppm, 
there  was  a  visible  color  change  to  the  exhaust  gases,  which  filled  the  whole  combustion 
chamber.  These  particles  had  an  orange -yellow  appearance,  different  from  the  mostly  yellow 
color  normally  seen  as  soot.  Additive  concentration  levels  of  2500  ppm  and  5000  ppm  were  also 
tested  and  were  found  to  increase  PND  to  a  level  such  that  our  sampling  system  was  not  able  to 
dilute  the  sample  to  a  point  at  which  we  could  get  a  measurement. 

Particle  size  data  was  also  taken  in  this  study  and  it  shows  that  JP-8  produces  the  largest  mean 
particle  size  at  an  equivalence  ratio  of  1.1.  The  heptane/toluene  mixture  produces  slightly 
smaller  particles,  while  also  producing  less.  The  heptane/toluene  mixture  with  1000  ppm 
additive  produced  the  smallest  average  particle  size,  but  also  produced  many  more  particles. 

This  is  what  one  would  expect  when  burning  a  metal-containing  additive. 

UNICORN  results,  to  be  discussed  in  the  next  section,  predicted  that  phosphorus  would  reduce 
NO  in  premixed  and  diffusion  flames;  no  prior  discussion  of  such  an  effect  was  found  in  the 
literature.  Based  on  this  novel  prediction,  NOx  measurements  were  made  in  the  CFM 
combustor.  Even  though  no  particulate  data  could  be  taken  for  additive  levels  above  1000  ppm, 
emissions  data  was  still  taken  at  higher  additive  levels.  This  data  is  shown  in  Figure  9.  For  the 
two  equivalence  ratios  tested,  NOx  emissions  were  reduced  as  the  additive  concentration 
increased,  except  for  cp=  1.1  at  5000  ppm.  It  is  possible  that  this  is  an  errant  point,  but  further 
testing  would  be  needed  to  verify  this.  This  result  is  consistent  with  the  UNICORN  calculations 
that  have  shown  NOx  emissions  reduction  using  a  phosphorus-containing  additive. 
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Figure  8.  Particle  Number  Density  Changes  for  Diethyl  Allyl  Phosphate  Added  to  80/20 
Heptane/Toluene  at  1000  ppm. 


Effect  of  Phosphorus  Additive  on  NOx 


Figure  9.  The  Effect  of  the  Phosphorus  Additive  on  NOx  Emissions. 


9.  Jet  Flames,  UNICORN  Modeling 

The  time  dependent,  axisymmetric  mathematical  model  (UNICORN)  is  used  for  the  simulation 
of  coflowing  premixed  and  diffusion  flames.  The  body  force  term  due  to  the  gravitational  field  is 
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included  in  the  axial  momentum  equation  for  simulating  vertically  mounted  flames.  A  clustered 
mesh  system  is  employed  to  trace  the  large  gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical  kinetics  model  developed  by  NIST  is  incorporated  into  UNICORN  for  the 
investigation  of  PAH  formation  in  heptane  flames.  The  combustion  inhibition  chemistry  of  TMP 
developed  by  LLNL  [10]  is  also  incorporated.  The  combined  mechanism  consists  of  238  species 
and  3178  elementary  reaction  steps.  A  simple  radiation  model  based  on  the  optically  thin  media 
assumption  is  incorporated  into  the  energy  equation.  Only  radiation  from  CH4,  CO,  CO2,  H2O, 
and  soot  is  considered.  A  two-equation  model  for  soot  with  transport  equations  for  particle 
number  density  and  soot  mass  fraction  is  considered. 

The  code  developed  for  the  simulation  of  TMP  effects  on  heptane  flames  could  also  be  used  for 
the  simulation  of  methane,  propane,  or  ethylene  flames  doped  with  TMP.  Calculations  are  made 
for  a  propane  flame  with  an  equivalence  ratio  (phi)  of  1.5.  Fuel/air/TMP  mixture  is  issued  from  a 
6  mm-diameter  tube  at  an  average  exit  velocity  of  0.5  m/s.  Parabolic  velocity  profde  which  gives 
a  peak  value  of  1.0  m/s  is  imposed  at  the  exit  of  the  tube.  A  low  speed  (0.01  m/s),  coannular 
airflow  is  used  in  the  region  outside  the  flame.  Distributions  of  temperature  and  soot  volume 
fraction  for  the  base  flame  (with  no  added  TMP)  are  shown  in  Figures  10(a)  and  10(b), 
respectively.  Similarly,  distributions  for  0.1%  added  TMP  are  shown  in  Figures  10(c)  and  10(d), 
and  those  for  1.0%  TMP  are  shown  in  Figures  10(e)  and  10(f).  A  common  color  scheme  is  used 
for  each  variable  based  on  the  peak  value  obtained  from  all  the  flames.  As  the  peak  soot 
concentration  produced  in  the  flame  with  1%  TMP  (Figure  10(f))  is  nearly  two  orders  more  than 
that  of  the  base  flame  (Figure  10(b)),  the  linear  color  scale  did  not  show  the  soot  distribution  in 
the  latter  flame.  As  seen  from  Figure  10,  addition  of  TMP  to  the  propane  premixed  flame  is 
decreasing  the  burning  velocity  and  increasing  the  soot  formation.  Based  on  the  inner  cone  areas 
in  Figures  10(c)  and  10(e),  the  burning  velocity  has  decreased  by  45%  and  56%  when  TMP  was 
added  by  0.1%  and  1.0%,  respectively.  Decrease  in  burning  velocity  also  resulted  in  an  increase 
in  flame  standoff  distance.  This  decrease  compares  favorably  with  that  measured  for 
stoichiometric  flame. 

Calculations  were  also  performed  for  the  propane  jet  diffusion  flame  with  various  amounts  of 
TMP  added  to  the  fuel  jet.  Results  obtained  for  a  0.01-m/s  jet  velocity  case  are  shown  in  Figure 
1 1 .  Interestingly,  TMP  has  very  little  effect  on  the  stability  of  the  diffusion  flame  for 
concentrations  up  to  1%.  However,  soot  has  decreased  by  about  20%.  This  is  in  contrast  with  the 
premixed  flame  in  which  soot  increased  with  the  addition  of  TMP.  Similar  calculations  were 
made  for  a  higher  fuel  jet  velocity  (0. 1  m/s)  and  found  that  TMP  has  negligible  impact  either  on 
the  stability  or  on  the  soot  production  even  for  concentrations  up  to  1%. 

The  predicted  effects  of  TMP  in  propane  premixed  and  diffusion  flames  matched  qualitatively 
with  those  obtained  in  the  experiments.  Both  calculations  and  experiment  yielded  increase  in 
soot  and  flame  inhibition  for  premixed  flames  and  decrease  in  soot  for  diffusion  flames. 
Calculations  made  with  methane  fuel  also  resulted  in  similar  trends.  Even  though  the  methane 
flame  stability  is  not  affected  with  the  addition  of  TMP,  soot  decreased  more  significantly  than 
that  noted  in  propane  flames.  However,  quick  experiments  conducted  for  methane  diffusion 
flame  suggested  an  increase  in  soot  production  with  TMP. 
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Calculations  were  also  performed  for  heptane  premixed  and  diffusion  flames  with  various 
amounts  of  TMP  added  to  the  fuel.  The  diameter  of  the  fuel  tube  was  12  mm  and  the  fuel  jet 
velocity  was  0.005  m/s.  Even  with  this  low  fuel  velocity  the  diffusion  flame  formed  was  longer 
than  those  obtained  for  methane  and  propane  fuels.  This  is  inconsistent  with  the  other  diffusion 
flame  calculations.  Due  to  the  length,  the  simulated  heptane  flame  was  insensitive  to  the  added 
TMP.  Flame  structures  were  identical  for  0%  and  0.1%  TMP  cases.  However,  a  trace  amount  of 
deviation  was  observed  for  the  1%  case.  Interestingly,  NO  decreased  significantly  with  addition 
of  1%  TMP.  As  expected  from  the  other  premixed  calculations,  burning  velocity  of  heptane 
premixed  flame  also  decreased  with  the  addition  of  TMP,  5%  when  0.1%  TMP  was  added  and 
19%  with  1%  TMP.  As  expected,  concentration  of  OH  decreased  and  that  of  soot  increased  with 
the  amount  of  TMP.  The  radical  recombination  promoted  by  the  P-based  species  caused  OH 
concentration  to  decrease.  The  increase  in  soot  concentration  correlates  to  that  in  benzene 
concentration.  Significant  reduction  in  NO  is  also  noted.  It  seems  TMP  reduces  NO  production 
in  both  premixed  and  diffusion  flames. 

In  general,  soot  is  enhanced  in  premixed  flames  and  suppressed  in  diffusion  flames  when  TMP  is 
added.  Premixed  flames  are  more  sensitive  to  the  presence  of  TMP  compared  to  diffusion 
flames.  Also,  large  flames  are  less  sensitive  to  TMP  compared  to  small  ones.  Among  the  fuels 
studied,  methane  is  more  sensitive  than  propane,  which  is  more  sensitive  than  heptane  to  the 
presence  of  TMP. 


Figure  10.  Effect  of  TMP  on  Premixed  Propane  Flame.  Mixture  of  propane,  air  and  TMP  with 
phi  =  1.5  is  issued  from  a  6  mm  tube  at  0.5  m/s.  Distributions  of  (a)  temperature  and  (b)  soot 
volume  fraction  for  base  flame  with  0%  TMP,  (c)  and  (d)  for  the  flame  with  0.1%  TMP  and  (e) 
and  (f)  are  for  the  flame  with  1%  TMP. 
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Figure  11.  Effect  of  TMP  on  Propane  Jet  Diffusion  Flame.  Distributions  of  (a)  temperature  and 
(b)  soot  volume  fraction  for  base  flame  with  0%  TMP,  (c)  and  (d)  for  the  flame  with  0.1%  TMP, 
and  (e)  and  (f)  are  for  the  flame  with  1%  TMP. 


10.  Conclusions 

The  impact  of  phosphorus  additives  on  soot  yield  varied  with  combustor  type  and  combustion 
conditions.  In  the  shock  tube  study  addition  of  phosphorus  additive  produced  slight  decrease  in 
soot  yields  at  lower  temperatures  but  an  increase  in  soot  yields  at  higher  temperatures.  In  WSR, 
impact  of  the  phosphorus  additive  was  minimal  at  O  of  1 .92  but  caused  a  slight  decrease  in  soot 
at  O  of  2.  In  flames,  addition  of  phosphorus  additives  increased  soot  in  premixed  flames  and 
decreased  soot  in  diffusion  flames.  These  flame  observations  were  successfully  modeled  using 
UNICORN.  However,  in  CFM  combustor,  the  device  closest  to  turbine  engine,  the  soot  yield 
increased  with  addition  of  phosphorus  additive.  From  experimental  and  modeling  results  of  this 
study,  we  can  conclude  that  organophosphorus  compounds  are  not  suitable  additives  to  decrease 
soot  from  turbine  engines. 

An  important  and  unexpected  result,  however,  came  out  of  the  modeling  work  that  was  part  of 
this  study.  The  modeling  results  indicated  that  the  addition  of  phosphorus  would  lower  NOx 
emissions.  As  far  as  we  can  ascertain,  this  result  has  not  been  reported  in  the  literature  to  date. 
This  effect  on  NOx  emissions  was  predicted  prior  to  the  studies  in  the  CFM  combustor,  so  those 
studies  were  modified  to  include  measurements  of  NOx  emissions.  The  measurements  show  that 
NOx  decreases  with  the  addition  of  phosphorus  under  certain  test  conditions,  so  the  predictions 
were  partially  verified  by  the  experimental  data. 
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Abstract 

Time-resolved  femtosecond  coherent  anti-Stokes  Raman  scattering  (fs-CARS)  spectroscopy  of  the  nitrogen  molecule  is  used  for  the 
measurement  of  temperature  in  atmospheric-pressure,  near-adiabatic,  hydrogen-air  diffusion  flames.  The  initial  frequency-spread 
dephasing  rate  of  the  Raman  coherence  induced  by  the  ultrafast  (~85  fs)  Stokes  and  pump  beams  is  used  as  a  measure  of  gas-phase  tem¬ 
perature.  This  initial  frequency-spread  dephasing  rate  of  the  Raman  coherence  is  completely  independent  of  collisions  and  depends  only 
on  the  frequency  spread  of  the  Raman  transitions  at  different  temperatures.  A  simple  theoretical  model  based  on  the  assumption  of 
impulsive  excitation  of  Raman  coherence  is  used  to  extract  temperatures  from  time-resolved  fs-CARS  experimental  signals.  The 
extracted  temperatures  from  fs-CARS  signals  are  in  excellent  agreement  with  the  theoretical  temperatures  calculated  from  an  adiabatic 
equilibrium  calculation.  The  estimated  absolute  accuracy  and  the  precision  of  the  measurement  technique  are  found  to  be  ±40  K  and 
±50  K,  respectively,  over  the  temperature  range  1 500-2500  K. 

©  2007  Elsevier  B.V.  All  rights  reserved. 

PACS:  78.47.p;  39.30.±w;  42.65.Dr;  82.53.Kp;  33.20.Fb 


1.  Introduction 

Coherent  anti-Stokes  Raman  scattering  (CARS)  spec¬ 
troscopy  of  nitrogen  and  hydrogen  using  nanosecond  (ns) 
lasers  is  widely  employed  for  gas-phase  temperature  and 
species-concentration  measurements  [1,2].  The  nonlinear 
interaction  of  the  laser  beams  in  ns-CARS  generates  a 
coherent  nonresonant  four-wave-mixing  (FWM)  signal 
along  with  the  resonant  CARS  signal.  Interpretation  of 
the  signal  is  complicated  by  the  interference  between  the 
resonant  and  nonresonant  signals.  The  nonresonant  signal 
sometimes  limits  the  accuracy  and  degrades  the  sensitivity 
of  the  technique  [3].  Moreover,  these  measurements  are 
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generally  performed  at  low  repetition  rates  (generally  10- 
20  Hz)  because  of  the  unavailability  of  high-repetition-rate, 
high-power  ns  lasers.  This  lack  of  temporal  resolution  hin¬ 
ders  the  study  of  unsteady  phenomena  in  reacting  flows. 

The  use  of  femtosecond  (fs)  laser  systems  for  CARS 
spectroscopy  has  three  significant  potential  advantages: 
(1)  reduction  or  elimination  of  the  nonresonant  contribu¬ 
tion  to  the  CARS  signal  when  the  probe  beam  is  delayed 
with  respect  to  the  pump  beam,  (2)  reduction  or  elimina¬ 
tion  of  the  effects  of  collisions  on  the  CARS  signal,  thereby 
reducing  modeling  uncertainty  and  increasing  signal-to- 
noise  ratio,  and  (3)  the  capability  of  generating  signals  at 
rates  of  1  kHz  or  greater.  The  reduction  or  elimination  of 
the  nonresonant  background  and  collisional  effects  will 
greatly  simplify  the  modeling  of  CARS  spectra  and 
improve  accuracy  by  eliminating  the  need  for  information 
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concerning  Raman  linewidths.  The  advent  of  high-fidelity 
picoseconds  (ps)  and  fs  lasers  has  revolutionized  the  field 
of  optical  spectroscopy  and  enabled  the  development  of 
tabletop  systems  for  laser  machining,  generation  of  X-rays, 
extreme  ultraviolet  light,  and  attosecond  optical  pulses 
[4-8]. 

Schematic  diagrams  of  the  CARS  process  and  the 
Raman-excitation  processes  with  ns-  and  fs-lasers  are 
shown  in  Fig.  1.  In  CARS,  the  wavelengths  of  the  pump 
and  Stokes  beams  are  chosen  such  that  the  pump-Stokes 
frequency  difference  matches  a  Raman  resonance  fre¬ 
quency  of  the  molecule.  For  the  nitrogen  molecule,  the 
Raman  resonance  frequency  for  the  v"  =  0  to  v'  =  1  band 
is  approximately  2330  cm-1.  This  excitation  process  creates 
a  Raman  coherence  in  the  medium,  resulting  in  a  shifted 
signal  when  the  medium  is  probed  by  another  laser  beam. 
In  multiplex  CARS  using  ns  lasers,  a  narrowband  pump 
beam  and  a  broadband  Stokes  beam  are  employed  for 
simultaneous  excitation  of  numerous  transitions  in  the 
ro-vibrational  Raman  band  of  the  molecule.  As  shown  in 
Fig.  1,  in  ns-CARS  each  pair  of  pump  and  Stokes  frequen¬ 
cies  is  resonant  with  only  one  transition.  For  fs-CARS, 
however,  multiple  pump-Stokes  pairs  contribute  to  the 
excitation  of  the  same  transition,  thereby  creating  a  signif¬ 
icant  Raman  coherence  in  the  medium  [9,10]  despite  the 
large  frequency  bandwidths  of  the  pump  and  Stokes 
beams.  Numerous  Raman  transitions  are  excited  with  the 
same  phase  when  the  pump  and  Stokes  beams  are  nearly 
Fourier  transform-limited.  This  in-phase  impulsive  excita¬ 
tion  creates  a  very  large  coherence  in  the  medium,  which 
then  decays  as  a  result  of  the  slight  frequency  differences 
between  the  neighboring  transitions.  This  decay  rate  can 
be  used  to  determine  the  temperature  [11]. 

Time-resolved  fs-CARS  has  been  used  for  the  first  time 
by  Leonhardt  et  al.  to  study  the  molecular  beat  phenomena 
in  liquid  phase  benzene,  cyclohexane,  and  pyridine  [12]. 
Hayden  and  Chandler  [13]  first  used  fs-CARS  for  investi¬ 
gating  the  molecular  vibrational  dynamics  of  ground-state 
gas-phase  benzene  and  1,3,5-hexatriene.  Schmitt  et  al.  [14] 
used  fs-CARS  to  study  the  ground-  and  excited-electronic- 
state  dynamics  of  iodine  vapor.  These  studies  demon¬ 


strated  the  potential  for  applying  broad-bandwidth  fs- 
lasers  for  gas-phase  spectroscopic  studies.  Previously,  the 
application  of  these  lasers  was  thought  to  be  of  little  value 
because  of  the  excitation  of  multiple  transitions  by  the 
broad  laser  pulses  and  the  relatively  inefficient  coupling 
of  these  broad  pulses  to  an  individual  transition  as  com¬ 
pared  to  the  narrowband  pulses  more  closely  matched  to 
the  line  width  of  these  transitions.  Hayden  and  Chandler 
[13]  examined  the  dephasing  of  the  coherence  established 
by  the  pump  and  Stokes  beams  during  the  first  few  ps  after 
the  initial  excitation  and  observed  markedly  different  decay 
rates  for  gas-phase  benzene  and  1,3,5-hexatriene.  They 
observed  that  the  decay  rate  of  the  initial  coherence  was 
much  faster  for  1,3,5-hexatriene  than  for  benzene  due  to 
dephasing  of  the  initial  orientation  created  by  the  laser 
pulses.  Unlike  benzene,  in  1,3,5-hexatriene  the  laser  pulses 
creates  a  superposition  of  spatially  oriented,  vibrationally 
excited,  rotational  states  that  starts  to  change  from  the  ini¬ 
tial  orientation  due  to  the  variation  of  rotational  speeds  of 
different  molecules  in  the  ensemble.  Recently  our  group 
recognized  that  this  initial  dephasing  rate  during  the  first 
few  ps  can  be  used  as  a  measure  of  gas-phase  temperature, 
independent  of  any  collisional  influence  [10,11]. 

The  use  of  fs  lasers  for  investigating  the  ultrafast  dynam¬ 
ics  of  isolated  molecule  was  pioneered  by  Scherer  et  al.  [15]. 
The  work  of  Dantus  et  al.  [16]  for  observing  the  molecular 
vibration  and  rotational  dynamics  was  also  ground  break¬ 
ing  in  this  regard.  The  work  of  Ze wail’s  group  [15,16]  was 
based  on  pump-probe  techniques  where  they  prepared  an 
excited  state  with  a  pump  beam  and  detected  the  laser- 
induced  fluorescence  signal  when  excited  by  a  delayed 
probed  beam;  this  is  similar  to  the  fs-CARS  technique, 
where  the  molecular  coherence  is  prepared  by  the  overlap¬ 
ping  pump  and  Stokes  beam  and  is  then  probed  by  a 
delayed  probe  beam.  The  review  paper  by  Dantus  [17]  pro¬ 
vides  a  comprehensive  discussion  of  the  coherent  nonlinear 
spectroscopy  based  on  ultrafast  lasers. 

Lang  et  al.  [18]  used  fs-CARS  of  the  H2  molecule  for 
determining  molecular  parameters  and  gas-phase  tempera¬ 
ture  from  the  time-resolved  oscillatory  pattern  of  the 
Raman  coherence  following  pump-Stokes  excitation. 


CARS  Excitation  Diagram 
of  N?  Molecule 
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Fig.  1 .  Coherent  excitation  process  in  ns-  and  fs-laser-based  CARS  spectroscopy. 
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Those  parameters  were  determined  from  the  width  and  the 
relative  heights  of  the  recurrence  peaks.  Lang  et  al.  [19]  also 
used  the  time-resolved  N2  CARS  signal  for  measuring  tem¬ 
perature  by  focusing  on  recurrence  peaks  at  ~320  ps  or 
longer;  on  this  time-scale,  understanding  of  the  collisional 
environment  and  the  relaxation  processes  is  essential  for 
accurate  temperature  measurements.  fs-CARS  has  also 
been  used  for  measurements  in  a  dense  medium  to  investi¬ 
gate  rotational  energy-transfer  processes  [20],  for  determin¬ 
ing  the  concentration  of  ortho-  and  ^ara-deuterium  [21], 
and  for  measuring  single-shot  temperature  by  probing  the 
hydrogen  molecule  using  a  chirped  probe  pulse  [22].  More 
recently,  fs-CARS  has  been  used  for  the  detection  of  bacte¬ 
rial  spores  in  the  presence  of  other  molecules  [23],  for  the 
characterization  of  polymer  thin  films  [24],  and  for  back¬ 
ground-free  analysis  of  analytes  trapped  in  aerogel  pores 
[25]. 

The  objective  of  the  current  study  is  to  apply  the 
time-resolved  fs-CARS  technique  for  temperature  mea¬ 
surements  in  high-temperature  flames,  based  on  the  fre¬ 
quency-spread  dephasing  rate  after  the  initial  impulsive 
excitation  of  the  Raman  coherence  in  the  N2  molecule  by 
fs  pump  and  Stokes  beams.  In  this  study,  temperature  from 
the  time-resolved  N2  CARS  signal  is  extracted  by  means  of 
a  simple  theoretical  model  by  concentrating  on  the  signal 
decay  during  the  first  few  ps  after  the  pump- Stokes  excita¬ 
tion.  These  decay  results  from  the  slight  frequency  mis¬ 
matches  between  the  neighboring  Q-branch  transitions 
and  is  completely  insensitive  to  collisions  [11].  The  accu¬ 
racy  and  precision  of  the  measurement  technique  are  also 
addressed. 


2.  Experimental  system 

A  schematic  diagram  of  the  experimental  system  is 
shown  in  Fig.  2.  The  output  of  a  1-mJ,  1-kHz,  85-fs, 
Ti: Sapphire  regenerative  amplifier  (ModekLibra,  Coher¬ 
ent,  Inc.)  at  800  nm  is  used  to  pump  an  optical  parametric 
amplifier  (OPA).  Approximately  15%  of  the  energy  of  the 
regenerative  amplifier  is  used  as  the  Stokes  beam,  and  the 
remainder  is  used  to  pump  the  OPA.  The  laser  beam  from 
the  frequency-doubled  OPA  is  centered  at  ~675  nm,  with 
an  approximate  energy  of  25  pJ/pulse.  This  beam  is  then 
split  equally  to  yield  the  pump  and  probe  beams  for  the 
CARS  signal  generation.  The  full-width-at-half-maxima 
(FWHM)  of  the  frequency  spectra  of  the  pump  (probe) 
and  Stokes  lasers  were  approximately  160  cm-1  and 
220  cm-1,  respectively.  The  timing  of  the  probe  beam  with 
respect  to  the  pump  and  Stokes  beams  was  varied  for 
acquisition  of  the  probe-delay  scans  using  a  motorized 
translation  stage.  A  short-pass  filter  was  used  to  block 
the  scattered  light  from  the  pump  and  probe  beams,  and 
the  CARS  signal  centered  at  584  nm  was  detected  with  a 
low-noise,  high-bandwidth  photodetector  (10-MHz 
Adjustable  Photoreceiver,  Model:2051,  New  Focus).  The 
signal  was  acquired  using  a  lock-in  amplifier,  and  each  data 
point  was  averaged  over  300  laser  shots.  Measurements 
were  performed  in  an  atmospheric-pressure,  near-adiabatic 
hydrogen-air  flame  stabilized  over  a  Hencken  burner.  Tem¬ 
perature  was  varied  by  changing  the  equivalence  ratio  (</>) 
of  the  flame  (equivalence  ratio  is  defined  as  the  ratio  of 
actual  fuel-to-air  over  fuel-to-air  for  the  stoichiometric 
condition  [26]).  The  temperature  of  the  flame  stabilized 


Fig.  2.  Schematic  diagram  of  fs-CARS  system. 
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over  the  Hencken  burner  increases  with  equivalence  ratio 
for  ^  1.0,  after  which  it  decreases  due  to  incomplete 
combustion  of  the  fuel  [27]. 

3.  Results  and  discussion 

Time-resolved  fs-CARS  signals  of  nitrogen  as  a  function 
of  probe  pulse  delay  with  respect  to  the  pump  beam  at  var¬ 
ious  equivalence  ratios  are  shown  in  Fig.  3.  The  decay  of 
the  Raman  coherence  during  the  first  few  ps  after  the  initial 
impulsive  excitation  by  the  nearly  transform-limited  pump 
and  Stokes  laser  pulses  is  the  focus  of  our  experiments.  The 
effects  of  collisions  on  this  time  scale  are  not  important  for 
pressures  less  than  10  bar.  It  is  evident  from  the  figure  that 
the  rate  at  which  the  signal  decays  increases  with  flame 
equivalence  ratio  and  temperature.  The  signal  decays  faster 
with  increasing  temperature  because  of  the  contributions  of 
more  transitions  over  a  wider  frequency  range  to  the  initial 
Raman  coherence.  This  results  from  redistribution  of  the 
population  to  higher  energy  levels  with  increasing  temper¬ 
ature.  The  spectrally  broad,  nearly  transform-limited  pump 
and  Stokes  pulses  simultaneously  excite  all  the  transitions 
accessible  within  the  bandwidth,  frequency  pairs  of  the 
lasers.  The  resulting  coherence  decay  thereafter  as  a  result 
of  the  slight  frequency  mismatches  between  neighboring 
transitions.  The  signal  reaches  a  maximum  value  at  a  probe 
delay  of  zero  because  of  the  contribution  from  both  reso¬ 
nant  and  nonresonant  signals.  In  Fig.  3  all  signals  were 
normalized  to  a  peak  intensity  of  100  at  time  zero.  The 
oscillatory  behavior  of  the  signal  is  qualitatively  similar 
for  temperatures  in  the  range  1600-2400  K.  The  character¬ 
istic  frequency  of  the  oscillations  observed  in  Fig.  3  is 
approximately  900  GHz,  which  corresponds  to  the  beat  fre¬ 
quency  between  the  v'  =  1  — ►  v"  =  0  and  v'  =  2  — >  v"  =  1 
vibrational  bands  and  also  between  the  v'  =  2  — >  v"  =  1 
and  v'  =  3  — >  v"  =  2  vibrational  bands. 

Theoretical  spectra  of  N2  CARS  for  three  different 
temperatures  are  shown  in  Fig.  4.  These  spectra  were 
calculated  using  the  Sandia  CARSFT  code  [28].  For 


Probe  Delay  (ps) 

Fig.  3.  Time-resolved  fs-CARS  signal  for  various  equivalence  ratios  (</>). 


Fig.  4.  Theoretical  CARS  spectra  of  nitrogen  calculated  using  Sandia 
CARSFT  code  [26]. 


Probe  Delay  (ps) 


Probe  Delay  (ps) 

Fig.  5.  Comparison  of  theoretical  and  experimental  time-resolved  fs- 
CARS  signals  for  (a)  </>  =  0.5  and  (b)  $  =  1.0.  Theoretical  signals  were 
calculated  using  Eq.  (1).  The  solid  lines  represent  the  best-fit  theoretical 
signal  to  the  experimental  data  points  and  is  determined  by  least-square 
fitting  to  the  experimental  data  points. 
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temperatures  less  than  800  K,  only  the  first  vibrational 
band  appears,  which  results  in  a  time-resolved  signal 
without  oscillations  during  the  first  10  ps  after  the  initial 
excitation,  as  shown  in  our  previous  work  [11].  The  first 
hot-band  (V  =  2  — >  v"  =  1)  begins  to  appear  for  tempera¬ 
tures  greater  than  1000  K,  and  the  second  hot-band 
(v;  =  3  — >  v"  =  2)  appears  at  approximately  2000  K.  The  fre¬ 
quency  difference  between  the  band  heads  is  approximately 
30  cm-1,  as  is  evident  in  Fig.  4.  This  30-cm_1  frequency  dif¬ 
ference  corresponds  to  a  900  GHz  in  beat  frequency. 

Fig.  5  shows  the  fit  between  the  theoretical  and  experi¬ 
mental  probe-delay  scans  for  <fi  =  0.5  and  0=1.0.  The 
best-fit  theoretical  probe-delay  scans  are  used  to  extract 
temperatures  from  experimental  scans.  The  theoretical 
modeling  is  discussed  in  detail  by  Lucht  et  al.  [11].  The  the¬ 
oretical  signal  as  a  function  of  probe  delay  is  calculated 
using  the  following  equation. 

/+oo 

Ipr(t  ~  T)[PreV)  +  Aires  Wfd* 

■oo 

+  Background  noise  ( 1 ) 


where  the  resonant  signal  (Pres)  is  calculated  as 


Ae  s(0  =  P 


f  Ep(t')Es(t')dt' 

J  —  OO 


^  )  cos(cu^)  exp(-A 


'/*)} 


(2) 


In  Eq.  (2),  Ep(t )  and  Es(t')  are  the  time-dependent  electric 
fields  of  the  pump  and  Stokes  laser  fields,  respectively, 
A Ni  is  the  difference  in  population  between  the  excited 
and  ground  levels  of  a  transition,  (^).  is  the  Raman  cross 
section  (for  a  particular  transition  /),  coj  is  the  frequency  of 
the  Raman  transition,  rt  is  the  coherence  dephasing  rate 
due  to  collisions,  which  will  only  be  significant  for  longer 
time  scales  or  higher  pressures,  and  /?  is  a  scaling  factor 
used  to  match  the  experimental  signal  with  the  theoretical 
spectrum.  In  Eq.  (1),  7pr  is  the  intensity  of  the  probe  beam, 
and  Pnres  is  the  nonresonant  polarization  calculated  as 

Aires  (0  =  ClEp(t)Es(t)  (3) 

where  a  is  a  nonresonant  scaling  factor.  For  each  experi¬ 
mental  scan,  the  ratio  a/j8  is  varied  to  match  the  theoretical 


Fig.  6.  Comparison  of  theoretical  and  experimental  scans  when  the  best-fit  (based  on  least-square  fit)  temperature  values  were  changed  by  ±50  K  and 
±100  K  for  (f>  =  0.5  and  0  =  1.0.  Scans  are  expanded  versions  of  those  shown  in  Fig.  5.  Fig.  6a  and  b  show  probe-delay  scans  <f>  =  0.5  and  cf>  =  1.0, 
respectively,  when  temperatures  are  varied  by  ±50  K  and  ±100  K.  Fig.  6(c)  and  (d)  show  probe-delays  scans  for  (f>  =  0.5  and  (f>  =  1.0,  respectively,  when 
temperatures  are  varied  by  —50  K  and  —100  K. 
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and  experimental  signal-decay  rates.  For  the  two  equiva¬ 
lence  ratios  shown  in  Fig.  5,  adiabatic  flame  temperatures 
are  calculated  to  be  1642  K  and  2382  K  for  </>  =  0.5  and 
</>  =  1.0,  respectively,  [26].  These  measurements  show  very 
good  agreement  between  the  adiabatic  flame  temperatures 
and  the  temperatures  extracted  from  the  experimental 
scans  by  least-square  fitting  with  the  calculated  theoretical 
time-resolved  signal  using  Eq.  (1).  In  Fig.  5,  solid  lines  rep¬ 
resent  the  theoretical  best-fit  signal  and  symbols  represent 
the  experimental  data  points. 

To  address  the  temperature  sensitivity  of  the  measure¬ 
ments,  experimental  scans  shown  in  Fig.  5  were  compared 
with  theoretical  scans  by  varying  the  best-fit  temperature 
by  ±50  K  and  ±100  K  as  shown  in  Fig.  6.  Fig.  6a  and  b 
show  the  expanded  versions  of  the  time-resolved  scans 
for  </>  =  0.5  and  </>  =  1.0  when  the  theoretical  temperatures 
were  varied  by  ±50  K  and  ±100  K  from  the  best-fit  values; 
Fig.  6c  and  d  show  the  same  scans  when  the  theoretical 
temperatures  were  changed  by  -50  K  and  -100  K  from 
the  best-fit  values.  The  clear  mismatch  between  the  experi¬ 
mental  and  theoretical  signals  for  temperatures  adjusted  by 
50  K  and  100  K  from  the  best-fit  value  shows  the  sensitivity 
of  the  current  measurement  technique  is  ±50  K.  Changing 
the  temperature  by  ±25  K  did  not  yield  any  perceptible 
variation  in  the  theoretical  signal  profiles. 

To  address  the  accuracy  and  precision  of  the  proposed 
measurement  technique,  the  temperature  extracted  from 
the  experimental  signals  is  compared  with  adiabatic  flame 
temperatures,  as  shown  in  Fig.  7.  The  extracted  tempera¬ 
tures  are  within  40  K  of  the  adiabatic  flame  temperatures 
for  equivalence  ratios  ranging  from  0.5  to  1.0.  The  system¬ 
atic  error  in  the  measurements  cannot  be  evaluated  quanti¬ 
tatively  from  these  results,  but  appears  to  be  much  smaller 
than  random  errors  of  approximately  ±50  K.  It  might  be 
expected  that  systematic  errors  in  fs-CARS  will  be  reduced 
compared  to  ns-CARS  because  collisions  do  not  affect  the 


Fig.  7.  Comparison  of  experimentally  measured  temperatures  with 
adiabatic  flame  temperatures  for  atmospheric-pressure,  near-adiabatic, 
hydrogen-air  diffusion  flame.  Sets  represent  data  acquired  on  three  days 
over  a  two-week  time  period. 


fs-CARS  signal  in  the  first  few  ps  after  impulsive  pump- 
Stokes  excitation.  Consequently,  no  knowledge  of  Raman 
linewidths  is  required  to  model  the  fs-CARS  signal  behav¬ 
ior.  For  ns-CARS,  on  the  other  hand,  accurate  Raman- 
line  width  data  is  required  for  temperature  determination 
[29].  The  three  sets  of  data  points  shown  in  Fig.  7  were 
acquired  on  three  different  days  spanning  two  weeks  in 
time.  The  standard  deviation  of  the  extracted  temperatures 
was  approximately  50  K  for  an  equivalence  ratio  of  1.0,  but 
the  standard  deviation  was  approximately  11  K  for  <fi  =  0.5 
and  cj)  =  0.8.  These  measurements  suggest  the  accuracy  and 
precision  of  the  measurement  technique  are  within  ±40  K 
and  ±50  K,  respectively. 

4.  Conclusions 

Temperatures  ranging  from  1500  K  to  2400  K  is  mea¬ 
sured  using  the  time-resolved  fs-CARS  technique  in  atmo¬ 
spheric-pressure,  near-adiabatic,  hydrogen-air  diffusion 
flames.  In  this  study,  wavelengths  of  the  pump  and  the 
Stokes  beams  are  chosen  to  probe  the  vibrational  transi¬ 
tions  of  the  N2  molecule.  The  initial  decay  of  the  Raman 
coherence  results  from  the  slight  frequency  mismatches 
among  the  transitions,  excited  by  the  broad  pump  and 
Stokes  beams.  The  rate  of  decay  of  the  initial  Raman 
coherence  was  used  as  a  measure  of  temperature.  The  fs- 
CARS  signals  within  the  first  few  ps  after  pump-Stokes 
excitation  are  free  from  collisional  influence  for  pressures 
less  than  lObar  and,  therefore,  do  not  require  any 
knowledge  of  the  collisional-relaxation  processes  for  either 
temperature  or  concentration  measurements  from  experi¬ 
mental  signals.  The  temperatures  extracted  from  the  time- 
resolved  signals  agreed  very  well  with  the  adiabatic  flame 
temperatures  for  a  range  of  equivalence  ratios.  The  esti¬ 
mated  accuracy  and  precision  of  the  measurement  tech¬ 
nique  are  within  ±40  K  and  ±50  K,  respectively.  The 
estimated  systematic  errors  in  the  measurements  are  less 
than  ±50  K. 
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ABSTRACT 

Preliminary  design  computational  results  showed  that  a 
significant  amount  of  increased  flow  turning  (12 
degrees)  can  be  achieved  in  a  high  turning  stator 
example  with  only  0.5%  core  flow  counter-flow 
blowing  (CFB).  The  loading  is  held  nearly  constant 
over  the  entire  blade  with  counter  flow  blowing,  thereby 
turning  the  flow  over  the  entire  chord.  To  explore  this 
approach,  an  existing  cascade  section  was  modified  to 
implement  a  “proof-of-concept”  design.  Experimental 
data  from  Particle  Image  Velocimetry  (PIV)  showed 
that  an  increase  of  8  degrees  in  turning  was  achieved 
through  counter-flow  blowing  of  1%.  Furthermore,  an 
optimum  amount  of  blowing  exists  to  minimize  wake 
increase  and  maximize  flow  vectoring.  For  this 
investigation,  the  Advanced  Ducted  Propfan  Analysis 
Code  (ADPAC)  2-D  model  was  calibrated  by 

comparison  to  the  experimental  results  for  a  range  of 
0.15%  to  0.38%  core  flow  counter-flow  blowing. 

Based  on  this  study,  ADPAC  has  been  shown  to  be  a 
viable  design  tool  for  CFB  applications. 

NOMENCLATURE 

Cm  mass  blowing  coefficient 

=  mdotj/{3-03mdot,M)  0) 

Cm*  corrected  mass  blowing  coefficient 

=  mdot,j,c/^mmdot,  inf)  (2) 

Cx  axial  chord  of  blade 

m  dot  mass  flow  rate 

m  dot,  c  corrected  mass  flow  rate 

=  mdotJe/8  (3) 

M  Mach  number 


Me 

cascade  exit  Mach  number 

s 

cascade  blade  spacing 

U 

absolute  velocity 

r 

mass-averaged,  kth  component  of  velocity 

(4) 

y+ 

dimensionless  wall  coordinate 

_  y  1  ^ wall  ji^U/^y)wall 

^  wall  V  Pwall  \  ^  wall 

(5) 

* 

ae 

design  exit  flow  angle 

ae 

actual  exit  flow  angle 

=  tan 

(6) 

r 

deviation  of  flow 

=  <*e  ~ac 

(7) 

8 

corrected  total  pressure 

=  ^0  /Po,ref 

(8) 

K 

displacement  thickness,  as  a  fraction  of  s 

lMo+sf  m  \ 

j  1  d£ 

S  ^  Mm  ) 

(9) 

e 

corrected  total  temperature 

=  To  j T0, ref 

(10) 

Subscripts 

j 

blowing  slot  (jet) 

X 

x-  component 

y 

y-  component 

inf 

cascade  inlet 
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INTRODUCTION 

Current  fan  designs  in  many  cases  require  flapped 
IGV’s  (a  segmented  stator  with  only  the  back  portion 
rotating  like  a  flap  on  a  wing  of  an  aircraft)  to  assure 
correct  inlet  flow  conditions  during  off-design 
operation.  The  ability  to  vector  the  flow  without  the 
need  of  the  “flap”  on  the  IGV  would  significantly 
reduce  the  mechanical  complexity  and  weight  of  the  fan 
system.  In  addition,  flow  vectoring  within  the  fan  and 
compressor  could  greatly  reduce  the  need  for  variable 
stators,  again  reducing  the  cost  and  weight  of  the 
engine.  This  approach  employs  pressure  surface 
counter-flow  blowing  to  increase  the  circulation/loading 
and  achieve  considerable  flow  vectoring.  The  stator 
uses  a  carefully  placed  blowing  jet  to  increase  the 
circulation  (i.e.  loading)  of  the  blade,  thereby  providing 
the  necessary  turning.  The  blowing  jet  is  placed  on  the 
pressure  surface  of  the  blade  near  the  trailing  edge  and 
is  directed  into  the  flow,  i.e.  in  a  counter-flow  direction, 
as  near  to  tangent  to  the  surface  of  the  blade  as  possible. 

In  this  paper,  a  detailed  experimental  and  computational 
investigation  into  the  flow  physics  associated  with  CFB 
for  an  advanced  design  stator  airfoil  is  reported.  A 
transonic  linear  cascade  wind  tunnel  is  utilized  to  obtain 
detailed  PIV  measurements  with  and  without  CFB.  In 
addition,  a  high  fidelity  computational  fluid  dynamics 
(CFD)  model  is  used  to  model  the  experimental 
configuration.  The  CFD  model,  ADPAC,  is  compared 
with  the  experimental  data  with  the  intent  that  it  could 
then  be  utilized  to  design  a  new  circulation-controlled 
(CC)  IGV,  which  would  eliminate  the  need  for  the  flap 
therefore  reducing  the  weight  and  the  required  axial 
spacing  of  an  engine  using  a  flapped  IGV. 


EXPERIMENTAL  SETUP 

Modifications  were  made  to  an  existing  2D  cascade  of 
the  “Tescom”  geometry,  a  counter-swirl  stator,  and 
called  the  “Tescom-CAR”  geometry  (see  Figure  1). 
The  trailing  edge  was  rounded  off  to  allow  for 
installation  of  the  blowing  plenum  and  proper  location 
of  counter-flow  blowing  jets.  These  jet  slots  were 
added  on  the  pressure  surface  near  the  trailing  edge  on 
the  center  three  blades  of  the  cascade,  which  contained 
a  total  of  seven  blades.  The  jets  had  a  flow  angle  of  70° 
with  respect  to  the  normal  to  the  blade  surface,  in  the 
counter-flow  direction,  and  a  nominal  width  of  0.010”. 
Particle  Image  Velocimetry  (PIV)  test  data  were 
acquired  for  nominal  mass  blowing  coefficients  of  0.0 
(baseline),  0.005,  and  0.01  of  the  core  flow.1"2  For  a 
mass  blowing  coefficient  of  0.01,  the  injected  flow 
passed  through  a  slot  spanning  only  2.00”  on  a  blade 
with  a  total  span  of  6.06”,  yielding  a  Cm  value  of 


0.0303  per  unit  of  span  at  the  PIV  test  cross  section. 
Test  cases  were  conducted  in  a  transonic  blowdown 
wind  tunnel  at  Virginia  Tech  University  having  a  test 
section  of  30.48  cm  x  15.24  cm  (12  in  x  6  in)  and  with 
test  durations  of  10  seconds  and  a  nominal  inlet  Mach 
number  of  0.75. 

A  DPIV  system  was  developed  (see  schematic,  Figure 
2)  for  transonic-cascade  investigations.3  Two 
frequency-doubled  Nd:YAG  lasers  are  used  for 
instantaneous  marking  of  the  seed  particles  in  the  flow 
field.  The  beams  are  combined  and  directed  through 
sheet-forming  optics  and  illuminate  the  test  section  with 
a  2D  plane  of  thickness  <  1  mm.  The  scattering  from 
the  seed  particles  is  recorded  on  an  ES1.0  Kodak  CCD 
sensor  (1008  x  1012  pixels).  The  camera  maximum 
repetition  rate  is  15  double  exposures  per  second  and 
was  set  to  10  Hz  for  synchronization  with  the  laser 
repetition  rate.  A  105-mm  Nikon  lens  was  used.  The 
magnification  for  the  present  experiments  was  ~  20 
pixels/mm,  which  corresponds  to  a  viewing  width  of  ~ 
50  mm.  The  time  delay  between  the  lasers  was 
typically  2  psec.  Once  the  PIV  image  has  been  captured 
and  digitized,  the  velocity  field  is  obtained  using  cross¬ 
correlation  techniques.  The  correlation  function  is 
calculated  over  small  segments  (interrogation  domains) 
of  the  PIV  image.  The  peak  of  the  correlation  map 
corresponds  to  the  average  velocity  displacement  within 
the  interrogation  spot.  An  intensity-weighted  peak¬ 
searching  routine  is  used  to  determine  the  exact  location 
of  the  peak  to  sub-pixel  accuracy.  To  improve  the 
signal-to-noise  ratio  in  the  correlation  maps,  a 
correlation-correction  scheme  is  applied  wherein  each 
map  is  multiplied  by  its  immediate  four  neighborhoods. 
An  overlapping  of  75%  is  used  to  include  many  of  the 
same  particles  in  the  five  maps  that  are  multiplied  to 
yield  a  single  correlation  map  with  lower  noise.  Zero 
padding  is  also  employed  for  adding  accuracy.  For 
these  experiments  1 00  image  pairs  were  obtained  during 
a  10  sec  tunnel  blowdown  period.  Of  those  images,  50 
were  chosen  within  the  steady  part  of  the  run  to  be 
averaged  with  outlier  rejection  of  two  standard 
deviations.  Averaging  the  instantaneous  velocity  fields 
has  the  effect  of  eliminating  the  fluctuations  due  to 
incoherent  unsteadiness  associated  with  turbulence  and 
permitting  a  better  comparison  to  the  steady  CFD 
predictions.4 

A  compact  laser-sheet  delivery  system  was  utilized. 
This  system  consists  of  an  optical  probe  designed  with 
light-sheet-forming  optics  internal  to  the  probe,  which  is 
similar  to  that  reported  by  Copenhaver  et  al.  (2002). 
The  probe  was  placed  downstream  of  the  cascade  in  the 
flow  path  inside  a  glass  rod  that  is  transverse  to  the 
main  flow  direction.  The  cascade  endwalls  were 
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formed  with  31.75-mm  (1.25-in.)  thick  Plexiglas  to 
allow  optical  access.  The  power  required  for  laser- 
sheet  illumination  was  very  low  (<  20  mJ/pulse) 
because  of  minimal  optics  loses.  Seeding  particles  were 
injected  into  the  flow  approximately  10  blade-chord 
lengths  upstream  of  the  cascade  section  with  an 
injection  rake.  Sub-micron  particles  of  aluminum 
dioxide  were  used  as  the  seeding  material.  Figure  2  is  a 
schematic  of  the  DPIV  setup. 

The  uncertainty  in  the  DPIV  velocity  measurements  was 
determined  as  follows.  The  velocity  was  computed 
dividing  the  displacement  (pixels)  of  each  interrogation 
region,  by  the  time  interval  between  the  two  exposures, 
and  by  the  magnification  of  the  digital  image  relative  to 
the  object  (pixels/mm).  The  time  interval  was  adjusted 
to  yield  typical  displacements  of  the  free  stream  in  the 
present  experiments  of  >  1 0  pixels,  with  an  uncertainty 
of  <1%.  Values  in  the  wake  region  where  the  minimum 
velocity  occurs,  however,  have  higher  uncertainties 
because  of  the  lower  displacements;  for  example,  1 
pixel  displacement  could  yield  an  uncertainty  of  ~  10%. 
The  maximum  uncertainty  in  the  time  interval  was 
calculated  from  the  time  interval  between  the  two  laser 
pulses.  It  was  found  that  this  uncertainty  increases  with 
lower  laser  power  and  with  lower  time  interval.  A 
conservative  number  for  the  present  experiments,  which 
employed  a  time  interval  of  2  psec  and  powers  around 
20  mJ,  was  found  to  be  1%.  The  magnification  was 
measured  from  images  of  rulers  located  in  the  laser- 
sheet  plane,  and  it  is  conservatively  estimated  that  could 
be  read  to  better  than  1%.  Combining  these  three 
conservative  measurements  of  uncertainty  yields  a 
maximum  error  of  <  ±2%  of  the  reported  value  for  the 
free-stream  velocity,  which  increases  to  -±10%  of  the 
reported  value  at  the  wake-minimum-velocity  location. 

Inlet  conditions  during  the  test  were  set  according  to 
inlet  total  and  static  pressure  measurements.  Counter- 
flow  blowing  was  measured  with  a  calibrated  orifice 
plate  and  supplied  to  the  center  three  blades  of  the 
cascade.  The  estimated  gauge  pressures  for  Cm  values 
of  0.0108  and  0.0047  were  40psi  and  13psi,  based  on 
data  from  the  test  facility. 

EXPERIMENTAL  RESULTS 

The  exit  flow  fields  obtained  averaging  50  PIV  frames 
are  shown  in  Figure  4  for  corrected  mass  blowing 
coefficients  of  0.0,  0.0023,  and  0.0027,  as  obtained 
from  equations  (2),  (3),  (8),  and  (10).  Data  were 
extracted  directly  from  the  contour  plots  for  calculation 
of  displacement  thickness  and  deviation.  Displacement 
thickness  was  calculated  at  105%  axial  chord, 
numerically  integrating  the  data  across  a  full  flow 
passage  according  to  equation  (9).  This  gives  the 


fraction  of  blockage  in  the  flow  passage  due  to  the 
presence  of  the  blade.  Deviation  was  calculated  along 
the  same  plane  at  105%  axial  chord  from  mass-averaged 
x  and  y  velocity  components  via  equations  (4),  (6),  and 
(7).  Density,  which  varied  by  <10%  in  the  wake  region 
for  all  CFD  cases,  was  assumed  constant  in  equation 
(4).  All  experimental  results  are  presented  in  Table  1. 
To  summarize,  an  increase  of  flow  turning  of  2°  was 
achieved  with  Cm  of  0.0023,  while  an  increase  of  7.5° 
was  achieved  with  Cm  of  0.0027. 

A  key  assumption  underlying  the  experimental  Cm 
values  is  identical  blowing  slot  widths  on  all  three 
blades.  This  was  not  the  case,  as  the  average  slot 
widths  of  the  blades  were  0.012”,  0.011”,  and  0.013”, 
the  blade  used  for  the  PIV  data  being  the  smallest  of  the 
three.  From  continuity,  and  assuming  steady  flow  with 
constant  mass  flux  across  each  slot,  the  actual  mass  flow 
rates  through  the  test  blade  would  have  been  0.93  of 
reported  values.  Cm*  values  were  adjusted  from  0.0025 
to  0.0023,  and  from  0.0029  to  0.0027.  Experimentally, 
this  implies  that  a  greater  increase  of  flow  turning  was 
achieved  with  a  lesser  percentage  of  the  core  mass  flow. 

2-D  COMPUTATIONAL  MODEL 

In  order  to  gauge  the  accuracy  of  computational  tools  in 
a  CFB-type  flow  situation,  a  simulation  of  the  Tescom- 
CAR  case  was  run  in  ADPAC  (Advanced  Ducted 
Propfan  Analysis  Code).4  The  solutions  were  run  in  2D 
steady-state  mode  to  save  on  computational  time,  and 
the  Spalart-Allmaras  (1 -equation)  turbulence  model  was 
used.  The  computational  domain  consisted  of  three 
blocks,  with  a  capped  O  grid  for  the  blade  and  two, 
1 1 0%-axial-chord,  extension  H  grids  upstream  and 
downstream  of  the  blade.  Figure  3  shows  the  capped  O 
grid  used  in  the  coarse  mesh.  Each  test  case  was  run  on 
coarse,  medium,  and  fine  meshes  to  demonstrate  grid 
independence  of  the  solution.  Resolution  was  increased 
by  a  factor  of  3.93  from  the  coarse  to  the  medium  mesh, 
and  by  a  factor  of  3.59  from  the  medium  to  the  fine 
mesh.  This  corresponded  to  ~1.98x  and  ~1.89x 
increases  along  each  dimension  for  the  2-D  mesh. 

Boundary  conditions  were  set  to  model  the  experiment 
as  follows:  Inlet  total  pressure  and  temperature  were  set 
to  standard  values,  and  the  exit  static  pressure  was  set  to 
obtain  inlet  Mach  -  0.75  for  all  cases.  Periodic 
boundary  conditions  were  set  on  the  upper  and  lower 
edges  of  the  mesh,  and  the  flow  solver  was  set  to 
Cartesian  coordinates,  to  model  the  linear  cascade.  The 
blade  was  defined  as  an  adiabatic,  viscous,  solid,  no¬ 
slip  surface.  Counter  flow  blowing  was  modeled  with 
an  inlet  boundary  condition  at  the  appropriate  location 
on  the  pressure  surface  of  the  blade.  The  code  was 
restarted,  adjusting  the  blowing  jet  total  pressure  and 
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flow  angle  to  obtain  the  correct  conditions.  Mass  flow 
rates,  as  well  as  mass-averaged  velocity  components, 
were  measured  with  PROBE  (boundary  condition)  at 
the  inlet,  at  the  blowing  jet,  and  at  105%  axial  chord. 

All  solutions  were  run  to  iterative  convergence,  where 
the  log  10  residual  was  -8.0  or  lower.  The  initial  log10 
residual  values  ranging  from  -2.0  to  -3.0,  these  results 
go  well  beyond  the  ADPAC  manual’s  three  orders  of 
magnitude  criterion  for  converged  solutions. 

COMPUTATIONAL  RESULTS 

The  exit  flow  fields  for  C ^  =  0.0,  0.0022,  and  0.0030 
are  shown  in  Figure  5,  corresponding  to  the  three 
experimental  test  points  in  Figure  4.  Displacement 
thickness  was  calculated  as  for  the  experiment. 
Deviation  was  calculated  from  the  mass-averaged 
PROBE  data.  Details  of  the  computational  study  are 
presented  in  Table  2  for  Cm  ranging  from  0.0  to 
0.0030.  Total  pressure  of  the  blowing  jet  was  increased 
until  the  code  became  unstable  for  all  three  meshes, 
thereby  determining  the  maximum  blowing  rate.  The 
baseline  mesh  was  the  only  one  that  was  actually 
choked  (M  -  1.0)  at  its  maximum  blowing  rate,  whereas 
both  the  coarse  and  fine  cases  were  not  yet  choked  (M  - 
0.95).  Slot  geometries,  as  determined  by  inlet  boundary 
conditions  in  ADPAC,  were  identical  for  all  three 
meshes.  Non-physical  pressure  gradients  in  the  first  two 
cells  along  the  blowing  slot  are  the  likely  cause  of  the 
instability. 

The  minimum,  average,  and  maximum  y+  values,  as 
given  in  the  ADPAC  output  files  for  the  first  grid  point 
off  the  blade,  are  also  presented  in  Table  1.  Generally, 
y+  values  less  than  5  are  needed  to  include  the  viscous 
sub-layer,  while  most  research  suggests  that  values  less 
than  1  are  required  for  good  accuracy  when  the 
turbulence  equations  are  integrated  to  the  wall.5  This 
does  not  imply  complete  physical  accuracy  of  the 
turbulence  model,  rather,  that  the  full  capability  of  the 
model — though  limited — was  being  used.  The  y+ 
values  were  independently  calculated  with  equation  (5) 
using  second-order  polynomial  fits  for  the  (du/dy)wan 
values  and  plotted  in  Figure  6.  It  is  apparent  from 
Figure  6(a)  that  a  large  part  of  the  suction  and  pressure 
surfaces  were  at  or  above  y+  =  1 .  This,  along  with  non¬ 
monotone  convergence  of  the  displacement  thickness, 
indicated  that  there  was  significant  error  in  the  coarse- 
mesh  boundary  layer  solution.  Consequently,  the 
coarse-mesh  solution  was  out  of  the  asymptotic  range  as 
described  by  Roache.6  The  y+  values  were  less  than 
~0.8  for  the  medium  mesh  and  less  than  -0.7  for  the 
fine  mesh  everywhere  along  the  blade,  except  for  the 
leading  edge  and  the  immediate  vicinity  of  the  blowing 
slot.  Therefore  a  two-grid  analysis  was  used  on  the 


medium  and  fine  meshes  with  a  factor  of  safety  of  3  to 
determine  the  discretization  error. 


Table  3  presents  the  Grid  Convergence  Index  data  for 
the  medium  and  fine  mesh  solutions.  The  grid 
convergence  index  for  a  fine  mesh  solution  is  calculated 
as  follows: 


[GCl]flne=Fs 


-1 


where  s  - 
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for  some  characteristic  function /(e.g.,  deviation) 
defined  on  the  medium  mesh,  at  level  m,  and  the  fine 
mesh,  at  level  f.  The  recommended  factor  of  safety  for 
a  two-grid  convergence  study  is  Fs  =  3.  The  effective 
grid  refinement  ratio  may  be  defined  as 
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where  D  =  2  is  the  dimensionality  of  the  problem.  For 
the  medium-fine  mesh  comparison  at  hand,  r  -  1.895, 
and  the  order  of  convergence  is  assumed  to  be  p  =  2. 
According  to  the  grid  convergence  index  calculations, 
the  discretization  error  of  the  fine  mesh  solution  was 
<2.5%  for  deviation  and  <3.9%  for  displacement 
thickness. 


EXPERIMENTAL/COMPUTATIONAL 

COMPARISON 

Computational  versus  experimental  results  are 
presented  in  Figure  7  for  deviation  and  displacement 
thickness,  respectively.  The  code  over-predicted  the 
flow  separation  point  for  the  baseline  case,  resulting  in 
a  difference  of  almost  9°  in  the  predicted  deviation  of 
flow  from  experimental  values.  However,  it  also 
predicted  the  deviation  to  within  1-2°  of  the 
experimental  data,  for  corrected  mass  blowing  ratios  of 
0.002  to  0.003.  The  code  over-predicted  the  flow 
blockage  by  .02-. 05  for  corrected  mass  blowing  ratios 
up  to  0.0023,  while  it  remained  within  ±.03  for  values 
greater  than  0.0023. 

The  substantial  error  in  the  baseline  case  is  probably 
due  to  some  features  of  the  blade  geometry.  First  and 
foremost,  the  blowing  slot  was  modeled  with  an  inlet 
boundary  condition  at  the  surface,  instead  of  using  an 
actual  “slot”  within  the  computational  mesh  and  inlet 
boundary  condition  within  that  slot.  When  the  counter 
flow  blowing  was  turned  “off’,  that  part  of  the  blade 
became  a  smooth  surface.  It  is  reasonable  that  the 
existence  of  a  physical  blowing  slot  in  the  experiment, 
due  to  its  counter-flow  angle,  created  some  blockage  on 
the  pressure  surface  near  the  trailing  edge  and, 
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consequently,  increased  turning  of  the  flow.  This  lack 
of  blockage  in  the  computational  model,  in  addition  to 
the  blunt  trailing  edge  and  high  loading  over  the  entire 
chord  length,  created  a  highly-separated  flow  for  the 
baseline  condition.  The  Spalart-Allmaras  turbulence 
model  and  the  ADPAC  code  itself  have  not  been 
validated  for  flows  of  this  nature.  From  an  engineering 
standpoint  though,  it  may  still  be  possible  to  “calibrate” 
the  results  to  experimental  data  for  future  design 
applications. 

Some  of  the  discrepancies  over  the  full  range  of  Cm* 
values  may  also  be  attributed  to  the  fact  that  a  2-D, 
instead  of  3-D,  analysis  was  performed.  A  full-blown, 
3-D  ADPAC  solution  would  capture  more  real  aspects 
of  the  flow  physics,  such  as  the  3-D  relief  effect  and  end 
wall  boundary  layer  growth,  and  would  therefore  yield 
more  realistic  results.  A  3-D  analysis  will  not  be  used 
until  later  stages  in  the  design  process,  if  necessary. 

SUMMARY 

A  transonic-  linear  cascade  of  advanced  design  stators 
has  been  utilized  to  perform  a  feasibility  study  of  using 
CFB  to  achieve  additional  flow  turning.  The  PIV  data 
acquired  in  the  cascade  facility  has  been  compared  to  a 
high  fidelity  CFD  analysis,  ADPAC.  Considering 
limitations  of  the  turbulence  model  and  2-D  simulation 
taken  into  account,  the  code  was  shown  to  effectively 
predict  values  of  deviation  for  CFB  applications. 
Therefore,  this  study  demonstrates  the  ability  of 
ADPAC  to  effectively  model  the  relevant  flow  physics. 
The  CFD  results  did  not  compare  favorably  with  the 
PIV  data  for  no  blowing,  but  modeling  part  of  the  slot 
configuration  would  provide  a  significant  improvement. 
Based  on  this  initial  experimental  and  computational 
investigation,  the  potential  of  using  CFB  to  replace  a 
flapped  IGV  looks  promising. 
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Figure  la:  2D,  scaled-up  version  ofTescom  counter¬ 
swirl  stator  in  cascade. 


Figure  2:  Schematic  of  DPIV  setup  for  cascade 
measurements 


2-D  Mesh: 
3  Blocks 


Figure  3:  Capped  O  grid  for  Tescom-CAR  geometry, 
coarse  mesh. 


Figure  lb:  Schematic  of  modifications  made  to  create 
the  Tescom-CAR  geometry. 
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Figure  4:  PIV  data  for  Tescom-CAR  geometry.  From 
top  to  bottom,  Cm*  =  0.0,  0.0023,  and  0.0029.  Inlet 
Mach  #  =  0.75. 


Figure  5:  ADPAC  solutions  for  Tescom-CAR.  From 
top  to  bottom,  Cm*  =  0.0,  0.0022,  and  0.0030.  Inlet 
Mach  4  =  0.75. 
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Figure  6:  Calculated  y+  values  around  the  blade  for  (a) 


coarse,  (b)  medium,  and  (c)  fine  meshes. 


Tescom-CAR  at  1 .05CX:  Deviation 
Min  =  0.75 

PIV  vs.  ADPAC,  Spalart-Allmaras  Turbulence  Model 


Tescom-CAR  at  1.05Cx:  Displacement  Thickness 
Min  =  0.75 


Figure  7:  Experimental  vs.  Computational  Values  of 
Deviation  (top)  and  Displacement  Thickness  (bottom), 
respectively.  Inlet  Mach  #  =  0. 75. 
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1.  Introduction 

The  use  of  a  planar  non-intrusive  measurement  technique  such  as  Digital 
Particle  Image  Velocimetry  (DPIV)  have  made  it  possible  to  investigate  many 
aspects  of  unsteady  flows  previously  considered  difficult  due  to  the  effect  of 
a  measurement  probe  on  the  flow  field  or  too  time  consuming  because  of  the 
pointwise  nature  of  Laser  Doppler  Velocimetry  or  Laser  Transit  Anemometry. 
Furthermore,  time-accurate  CFD  codes  are  being  developed  and  are  now  com¬ 
monly  used  to  simulate  compressors  and  investigate  complex  unsteady  flow 
phenomenon. 

In  this  paper  DPIV  measurements  made  in  a  transonic  compressor  stage  are 
used  to  investigate  interactions  between  an  upstream  stator  and  a  downstream 
transonic  rotor.  In  particular,  the  interaction  between  the  rotor  bow  shock  and 
the  wake  shed  from  the  upstream  stator  are  explored  and  offered  as  a  test  case 
for  unsteady  CFD  comparison. 

Blade-row  interactions  are  known  to  have  a  significant  impact  on  the  aerome- 
chanical  and  aerodynamic  performance  of  compressors.  For  example,  Sanders 
and  Fleeter  [1]  have  shown  shock-induced  rearward  forcing  to  elicit  significant 
upstream  surface-pressure  amplitudes  and  a  complicated  forcing  environment 
that  contributes  to  High  Cycle  Fatigue  (HCF).  Numerous  low  speed  and  high 
speed  experimental  and  numerical  investigations  [2],  [3],  [4],  [5],  [6],  [7]  have 


1 


1028 


2 


revealed  how  some  blade  row  interactions  improve  stage  pressure  ratio  and 
efficiency  while  others  are  detrimental  to  performance. 

Previous  experiments  using  pointwise  velocimetry  techniques  have  been  used 
to  better  understand  the  three-dimensional  geometry  of  rotor  shocks  [8],  wake 
recovery  [4],  wake-shock  interactions  [9],  [10],  and  for  steady  CFD  code  com¬ 
parison  [11]. 

2.  Stage  Matching  Investigation  Rig 

The  DPIV  measurements  were  acquired  on  the  U.  S.  Air  Force’s  Stage  Match¬ 
ing  Investigation  (SMI)  rig.  It  is  a  high-speed,  highly-loaded  compressor  con¬ 
sisting  of  three  blade-rows:  a  wake  generator,  rotor,  and  stator  as  shown  in 
Figure  1 .  The  rig  was  designed  so  that  the  wake  generator  to  rotor  axial  spacing 
and  the  wake  generator  blade  count  could  be  varied.  The  axial  spacings  were 
denoted  as  "close",  "mid",  and  "far".  The  mid  and  far  spacings  represent  typi¬ 
cal  axial  gaps  found  in  operational  fans  and  compressors.  However,  the  current 
generation  of  high  performance  fans  and  compressors  are  being  designed  with 
the  goal  of  minimizing  blade-row  spacing  in  order  to  increase  performance  and 
reduce  compressor  length  and  thus  weight.  The  wake  generator  blade  count 
could  be  set  to  12,  24,  or  40,  or  the  rig  could  be  run  without  any  wake  generators 
(identified  as  the  "clean  inlet"  configuration).  Table  1  gives  the  wake  generator 
to  rotor  axial  spacings  normalized  by  the  wake  generator  chord. 


Figure  1.  Stage  Matching  Investigation  Rig  Layout 


2.1  Compressor  Stage  and  Wake  Generators 

The  rotor  and  stator  were  designed  by  Law  and  Wennerstrom  [12].  A  sum¬ 
mary  of  the  SMI  stage  aerodynamic  design  parameters  is  given  in  Table  2. 
The  purpose  of  the  wake  generators  was  to  create  wakes  typically  found  in 
modern-technology,  highly-loaded,  low-aspect-ratio  fan  and  compressor  front 
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Table  1.  Wake  Generator-Rotor  Axial  Spacing 


Spacing 

ax/c 

(mean) 

ax/c 

(hub) 

ax/c  (tip) 

Close 

0.13 

0.10 

0.14 

Mid 

0.26 

0.26 

0.26 

Far 

0.55 

0.60 

0.52 

ax  =  axial  spacing 
c  =  wake  generator  chord 


Table  2.  SMI  Aerodynamic  Design  Parameters 


PARAMETER 

ROTOR 

STATOR 

Number  of  Airfoils 

33 

49 

Aspect  Ratio  -  Average 

0.961 

0.892 

Inlet  Hub/Tip  Ratio 

0.750 

0.816 

Flow/ Annulus  Area, 

195.30 

— 

kg/s/m 

Tip  Speed,  Corrected  m/s 

341.37 

— 

\'l  k  i  i  LE  Hub 

0.963 

0.820 

Mrel  LE  Tip 

1.191 

0.690 

Max  D  Factor 

0.545 

0.502 

LE  Tip  Dia.,  m 

0.4825 

0.4825 

stages.  In  general  these  wakes  are  turbulent  and  do  not  decay  as  rapidly  as 
wakes  from  high-aspect-ratio  stages  with  lower  loading.  The  wake  generators 
were  designed  with  the  intent  of  producing  a  two-dimensional  representation  of 
wakes  measured  at  the  exit  of  a  high-pressure-ratio,  low-aspect-ratio  fan  stage 
reported  by  Creason  and  Baghdadi  [13].  A  two-dimensional  representation 
was  desired  in  order  to  isolate  the  effect  of  different  wake  parameters  during 
the  experiment. 

Details  of  the  Wake  Generator  (WG)  design  were  presented  by  Gorrell  et  al. 
[14].  In  summary,  the  WG’s  are  uncambered  symmetric  airfoils  that  do  not  turn 
the  flow.  They  have  a  small  leading  edge  and  a  blunt  trailing  edge.  This  shape 
creates  a  large  base  drag  and  no  swirl.  Solidity  is  held  constant  from  hub  to  tip 
by  varying  the  chord,  the  intent  being  to  hold  spanwise  loss  and  wake  width 
constant. 
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Calibration  of  the  WG’s  showed  this  was  the  case  except  near  the  endwalls. 
The  calibration  procedure,  instrumentation,  and  results  are  found  in  references 
[15]  and  [16].  From  those  results  the  widening  of  the  wake  from  close  to 
far  spacing  was  clearly  evident.  Wake  depth  was  deepest  at  close  spacing 
and  became  shallower  at  mid  and  far  spacing.  The  wake  width  was  nearly 
constant  from  hub  to  case.  This  confirmed  the  intent  of  the  wake  generator 
design  to  produce  a  two-dimensional  wake  profile.  The  wake  is  constant  in  the 
circumferential  and  radial  directions  but  not  in  the  streamwise  direction.  Also 
evident  from  rake  measurements  near  the  endwalls  was  the  boundary  layer 
growth  as  the  spacing  increased  from  close  to  far. 

From  calculated  velocity  profiles  it  was  observed  that  the  wake  depth  was 
similar  at  the  hub  and  case  and  deepest  near  mid  span.  Wake  decay  analyzed 
by  Chriss  et  al.  [16],  showed  that  the  SMI  wake  generator  wakes  demonstrated 
similar  trends  to  that  compared  in  the  literature. 

Due  to  the  blunt  trailing  edge  of  the  wake  generator,  its  wakes  may  be  wider 
than  what  would  be  produced  from  a  normally  cambered  stator  airfoil,  but  wake 
measurements  for  comparison  are  not  found  in  the  open  literature.  Regardless 
of  the  wake  thickness,  the  loss  produced  was  very  near  the  design  intent  and 
well  within  the  range  typically  found  in  highly  loaded  stators. 

2.2  SMI  Performance 

Performance  characteristics  for  the  SMI  rig  are  shown  in  Figure  2.  There 
was  a  significant  difference  in  performance  between  each  of  the  three  spac- 
ings  tested.  Both  the  pressure  ratio  and  efficiency  characteristics  decreased 
significantly  as  the  blade-row  axial  spacing  was  reduced  from  far  to  close.  The 
choking  mass  flow  rate  decreased  as  the  blade-row  axial  spacing  was  reduced. 
The  difference  in  pressure  ratio,  efficiency,  and  mass  flow  rate  between  the  far 
and  close  spacing  configurations  was  greater  than  the  repeatability  documented 
in  reference  [14].  Therefore  it  was  concluded  that  the  observed  change  in  per¬ 
formance  with  axial  blade-row  spacing  was  real  and  not  due  to  experimental 
measurement  uncertainty. 

3.  DPIV  System 

The  DPIV  system  used  to  obtain  the  measurements  presented  in  this  paper 
has  been  described  in  detail  by  Estevadeordal  et  al.  [17].  Figure  3  contains 
schematics  of  the  optical  system.  Two  frequency-doubled  Nd:YAG  lasers  are 
employed  for  instantaneous  marking  of  the  seed  particles  in  the  flow  field. 
Combined  by  a  polarizing  cube  or  a  beam  combiner,  the  beams  are  directed 
through  sheet-forming  optics  and  illuminate  the  test  section  with  a  2D  plane  of 
thickness  ^1  mm.  The  scattering  from  the  seed  particles  is  recorded  on  a  cross¬ 
correlation  CCD  camera  with  1008  x  1018  pixels  (Redlake  ES1.0).  The  camera 
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Figure  2.  SMI  Performance,  24WG’s,  100%  Corrected  Speed 


maximum  repetition  rate  is  15  double  exposures  per  second  and  was  set  to  10 
Hz  for  synchronization  with  the  laser  repetition  rate.  The  time  delay  between 
the  lasers  was  typically  2  /isec.  For  the  present  experiments  where  only  a  small 
area  was  to  be  captured,  the  camera  offered  sufficient  resolution.  A  105 -mm 
Nikon  lens  was  used.  The  magnification  for  the  present  experiments  was  17  and 
27  pixels/mm  which  corresponds  to  a  viewing  width  of  59  mm  (close  spacing) 
and  37  mm  (far  spacing). 

The  laser-sheet  delivery  system  consists  of  a  probe  inserted  in  an  enlarged 
WG,  light- sheet-forming  optics,  prisms,  and  probe  holders  for  mounting  the 
optics  and  for  protecting  them  from  contaminated  seed  materials.  To  minimize 
perturbations  the  modified  WG  was  located  two  WGs  below  the  WG  that  was 
centered  at  the  receiving  window.  A  receiving  window  made  of  chemically 
strengthened  glass  allowed  optical  access  to  the  region  of  interest.  Figure  3 
shows  schematic  diagrams  of  the  path  for  the  laser  system  and  the  optical 
probe.  Although  the  path  was  relatively  long,  the  power  required  for  laser- 
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Figure  3.  a)  Schematic  of  optical  path;  b)  schematic  of  flow  features  (drawn  to  scale)  showing 
DPIY  delivery  and  receiving  optics 
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sheet  illumination  was  very  low  (^10  mJ/pulse)  because  of  the  minimal  amount 
of  optics  loses.  The  F  stop  of  the  105  mm  lenses  was  kept  at  5.6  for  these 
experiments;  this  allowed  the  laser  power  to  be  kept  low  which  is  important 
for  the  safety  of  the  optical  components  in  the  optical  probe  as  the  beam  starts 
focusing. 

The  shape  of  the  laser  sheet  (thickness,  width,  focal  distance)  can  be  changed 
through  various  combinations  of  the  spherical-lens  focal  length,  the  cylindrical- 
lens  diameter,  and  the  distance  between  them  inside  the  WG  as  well  as  through 
external  optics  (a  spherical  lens)  located  in  the  laser  path.  The  spanwise  location 
of  the  laser  sheet  was  changed  by  rotating  the  probe  (Figure  4).  As  shown  in 
this  figure,  the  laser  sheet  is  inclined  and  not  at  a  constant  radius. 


Figure  4.  Laser  sheet  orientation.  Blade  LE  locations  are  shown  at  20  /is  intervals  with  lighter 
lines.  Thicker  portions  of  laser  sheets  denote  DPIV  image  locations. 
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The  length  of  the  probe  that  was  outside  the  WG  could  also  be  changed  to 
provide  further  flexibility  in  moving  the  laser-sheet  in  the  streamwise  direction. 
The  probe  was  set  manually  before  each  experiment. 

The  camera  was  aligned  and  focused  on  the  laser  sheet  prior  to  each  run.  It 
was  mounted  on  a  tripod  to  minimize  the  effect  of  rig  vibrations.  To  account 
for  possible  motion  of  the  camera  with  respect  to  the  laser  sheet  that  might 
occur,  the  camera  was  positioned  by  means  of  a  translation  stage  that  was 
remotely  controlled  to  allow  small  corrections  in  the  camera  location.  Large 
changes  with  respect  to  the  laser  sheet  could  produce  magnification  changes  that 
must  be  taken  into  account.  After  every  experiment  the  laser-sheet  and  camera 
locations  were  verified  for  possible  misplacements.  In  the  present  experiments 
the  only  change  required  was  slight  refocusing,  with  negligible  magnification 
effects. 

The  viewing  window  had  the  same  curvature  as  the  rotor  housing  (inner 
housing  radius  is  241.3  mm),  was  made  of  chemically  strengthened  glass  and 
had  a  thickness  of  2  mm.  The  effect  of  window  curvature  and  thickness  was 
investigated  by  Copenhaver  et  al.  [18]  and  found  to  have  a  negligible  effect  for 
the  present  CARL  setup. 

Several  options  for  seeding  the  high-flow  16  kg/s)  SMI  rig  in  the  CARL 
facility  were  evaluated  [17],  including  the  use  of  various  seeding  units  and  seed 
materials.  Both  local  and  global  seeding  was  considered.  The  seed  material 
used  was  sub-micron-size  smoke  particles  generated  from  a  glycerin  and  water 
mixture.  During  its  use  in  the  CARL  facility,  this  system  produced  sufficient 
seed  when  the  particles  were  introduced  at  the  end  of  the  settling  chamber, 
before  the  contraction,  and  at  the  height  of  the  receiving  window.  The  machine 
can  be  remotely  controlled.  The  seed  material  was  introduced  through  a  pipe 
of  50.4-mm  diameter  located  under  the  contraction  entrance. 

The  rotor  one-per-revolution  signal  was  used  for  triggering  the  synchro¬ 
nization  system.  A  digital  pulse  generator  (Stanford  DG535)  and  a  camera 
frame-grabber  (National  Instruments  PCI- 1424)  were  used. 

Once  the  PIV  images  have  been  captured  and  digitized,  the  velocity  field  is 
obtained  using  cross-correlation  techniques  over  interrogation  domains  of  the 
images  using  DPIV  software  developed  internally.  The  dimensions  of  each 
interrogation  domain  are  dependent  on  particle  density,  estimated  local  veloc¬ 
ity  gradients,  particle-image  size,  and  desired  spatial  resolution.  The  peak  of 
the  correlation  map  corresponds  to  the  average  velocity  displacement  within 
the  interrogation  spot.  An  intensity-weighted  peak- searching  routine  is  used  to 
determine  the  location  of  the  peak  to  sub-pixel  accuracy.  To  improve  the  signal  - 
to-noise  ratio  in  the  correlation  maps,  a  correlation-correction  scheme  [19]  is 
applied  wherein  each  map  is  multiplied  by  its  immediate  four  neighborhoods. 
An  overlapping  of  75%  is  used  to  include  much  the  same  particles  in  the  five 
maps  that  are  multiplied  to  yield  a  single  correlation  map  with  lower  noise.  Zero 
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padding  is  also  employed  for  adding  accuracy.  The  software  includes  a  grid 
feature  that  allows  selection  of  areas  of  the  image  to  be  processed.  This  permits 
removal  of  solid  regions  such  as  blades  and  WGs  and  also  shadows  from  the 
processing  areas.  It  also  provides  a  choice  of  various  correlation  engines  and 
correlation  peak  locators  and  incorporates  several  improvements  to  standard 
(single-pass)  PIV  techniques  such  as  recursive  estimation  of  the  velocity  field 
through  a  multipass  algorithm  for  increasing  resolution.  Two  passes  with  in¬ 
terrogation  cells  overlapping  75%  were  performed.  The  interrogation  domains 
are  overlapped  by  three-quarters  the  domain  size  to  yield  more  vectors.  The 
overlapping  includes  new  particles  in  every  subregion.  Average  routines  allow 
for  removal  of  outliers  beyond  any  number  of  standard  deviations.  Because  of 
the  strong  phase-locked  flow  features,  the  median  offers  a  valid,  robust,  and 
smooth  statistical  representation  of  the  average  velocity  field  [17]. 

Many  factors  are  involved  in  the  DPIV  uncertainty-calculation  process  (laser, 
CCD,  seeding,  imaging,  algorithms,  oscilloscope,  etc).  The  highest  uncertainty 
was  found  to  be  associated  with  the  velocity  calculation  which  involves  Ax 
(the  displacement  in  pixels  of  each  interrogation  region),  At  (the  time  interval 
between  the  two  exposures),  and  the  magnification  of  the  digital  image  relative 
to  the  object  (pix/m).  The  displacement  in  pixels  obtained  by  peak-locator 
algorithms  can  provide  sub-pixel  accuracy  (<  0.1  pixels)  after  correction  for 
various  biases  [20].  The  At  was  adjusted  to  yield  typical  displacements  of 
the  main  stream  >10  pixels,  and  the  uncertainty  is  thus  <1%.  Values  in  the 
wake  region,  however,  may  have  higher  uncertainties  due  to  the  lower  Ax.  The 
maximum  uncertainty  in  the  At  was  calculated  from  the  time  interval  between 
the  two  laser  pulses  with  the  aid  of  an  oscilloscope  (uncertainty  2%).  It  was 
found  that  this  uncertainty  increases  with  lower  laser  power  and  with  lower  At. 
A  conservative  number  for  the  present  experiments,  which  employed  a  At  of 
about  2  /is  and  powers  around  10  mJ,  was  found  to  be  1%.  The  magnification 
was  measured  using  images  of  grids  located  in  the  laser-sheet  plane  to  better 
than  1%.  Combining  these  conservative  measurements  of  uncertainty  yields  a 
maximum  error  of  <  2%  for  the  free- stream  velocity  and  ^10%  in  the  wake 
near  the  WG  area. 

4.  Results 

DPIV  results  are  presented  for  close  and  far  spacing  configurations  at  75% 
span,  100%  corrected  speed,  peak  efficiency.  Of  particular  interest  is  the  in¬ 
teraction  between  the  wake  generator  wake  and  the  rotor  bow  shock  and  the 
effect  blade-row  axial  spacing  has  on  the  overall  flow  field.  The  median  of 
50  instantaneous  images  is  plotted  as  it  was  found  that  it  provided  the  clearest 
image  of  the  flow  field. 
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4.1  Close  Spacing 

Previous  analysis  of  flow  visualization  and  DPIV  results  from  the  SMI  rig 
[17],  [18],  [21]  have  shown  that  at  close  spacing  vortex  shedding  from  the  wake 
generator  trailing  edge  is  phase  locked  to  the  rotor  blade  pass  frequency.  The 
main  source  of  the  synchronization  appears  to  be  the  strong  pressure  perturba¬ 
tion  provided  by  the  rotor  bow  shock  to  the  wake  generator  trailing  edge.  At 
close  spacing  the  instantaneous  images  of  vortex  shedding  are  similar  for  any 
given  operating  condition  and  blade  delay.  This  is  consistent  with  high  response 
pressure  measurements  obtained  on  the  wake  generator  surface,  which  showed 
a  strong  fluctuation  in  pressure  at  blade-passing  frequency  (7.7  kHz).  Since  the 
instantaneous  DPIV  data  contains  holes  in  velocity  information  where  seeding 
was  not  sufficient  to  obtain  a  correlation,  it  is  more  informative  to  look  at  the 
average  flow  field  where  data  intermittency  can  be  minimized.  Since  the  vor¬ 
tex  shedding  is  phase  locked  to  rotor  passing,  rotor  phase  locked  averaging  is 
possible  without  destroying  the  details  of  the  velocity  field  in  this  interaction 
region. 

At  close  spacing  DPIV  measurements  were  made  at  blade  delay  intervals  of 
5  ps  giving  30  different  rotor  blade  locations  for  one  blade-pass  period.  Seven 
of  the  blade  delays  are  shown  in  Figure  5.  The  rotor  bow  shock  is  defined 
by  the  large  velocity  gradient  and  a  change  in  flow  angle  toward  the  shock. 
Streamlines  are  drawn  near  the  wake  generator  to  highlight  the  wake  motion  at 
different  rotor  locations.  The  wavy  motion  of  the  wake  is  a  result  of  a  vortex 
being  shed  from  the  pressure  or  suction  surface  of  the  wake  generator.  This 
up  and  down  motion  continues  as  the  wake  convects  downstream  and  interacts 
with  the  rotor  bow  shock  and  then  is  chopped  by  the  rotor  blade.  Downstream 
of  the  rotor  bow  shock  there  is  an  expansion  zone  due  to  the  flow  accelerating 
around  the  rotor  suction  surface. 

The  DPIV  images  at  blade  delay  140  /is  and  20  /is  illustrates  that  the  shock- 
wake  interaction  results  in  a  wider  and  deeper  wake  downstream  of  the  shock. 
At  time  20  /is  the  low  velocity  region  downstream  of  the  shock  and  within  the 
wake  moves  up  to  18%  pitch  suggesting  that  the  shock- wake  interaction  has 
resulted  in  an  increase  in  wake  width. 

From  the  plot  at  blade  delay  140  /is  it  is  clear  that  the  wake  actually  splits 
the  shock  into  two  distinct  regions  above  and  below  the  wake.  It  was  also  ob¬ 
served  that  the  velocity  magnitude  at  the  wake  generator  trailing  edge  fluctuates 
significantly  depending  on  the  location  of  the  rotor  bow  shock.  As  the  shock 
approaches  the  wake  generator  the  velocity  increases  first  near  the  wake  gener¬ 
ator  pressure  surface,  then  on  the  suction  surface.  Once  the  shock  is  separated 
and  propagates  upstream  the  velocity  magnitude  decreases.  Numerical  analysis 
reported  by  Gorrell  et  al.  [7]  showed  that  the  interaction  of  the  wake  generator 
trailing  edge  with  the  rotor  bow  shock  causes  the  shock  to  turn  more  normal 
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Figure  6. 
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to  the  freestream  flow.  This  phenomenon  is  also  observed  in  the  experimental 
data  presented  in  Figure  5. 

4.2  Far  Spacing 

DPIV  plots  of  median  velocity  at  the  far  spacing  configuration  are  shown  in 
Figure  6.  Due  to  the  limit  in  laser  sheet  width  the  flow  field  was  not  captured 
near  the  wake  generator  trailing  edge.  The  wake  shedding  frequency  is  not 
easily  determined  as  it  was  at  close  spacing.  Hot  wire  measurements  obtained 
downstream  of  the  wake  generator  show  the  blade-pass  frequency  of  7.7  kHz 
and  another  frequency  of  8.8  kHz  are  the  most  powerful  peaks  in  the  spectrum. 
Further  analysis  is  required  to  determine  the  natural  shedding  frequency  of  the 
wake  generator.  An  observation  made  from  the  instantaneous  flow  visualization 
images  (not  presented  here)  suggest  a  phase  locking  of  the  wake  shedding  to 
the  bow  wave  perturbation  but  random  motion  of  the  vortices  as  they  convect 
downstream.  At  far  spacing  two  or  three  shed  vortices  are  present  at  any  given 
time  in  the  gap  between  the  wake  generator  and  rotor.  At  close  spacing  there 
is  only  one  vortex  present.  As  a  result  the  averaged  instantaneous  images  at 
far  spacing  do  not  show  as  clear  a  view  of  the  wake  region  as  close  spacing. 
Nevertheless,  plots  of  median  velocity  still  illustrate  important  details  of  the  far 
spacing  flowfield. 

Analysis  of  Figure  6  shows  bands  of  low  and  high  velocity  in  the  flow  field 
that  are  a  result  of  the  rotor  bow  shock  and  expansion  zone.  At  far  spacing  the 
rotor  bow  shock  is  not  as  well  defined  because  it  is  weaker  than  at  close  spacing. 
This  is  evident  from  the  peak  velocity  magnitude  observed  in  the  DPIV  images. 
The  peak  velocity  at  far  spacing  is  approximately  220  m/s  while  at  close  spacing 
it  is  245  m/s.  Due  to  the  increased  axial  gap  between  the  rotor  leading  edge  and 
wake  generator  the  rotor  bow  shock  has  dissipated  into  more  of  a  bow  wave  at 
the  location  it  interacts  with  the  wake  generator  trailing  edge. 

The  wake  generator  wake  has  mixed  out  more  resulting  in  a  wider  and  shal¬ 
lower  wake.  The  interaction  of  a  weaker  wake  with  a  weaker  bow  shock  does  not 
split  the  rotor  bow  shock  into  two  clearly  defined  regions  such  as  was  observed 
at  close  spacing. 

5.  Summary 

A  DPIV  system  for  use  in  transonic  turbomachinery  has  been  described. 
Results  from  an  experiment  conducted  in  the  SMI  rig  are  presented  that  show 
the  complex  flow  field  associated  with  the  interaction  of  a  downstream  transonic 
rotor  with  an  upstream  stator.  The  effect  of  changing  the  axial  gap  between 
blade-rows  is  studied  and  the  DPIV  plots  are  presented  as  an  experimental  data 
set  for  time  accurate  CFD  validation. 
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At  close  spacing  the  wake  shedding  is  synchronized  with  the  rotor  blade-pass 
frequency.  The  interaction  of  the  rotor  bow  shock  and  wake  generator  causes 
the  wake  to  expand  downstream  of  the  shock.  The  shock  is  split  into  two  regions 
above  and  below  the  wake.  As  the  shock  approaches  the  wake  generator  trailing 
edge  the  velocity  increases  and  the  shock  to  turn  more  normal  to  the  freestream 
flow. 

At  far  spacing  the  wake  convects  downstream  in  a  chaotic  fashion.  Bands 
of  high  and  low  velocity  are  evident  from  the  rotor  bow  shock  and  expansion 
waves  downstream  of  the  shock.  The  interaction  between  the  rotor  bow  shock 
and  wake  generator  is  much  weaker  than  the  close  spacing  interaction.  The 
wake  has  mixed  out  more  at  the  location  it  interacts  with  the  shock  and  does 
not  split  the  shock  in  two  nor  turn  the  shock  normal  to  the  freestream  flow.. 
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Investigation  on  Vortex  Shedding  of  Jet  in  Crossflow 


B.  Kiel,  A.  Cox,  J.  Estevadeordal,  and  S.  Gogineni 

ABSTRACT 

An  experimental  investigation  of  a  circular  jet  issuing  from  a  wall  normal  to  a  crossflow  was  conducted 
over  a  momentum-ratio  range  of  2.0  -  15  for  various  jet  and  crossflow  Reynolds  numbers.  The  flow  field 
was  interrogated  using  split- film  and  DPIV  techniques  to  characterize  the  various  regimes  of  the  flow.  The 
analyzed  data  revealed  the  three  classic  vortices  that  are  present  in  a  jet-in-cross-flow  environment:  the 
leading-edge  horseshoe  vortex,  Karman-Street  vortices,  and  the  combined  Kelvin-Helmholtz/Counter- 
Rotating  Vortex  Pair  (K-H/CVP).  It  was  observed  that  the  penetration  is  a  function  not  only  of  momentum 
ratio  and  axial  location  but  also  of  both  jet  and  crossflow  Reynolds  Numbers.  The  DPIV  data  qualitatively 
indicated  an  increase  in  the  Kelvin  Helmholtz  vortex  shedding  frequency  with  crossflow  Reynolds  number. 


NOMENCLATURE 

CVP  Counter-Rotating  Vortex  Pair 
DFFT  Discrete  Fourier  Transform 
DPIV  Digital  PIV 
JICF  Jet  in  Crossflow 

M  Momentum  Ratio  (pjUj2/pc  Uc2) 

k  Wave  Number 

Re  Reynolds  Number 

rms  Root  Mean  Square 

St  Strouhal  Number 

U  Velocity 

Subscripts 

c  Crossflow 

d  Dissipation  Scale 

j  Jet 

INTRODUCTION 

Jets  in  crossflow  (JICF)  are  important  design  considerations  for  many  components  in  gas  turbine  engines. 
For  example,  in  the  combustor,  crossflow  jets  are  introduced  into  the  hot-gas  path  to  promote  primary-zone 
and  dilution-zone  mixing.  The  crossflow  jets  enhance  mixing,  which  is  required  for  high  combustor 
efficiencies,  are  also  used  to  create  exit-temperature  profiles  for  the  turbine  stages  to  allow  high  turbine 
efficiency  and  acceptable  turbine  durability.  JICF  are  also  used  in  the  augmentor  to  cool  hot  parts.  A 
greater  understanding  of  the  design  parameters  of  a  JICF  can  lead  to  performance  improvements  in  the 
inlet,  combustor,  turbine,  augmentor,  and  exhaust  nozzle,  (Lord,  MacMartin,  &  Tillman  2000). 

JICF  have  been  studied  for  more  than  70  years,  (Sutton  1932  and  Bosanquet  &  Pearson  1936).  In  the 
1970s  and  1980s  a  tremendous  number  of  studies  were  conducted  on  JICF.  These  efforts  have  been 
summarized  by  Margason  (1993).  In  this  comprehensive  paper,  Margason  reviewed  many  areas,  including 
parametric  studies  associated  with  jet  properties.  One  of  Margason’ s  conclusions  was  that  only  limited 
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efforts  have  been  made  to  resolve  the  unsteady  flow  features  of  a  JICF.  More  recent  papers  have  addressed 
several  aspects  of  JICF  and  the  unsteady  nature  of  the  flow.  Specifically,  numerous  authors  have  described 
a  system  of  four  vortices  that  emanate  from  the  mixing  process  between  the  jet  and  the  crossflow: 
horseshoe  vortices,  Karman-Street  vortices,  Kelvin-Helmholtz  vortices,  and  the  counter-rotating  vortex  pair 
(CVP).  When  the  jet  issues  into  the  crossflow,  it  initially  acts  as  a  semi-rigid  column  of  air.  The  formation 
of  the  horseshoe  and  Karman-Street  vortices  is  similar  to  that  of  vortices  formed  by  a  solid  cylinder  in 
crossflow  (Figures  land  2).  The  size  and  number  of  horseshoe  vortices  is  dependent  on  the  crossflow  Re 
(Wei,  Chen,  &  Du  2000  and  Kelso  &  Smits  1995). 


Fig.  2  Flow  Visualization  of  Karman-Street  Vortices  [Gogineni  et  al.  (1995)] 

Regarding  the  Kelvin-Helmholtz  vortices,  Figure  3,  shows  a  side  view  of  three  such  vortices,  with  axes  of 
rotation  normal  to  the  page.  Figure  4  depicts  the  same  type  of  vortices,  with  the  laser  sheet  normal  to  the 
crossflow  direction.  The  origins  of  the  Kelvin-Helmholtz  have  been  debated  for  more  than  30  years. 
Several  papers  have  supported  the  position  that  the  origin  of  both  the  Kelvin-Helmholtz  and  the  CVP  is 
instabilities  manifested  from  a  vortex  ring  emanating  from  the  jet.  The  mechanism  for  the  formation  of 


Fig.  3  Flow  Visualization  of  Kelvin-Helmholtz  Vortices  Fig.  4  PIV  Image  of  CVP 

[Gogineni  et  al.  (1995)] 

these  vortices  is  the  Kelvin-Helmholtz  instability  at  the  jet  exit.  A  vortex  ring  is  formed  as  the  jet  issues 
into  the  crossflow.  As  the  vortex  ring  convects  in  the  wake,  it  is  amplified  by  the  velocity  gradient  between 
the  jet  and  the  recirculation  zone.  The  vortex  ring  is  also  stretched  and  tilted  by  the  strong  velocity  gradient 
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between  the  free  stream  and  the  jet  wake.  These  assertions  have  also  been  recently  verified  by  Kiel  et.  al. 
(2003). 


SCOPE 

Most  recent  studies  on  JICF  have  been  concentrated  in  two  areas.  First,  many  studies  have  been  focused  on 
a  specific  vortex  shedding  in  the  flow.  Here,  the  effect  of  Re  or  momentum  ratio  on  the  specific  vortex- 
shedding  phenomena  was  studied.  Second,  other  studies  have  used  computations,  smoke,  or  lasers  to 
visualize  the  flow.  From  the  visualizations,  conclusions  were  drawn  on  the  nature  of  the  vortices  in  the 
JICF  interactions.  These  visualizations  were  typically  at  one  momentum  ratio  and  one  Re.  This  paper 
reports  the  results  of  a  split- film  and  DPIV  experimental  study  that  determined  the  frequency  content  of  the 
vortices  formed  in  the  JICF  over  a  wide  range  of  conditions.  Data  were  obtained  on  the  horseshoe  and 
Kelvin-Helmholtz  vortices  Comparisons  between  split-film  and  DPIV  data  are  made  to  shed  further  light 
on  the  nature  of  the  vortices  in  this  flow. 


EXPERIMENTAL  APPARATUS 

The  test  article  (Fig.  5)  required  two  sources  of  air— one  for  the  jet  and  one  for  the  crossflow.  The 
crossflow  air  was  supplied  by  a  5.60-kW  blower  that  delivered  up  to  0.567  kg/s  of  air  (standard  day).  The 
mass  flow  from  the  blower  was  controlled  by  a  variable-speed  motor  controller.  Jet  air  was  supplied  by  an 
825-kPA  air  source.  Air  flow  and  pressure  were  controlled  through  the  use  of  a  pressure  regulator  and 
control  valve.  Subsequently,  the  air  was  metered  by  a  rotameter  with  a  flow  range  of  0.589  -  13  m3/s. 
Several  factors  were  considered  in  the  design  of  this  test  article.  It  was  designed  such  that  the  Re  based  on 
jet  velocity  and  jet  diameter  was  in  the  range  13,000  -  34,000.  This  range  was  consistent  with  that  of 
mixing  jets,  dilution  jets,  and  film-cooling  flows  in  combustors  and  augmentors.  Consideration  was  also 
given  to  crossflow  Re  based  on  channel  height.  A  range  of  100,000  -  250,000  was  achieved,  which  also  is 
analogous  to  combustor  and  augmentor  flows. 


Jet  Flow 


Fig.  5  Schematic  of  Test  Article  (D  =  0.001476m) 

DATA  COLLECTION  AND  PROCESSING 

Data  were  collected  in  a  previous  experiment  (Kiel  et.  al.,  2003)  using  a  split-film  probe;  in  the  present 
experiment  DPIV  was  employed.  Horseshoe-vortex  data  were  collected  one-half  diameter  ahead  of  the 
upstream  edge  of  the  jet  orifice.  This  point  can  be  referred  to  at  location  “A”  on  Figure  5.  The  split- film 
probe  was  traversed  in  the  flow  to  obtain  Karman- Street  and  K-H/CVP  data.  Traverses  were  taken  one 
diameter  downstream  of  the  trailing  edge  of  the  jet  (location  “B”  in  Fig.  5).  Traverses  proceeded  normal  to 
the  bottom  surface  of  the  test  article.  The  probe  was  traversed  at  increments  of  0.0025  m  until  the 
measured  velocity  was  parallel  to  the  inlet  crossflow.  Rms  velocity  was  also  compared  to  the  velocity  of 
the  inlet  crossflow  to  assure  matching.  Traverses  typically  contained  from  15  to  20  data  points.  Finally, 
frequency-domain  information  was  calculated  from  raw  velocity  data  obtained  with  the  split  film  using  a 
DFFT  routine.  The  frequency-domain  information  was  treated  in  two  ways.  First,  the  frequency-domain 
velocity  data  was  studied,  and  data  on  dominant  frequency  and  associated  flow  conditions  were  collected. 
Data  were  then  non-dimensionalized  and  tabulated  for  vortex  type. 
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Figure  6  is  a  schematic  of  the  DPIV  system  used  to  collect  instantaneous  velocity  and  flow-visualization 
data.  Two  frequency-doubled  Nd:YAG  lasers  are  employed  for  instantaneous  marking  of  the  seed  particles 
in  the  flow  field.  Combined  by  a  beam  combiner,  the  beams  are  directed  through  sheet- forming  optics  and 
illuminate  the  test  section  with  a  2D  plane  ~  1  mm  thick.  Scattering  was  created  from  seed  particles 
introduced  into  the  flow.  The  seed  material  used  in  the  main  flow  was  submicron- size  smoke  particles 
generated  from  a  glycerin  and  water  mixture  and  introduced  directly  into  the  system  through  the  open 
blower.  For  seeding  the  jet,  alumina-dioxide  submicron  particles  were  added  in  the  line  that  feeds  the  jet 
using  a  cyclone-type  seeder.  The  location  of  the  seed  particles  is  recorded  on  a  cross-correlation  CCD 
camera  with  1008  x  1018  pixels  (Redlake  ES1.0).  The  camera  repetition  rate  is  set  to  10  Hz  for 
synchronization  with  the  laser  repetition  rate.  A  105-mm  Nikon  lens  was  used.  Selection  of  the 
magnification  and  time  delay  between  the  lasers  was  dependent  on  the  viewed  area  of  the  flow.  The  power 
required  for  laser-sheet  illumination  was  very  low  (~  1 0  mJ/pulse)  because  of  the  minimal  amount  of  optics 
loses. 

Once  the  PIV  images  have  been  captured  and  digitized,  the  velocity  field  is  obtained  using  cross¬ 
correlation  techniques  over  interrogation  domains  of  the  images  using  commercially  available  DPIV 
software.  The  dimensions  of  each  interrogation  domain  are  dependent  on  particle  density,  estimated  local 
velocity  gradients,  particle-image  size,  and  desired  spatial  resolution.  The  peak  of  the  correlation  map 
corresponds  to  the  average  velocity  displacement  within  the  interrogation  spot.  An  intensity-weighted 
peak- searching  routine  is  used  to  determine  the  location  of  the  peak  to  sub-pixel  accuracy.  To  improve  the 
signal-to-noise  ratio  in  the  correlation  maps,  a  correlation-correction  scheme  is  applied  wherein  each  map  is 
multiplied  by  its  immediate  four  neighborhoods.  An  overlapping  of  75%  is  used  to  include  about  the  same 
particles  in  the  five  maps  that  are  multiplied  to  yield  a  single  correlation  map  with  lower  noise.  Zero 
padding  is  also  employed  for  adding  accuracy.  The  software  includes  a  grid  feature  that  allows  selection  of 
areas  of  the  image  to  be  processed.  It  also  provides  a  choice  of  various  correlation  engines  and  correlation 
peak  locators  and  incorporates  several  improvements  to  standard  (single-pass)  PIV  techniques  such  as 
recursive  estimation  of  the  velocity  field  through  a  multipass  algorithm  for  increasing  resolution.  The 
interrogation  domains  are  overlapped  by  three-quarters  the  domain  size  to  yield  additional  vectors.  The 
overlapping  includes  new  particles  in  every  subregion.  Average  routines  allow  for  removal  of  outliers 
beyond  any  number  of  standard  deviations  (Estevadeordal  et  al.  2002). 

Many  factors  are  involved  in  the  DPIV  uncertainty-calculation  process  (laser,  CCD,  seeding,  imaging, 
algorithms,  oscilloscope,  etc).  The  highest  uncertainty  was  found  to  be  associated  with  the  velocity 
calculation,  which  involves  Ax  (the  displacement  in  pixels  of  each  interrogation  region),  At  (the  time 
interval  between  the  two  exposures),  and  the  magnification  of  the  digital  image  relative  to  the  object 
(pix/m).  The  displacement  in  pixels  obtained  by  peak-locator  algorithms  can  provide  sub-pixel  accuracy 
(<  0.1  pixels)  after  correction  for  various  biases.  The  At  was  adjusted  to  yield  typical  displacements  of  ~  10 
pixels,  and  the  uncertainty  is,  thus,  <  1%.  Values  in  the  wake  region,  however,  may  have  higher 
uncertainties  due  to  the  lower  Ax.  The  maximum  uncertainty  in  the  At  was  calculated  from  the  time 
interval  between  the  two  laser  pulses  with  the  aid  of  an  oscilloscope  (uncertainty  2%).  It  was  found  that 
this  uncertainty  increases  with  lower  laser  power  and  with  lower  At.  A  conservative  number  for  the  present 
experiments,  which  employed  a  At  of  about  10-20  ps  and  powers  around  10  mJ,  was  found  to  be  <1%.  The 
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magnification  was  measured  using  images  of  grids  located  in  the  laser-sheet  plane  to  better  than  1%. 
Combining  these  conservative  measurements  of  uncertainty  yields  a  maximum  error  of  <  2%  for  the  free- 
stream  velocity  and  -10%  in  the  lower  speed  areas  of  the  jet. 


RESULTS  AND  DISCUSSION 

In  this  section  results  from  split- film  and  DPIV  measurements  will  be  presented  in  two  ways.  Split- film 
data  will  be  shown  through  the  use  of  dimensionless  energy  spectra  and  dimensionless  mean  velocity 
profiles.  Figure  7  is  the  dimensionless  turbulent  kinetic  energy  spectra  for  a  momentum  ratio  of  10.  It  was 
taken  one  diameter  behind  the  jet  and  at  the  point  normal  to  the  surface  where  maximum  velocity  occurred 
(~  2.75  diameters  above  the  surface).  Figure  8  is  representative  of  the  dimensionless  turbulent  kinetic 
energy  at  all  points  in  the  flow.  Plots  differed  only  in  the  magnitude  of  dimensionless  turbulent  kinetic 
energy  in  the  large-eddy  region  of  the  flow,  in  excellent  agreement  with  the  assertions  made  by  Tennekes 
and  Lumley  (1990).  Note  that  the  split- film  probe  would  resolve  only  dimensionless  wave  numbers  less 
than  k/kd~0.08.  As  a  result,  some  of  the  dissipation  range  was  not  resolved. 


10'5  0.0001  0.001  0.01  0.1  1  10 


Dimensionless  Wave  Number  (k/kd) 

Fig.  7  Dimensionless  Turbulent  Kinetic  Energy  vs.  Dimensionless  Wave  Number 


Mean  and  rms  velocity  was  also  calculated  for  each  point  of  data  taken  by  the  split-film  probe.  The  mean 
of  the  time- varying  data  was  then  calculated.  Figure  8  depicts  mean- velocity  profiles  one  diameter 
downstream  of  the  probe  for  momentum  ratios  ranging  from  2.5  to  15.  It  should  be  noted  that  generally  the 
dimensionless  mean-velocity  peak  increases  with  increasing  momentum  ratio.  Furthermore,  the  maximum 
occurs  higher  and  higher  along  the  y-axis  as  the  momentum  ratio  increases,  as  expected. 


Fig.  8  Dimensionless  Velocity  Profiles  at  x/D=l 
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For  the  horseshoe  vortex,  instantaneous  velocity  data  were  collected  over  a  momentum-ratio  range  of  3-25, 
and  a  range  of  Re,  based  on  jet  diameter  and  crossflow  velocity,  of  3,000  -  17,600.  Re  was  varied 
independent  of  momentum  ratio  and  visa  versa.  Four  characteristic  peaks  were  discerned  in  the  data 
between  0  and  50  Hz.  For  frequencies  greater  than  50  Hz,  a  peak  was  rarely  discernable.  Figure  10  is  a 
plot  of  St  versus  Re  for  all  four  peaks.  Note  in  all  cases  that  St  decreased  with  increasing  Re. 

Kelso  and  Smits  (1995)  studied  a  laminar  horseshoe  vortex  in  front  of  the  jet.  Their  data  and  flow 
visualization  indicated  that  horseshoe  vortices  exist  in  three  Re  regions:  steady,  oscillating,  and  coalescing. 
For  their  conditions  they  indicated  that  for  Re  greater  than  3,500  the  vortices  are  a  coalescing  system.  One 
could  speculate  that  the  vortices  in  this  experiment  are  most  likely  in  the  oscillating  or  coalescing  regions. 
In  the  oscillating  case,  the  vortices  oscillate  as  the  Kelvin-Helmholtz  vortex  ring  forms  in  the  jet  and  sheds. 
In  the  coalescing  case,  vortices  coalesce,  and  new  vortices  are  constantly  being  formed.  Both  regions  are 
characterized  by  three  primary  and  several  secondary  vortices. 

Figure  9  shows  the  St  data  for  the  four  peaks  noted  in  the  frequency  data  for  the  horseshoe  vortex.  As 
indicated  by  Kelso  &  Smits  (1995),  three  of  the  peaks  in  the  data  are  associated  with  the  three  primary 
vortices.  The  fourth  can  be  explained  in  two  ways.  Either  it  is  due  to  the  oscillatory  nature  of  the  flow 
(typically  these  oscillations  are  very  low  frequency,  corresponding  to  the  lowest  St)  or  it  corresponds  to  the 
formation  and  shedding  of  the  Kelvin-Helmholtz  ring  in  the  jet  boundary  layer. 
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Fig.  9  St  Versus  Re  for  Horseshoe  Vortex 


Figure  10  depicts  two  typical  results  from  the  DPIV  investigation  of  horseshoe  vortices.  At  the  top  are 
flow  visualization  images,  and  at  the  bottom  are  average  velocity  vectors  and  streak  lines.  Areas  of 
recirculation  are  noted  on  the  leading  edge  of  the  jet.  It  is  difficult  to  discern  whether  this  area  is  created  by 
horseshoe-vortex  formation,  Kelvin-Helmholtz  vortex  formation,  or  a  combination  of  these  two.  Beyond 
this  area  it  is  difficult  to  discern  other  areas  of  possible  recirculation  because  of  the  fine  structures 
developing  along  the  wall  and  on  the  wall  of  the  jet  as  it  issues  into  the  crossflow.  On  the  other  hand,  the 
raw  and  processed  plots  for  the  higher  Reynolds  number,  lower  momentum  ratio  flow  depict  more 
discernable  areas  of  horseshoe  vortex  formation.  In  the  color  image,  streak  lines  make  it  easy  to  recognize 
at  least  two  horseshoe  vortices. 


Figure  1 1  depicts  the  DFFT  of  instantaneous  velocity  data  from  split  film  in  the  region  of  the  Kelvin- 
Helmholtz  vortices.  These  data  were  taken  approximately  one  diameter  downstream  of  the  trailing  edge  of 
the  jet  and  at  a  point  above  the  surface  where  the  velocity  vector  was  maximum.  This  position  depended 
on  flow  conditions.  From  Figure  11  it  is  noted  that  two  bands  of  data  were  measured  at  the  different 
conditions  in  the  flow.  Previously,  Kiel  et.  al.  (2003)  proposed  that  the  two  sets  of  data  correspond  to  the 
frequency  of  the  K-H/CVP  vortices  and  the  frequency  of  the  shedding  of  the  vortex  ring. 
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Fig.  10  Instantaneous  DPIV  Data  Upstream  of  Jet  Exit  for  Two  Re  Cases 
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Figure  1 1  St  Versus  Momentum  Ratio  for  KH-CVP 
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Figure  12  displays  raw  DPIV  images  corresponding  to  a  jet  Reynolds  number  of  36,000  with  various 
momentum  ratios.  The  effect  of  increasing  the  crossflow  momentum  in  the  jet  can  be  qualitatively 
discerned.  Figure  13  shows  the  average  of  50  processed  (median)  DPIV  images.  Pictured  are  contours  and 
vectors  of  velocity.  The  conditions  for  these  data  are  the  same  as  those  depicted  in  Figure  12.  The  effect  of 
increasing  the  crossflow  momentum  in  the  jet  can  be  quantitatively  discerned. 


M=10  ^  M=8  M=6  M=4 

Fig.  12  Flow  Visualizations  for  Various  Momentum  Ratios  (Ujet=59.6  m/s) 
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Fig.  13  Average  Velocity  Distribution  for  Rej=36,000 


In  both  Figures  12  and  13,  it  is  evident  that  jet  penetration  is  a  function  of  the  jet  momentum  ratio  for  a 
constant  jet  Reynolds  number.  In  Figure  14  raw  and  processed  data  are  displayed.  The  processed  data  are 
average  (50  samples)  vectors  and  velocity  contours.  The  conditions  for  Figure  14  were  such  that  the 
momentum  ratio  was  held  constant  while  jet  and  crossflow  Reynolds  numbers  were  varied.  For  a  constant 
momentum  ratio  of  10  it  is  obvious  that  the  jet  penetration  changes  radically  with  Reynolds  number.  From 
this  result  we  can  assert  that  the  jet  penetration  is  a  function  not  only  of  the  momentum  ratio  and  axial 
location  but  also  of  both  jet  and  crossflow  Re  numbers. 


Figure  11  (Kiel,  et.  al.  2003)  depicts  the  St  decreasing  for  the  Kelvin-Helmholtz  vortices.  On  further 
inspection,  this  result  is  counter-intuitive  relative  to  shedding  from  circular  cylinders  and  bluff  bodies. 
Further  assessment  of  the  raw  data  in  Figure  14  also  sheds  light  on  this  issue.  It  is  evident  from  the  figure 
that  the  vortices  are  reduced  in  size  as  the  Reynolds  number  of  the  crossflow  is  increased,  which  is 
analogous  to  the  increase  in  frequency.  This  contradiction  can  be  resolved  when  the  frequency— not  the 
Strouhal  number— of  the  data  is  considered.  Figure  15  depicts  the  frequency  vs  Reynolds  number  for  the 
data  in  Figure  12.  It  should  be  noted  that  frequency  is,  in  fact,  increasing  with  Reynolds  number, 
regardless  of  momentum  ratio.  When  comparing  Figures  1 1  and  15,  the  data  indicate  that  the  frequency  is 
increasing.  However,  from  the  definition  of  the  Strouhal  number,  the  velocity  (in  the  denominator)  is 
apparently  increasing  more  rapidly  than  the  frequency  (in  the  numerator).  This  would  explain  the  negative 
trend  in  Strouhal  number. 


CONCLUSION  AND  RECOMMENDATIONS 

DPIV  was  an  invaluable  tool  in  this  study.  It  provided  vital  physical  information  concerning  the  flow  that 
could  not  be  obtained  with  a  split-film  probe  alone  and  lent  further  insight  into  various  JICF  features  and 
their  apparent  dependence  on  Reynolds  number.  It  also  revealed  that  for  this  range  of  Reynolds  numbers, 
the  jet  penetration  is  a  function  of  both  jet  and  crossflow  conditions  in  addition  to  momentum  ratio  and 
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Fig.  14  Flow  Visualizations  and  Average  Velocity  Distributions  for  Various  Re  Numbers  at  M=10 


Fig.  15  Frequency  vs  Reynolds  Number  for  the  First  Frequency  Peak  in  Kelvin  Helmholtz  Data 


axial  location.  Finally  DPIV  verified  that  while  the  frequency  of  the  Kelvin-Helmholtz  shedding  was,  in 
fact,  increasing,  the  Strouhal  number  was  decreasing.  These  findings  are  also  valuable  for  flow-control 
efforts.  In  further  efforts  the  physical  understanding  obtained  in  split-film  and  DPIV  experiments  will  be 
used  to  develop  and  evaluate  control-oriented  modeling.  In  the  future,  studies  on  controllability  and 
observability  with  different  actuator  and  sensor  configurations  will  be  conducted  using  DPIV  and  split-film 
data-acquisition  systems. 
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Abstract 


Preliminary  design  computational  results  showed  that  a  significant  amount  of  increased  flow  turning  (12  degrees)  can  be 
achieved  in  a  high  turning  stator  example  with  only  0.5%  core  flow  counter-flow  blowing  (CFB).  To  explore  this  approach, 
an  existing  cascade  section  was  modified  to  implement  a  uproof-of-concepf'  design.  Experimental  data  from  Particle  Image 
Velocimetry  (PIV)  showed  that  an  increase  of  8  degrees  in  turning  was  achieved  through  counter-flow  blowing  of  0.28%  of 
the  core  flow.  For  this  investigation,  a  simplified  2-D  model  was  run  by  the  Advanced  Ducted  Propfan  Analysis  Code 
(ADPAC)  and  compared  to  the  experimental  results  for  a  range  of  0.0%  to  0.30%  core  flow  counter-flow  blowing.  Based  on 
this  study,  ADPAC  has  been  shown  to  be  a  viable  design  tool  for  CFB  applications. 
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deviation  of  flow 

=  ac-a*e 
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mass  blowing  coefficient 
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corrected  total  pressure 
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Mach  number 
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cascade  exit  Mach  number 

Subscripts 
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cascade  blade  spacing 

j 

blowing  slot  (jet) 

U 

absolute  velocity 

X 

x-  component 

yk.m 

mass-averaged,  kth  component  of  velocity 
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y-  component 
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Introduction 
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design  exit  flow  angle 
actual  exit  flow  angle 
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Current  fan  designs  in  many  cases  require 
flapped  IGV’s  (a  segmented  stator  with  only  the 
(6)  back  portion  rotating  like  a  flap  on  a  wing  of  an 
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aircraft)  to  assure  correct  inlet  flow  conditions 
during  off-design  operation.  The  ability  to  vector  the 
flow  without  the  need  of  the  “flap”  on  the  IGV 
would  significantly  reduce  the  mechanical 
complexity  and  weight  of  the  fan  system.  In 
addition,  flow  vectoring  within  the  fan  and 
compressor  could  greatly  reduce  the  need  for 
variable  stators,  again  reducing  the  cost  and  weight 
of  the  engine.  This  approach  employs  pressure 
surface  counter-flow  blowing  to  increase  the 
circulation/loading  and  achieve  considerable  flow 
vectoring.  The  stator  uses  a  carefully  placed  blowing 
jet  to  increase  the  circulation  (i.e.  loading)  of  the 
blade,  thereby  providing  the  necessary  turning.  The 
blowing  jet  is  placed  on  the  pressure  surface  of  the 
blade  near  the  trailing  edge  and  is  directed  into  the 
flow,  i.e.  in  a  counter-flow  direction,  as  near  to 
tangent  to  the  surface  of  the  blade  as  possible. 

In  this  paper,  a  detailed  experimental  and 
computational  investigation  into  the  flow  physics 
associated  with  CFB  for  an  advanced  design  stator 
airfoil  is  reported.  A  transonic  linear  cascade  wind 
tunnel  is  utilized  to  obtain  detailed  PIV 
measurements  with  and  without  CFB.  In  addition,  a 
high  fidelity  computational  fluid  dynamics  (CFD) 


model  is  used  to  model  the  experimental 
configuration.  The  CFD  model,  ADPAC,  is 
compared  with  the  experimental  data  with  the  intent 
that  it  could  then  be  utilized  to  design  a  new 
circulation-controlled  (CC)  IGV,  which  would 
eliminate  the  need  for  the  flap  therefore  reducing  the 
weight  and  the  required  axial  spacing  of  an  engine 
using  a  flapped  IGV. 

Experimental  Setup 

Modifications  were  made  to  an  existing  2D 
cascade  of  the  “Tescom”  geometry,  a  counter-swirl 
stator,  and  called  the  “Tescom-CAR”  geometry  (see 
Figure  1).  The  trailing  edges  were  rounded  off  on 
the  center  three  blades  of  the  seven-blade  cascade,  to 
allow  for  installation  of  the  blowing  plenums  and 
proper  location  of  the  counter-flow  blowing  jets. 
The  jet  slots  were  added  at  mid-span  on  the  pressure 
surface  near  the  trailing  edge  of  the  blades.  The  jets 
had  a  flow  angle  of  70°  with  respect  to  the  normal  to 
the  blade  surface,  in  the  counter-flow  direction,  and 
a  nominal  width  of  0.010”.  Particle  Image 
Velocimetry  (PIV)  test  data  were  acquired  for 


Fig.  1  a:  Tescom-CAR  blades  in  Tescom  counter-swirl  cascade. 
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Fig.  lb:  Schematic  of  modifications  made  to 
create  the  Tescom-CAR  geometry. 


nominal  mass  blowing  coefficients  of  0.0  (baseline), 
0.005,  and  0.01  of  the  core  flow  /l, 2/.  For  a  mass 
blowing  coefficient  of  0.01,  the  injected  flow  passed 
through  2.00”  slots  on  each  6.06”  span  blade, 
yielding  a  conversion  factor  for  the  CFD  analysis  of 
Cm  =  0.0303  per  unit  of  span  at  the  PIV  test  cross 
section.  Test  cases  were  conducted  in  a  transonic 
blowdown  wind  tunnel  at  Virginia  Tech  University 
having  a  test  section  of  30.48  cm  x  15.24  cm  (12  in 
x  6  in),  test  durations  of  10  seconds,  and  a  nominal 
inlet  Mach  number  of  0.75.  Inlet  conditions  during 
the  test  were  set  according  to  inlet  total  and  static 
pressure  measurements.  Counter-flow  blowing  was 
measured  with  a  calibrated  orifice  plate  and  supplied 
to  the  center  three  blades  of  the  cascade.  The 
estimated  gauge  pressures  for  Cm  values  of  0.0108 
and  0.0047  were  40psi  and  13psi,  based  on  data 
from  the  test  facility. 

A  DPIV  system  was  developed  (see  schematic, 
Figure  2)  for  transonic-cascade  investigations  13/ . 
Two  frequency-doubled  Nd:YAG  lasers  are  used  for 
instantaneous  marking  of  the  seed  particles  in  the 
flow  field.  The  beams  are  combined  and  directed 
through  sheet-forming  optics  and  illuminate  the  test 
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section  with  a  2D  plane  of  thickness  <  1  mmt  The 
scattering  from  the  seed  particles  is  recorded  on  an 
ES1.0  Kodak  CCD  sensor  (1008  x  1012  pixels).  The 
camera  maximum  repetition  rate  is  15  double 
exposures  per  second  and  was  set  to  10  Hz  for 
synchronization  with  the  laser  repetition  rate.  A  105- 
mm  Nikon  lens  was  used.  The  magnification  for  the 
present  experiments  was  ~  20  pixels/mm,  which 
corresponds  to  a  viewing  width  of  ~  50  mm.  The 
time  delay  between  the  lasers  was  typically  2  psec. 
Once  the  PIV  image  has  been  captured  and  digitized, 
the  velocity  field  is  obtained  using  cross-correlation 
techniques.  The  correlation  function  is  calculated 
over  small  segments  (interrogation  domains)  of  the 
PIV  image.  The  peak  of  the  correlation  map 
corresponds  to  the  average  velocity  displacement 
within  the  interrogation  spot.  An  intensity-weighted 
peak-searching  routine  is  used  to  determine  the  exact 
location  of  the  peak  to  sub-pixel  accuracy.  To 
improve  the  signal-to-noise  ratio  in  the  correlation 
maps,  a  correlation-correction  scheme  is  applied 
wherein  each  map  is  multiplied  by  its  immediate 
four  neighborhoods.  An  overlapping  of  75%  is  used 
to  include  many  of  the  same  particles  in  the  five 
maps  that  are  multiplied  to  yield  a  single  correlation 
map  with  lower  noise.  Zero  padding  is  also 
employed  for  adding  accuracy.  For  these 
experiments  100  image  pairs  were  obtained  during  a 
10  sec  tunnel  blowdown  period.  Of  those  images,  50 
were  chosen  within  the  steady  part  of  the  run  to  be 
averaged  with  outlier  rejection  of  two  standard 
deviations.  Averaging  the  instantaneous  velocity 
fields  has  the  effect  of  eliminating  the  fluctuations 
due  to  incoherent  unsteadiness  associated  with 
turbulence  and  permitting  a  better  comparison  to  the 
steady  CFD  predictions  /4/. 

A  compact  laser-sheet  delivery  system  was 
utilized.  This  system  consists  of  an  optical  probe 
designed  with  light-sheet-forming  optics  internal  to 
the  probe,  which  is  similar  to  that  reported  by 
Copenhaver  el  al.  (2002).  The  probe  was  placed 
downstream  of  the  cascade  in  the  flow  path  inside  a 
glass  rod  that  is  transverse  to  the  main  flow 
direction.  The  cascade  endwalls  were  formed  with 
31.75-mm  (1.25-in.)  thick  Plexiglas  to  allow  optical 
access.  The  power  required  for  laser-sheet 


illumination  was  very  low  (<20  mJ/pulse)  because  of 
minimal  optics  loses.  Seeding  particles  were  injected 
into  the  flow  approximately  10  blade-chord  lengths 
upstream  of  the  cascade  section  with  an  injection 
rake.  Sub-micron  particles  of  aluminum  dioxide 
were  used  as  the  seeding  material. 

The  uncertainty  in  the  DPIV  velocity 
measurements  was  determined  as  follows.  The 
velocity  was  computed  dividing  the  displacement 
(pixels)  of  each  interrogation  region,  by  the  time 
interval  between  the  two  exposures,  and  by  the 
magnification  of  the  digital  image  relative  to  the 
object  (pixels/mm).  The  time  interval  was  adjusted 
to  yield  typical  displacements  of  the  free  stream  in 
the  present  experiments  of  >  10  pixels,  with  an 
uncertainty  of  <1%.  Values  in  the  wake  region 
where  the  minimum  velocity  occurs,  however,  have 
higher  uncertainties  because  of  the  lower 
displacements;  for  example,  1  pixel  displacement 
could  yield  an  uncertainty  of  ~  10%.  The  maximum 
uncertainty  in  the  time  interval  was  calculated  from 
the  time  interval  between  the  two  laser  pulses.  It  was 
found  that  this  uncertainty  increases  with  lower  laser 
power  and  with  lower  time  interval.  A  conservative 
number  for  the  present  experiments,  which 
employed  a  time  interval  of  2  psec  and  powers 
around  20  mJ,  was  found  to  be  1%.  The 
magnification  was  measured  from  images  of  rulers 
located  in  the  laser-sheet  plane,  and  it  is 
conservatively  estimated  that  it  could  be  read  to 
better  than  1%.  Combining  these  three  conservative 
measurements  of  uncertainty  yields  a  maximum 
error  of  <  ±2%  of  the  reported  value  for  the  free- 
stream  velocity,  which  increases  to  -±10%  of  the 
reported  value  at  the  wake-minimum-velocity 
location. 

Experimental  Results 

The  exit  flow  fields  obtained  averaging  50  PIV 
frames  are  shown  in  Figure  4  for  corrected  mass 
blowing  coefficients  of  0.0,  0.0023,  and  0.0028,  as 
obtained  from  equations  (2),  (3),  (8),  and  (10).  Data 
were  extracted  directly  from  the  contour  plots  for 
calculation  of  displacement  thickness  and  deviation. 
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Displacement  thickness  was  calculated  at  10^% 
axial  chord,  numerically  integrating  the  data  across  a 
full  flow  passage  according  to  equation  (9).  This 
gives  the  fraction  of  blockage  in  the  flow  passage 
due  to  the  presence  of  the  blade.  Deviation  was 
calculated  along  the  same  plane  at  105%  axial  chord 
from  mass-averaged  x  and  y  velocity  components 
via  equations  (4),  (6),  and  (7).  Density,  which  varied 
by  <10%  in  the  wake  region  for  all  CFD  cases,  was 
assumed  constant  in  equation  (4).  All  experimental 
results  are  presented  in  Table  1.  To  summarize,  an 
increase  of  flow  turning  of  2°  was  achieved  with  Cm* 
of  0.0023,  while  an  increase  of  7.8°  was  achieved 
with  Cm*  of  0.0027. 


Table  1 

Tescom-CAR  Experimental  Results. 
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A  key  assumption  underlying  the  experimental 
Cm  values  is  identical  blowing  slot  widths  on  all 
three  blades.  This  was  not  the  case,  as  the  average 
slot  widths  of  the  blades  were  0.012”,  0.01 1”,  and 
0.013”,  the  blade  used  for  the  P1V  data  being  the 
smallest  of  the  three.  From  continuity,  and  assuming 
steady  flow  with  constant  mass  flux  across  each  slot, 
the  actual  mass  flow  rates  through  the  test  blade 
would  have  been  0.93  of  reported  values.  Cm  values 
were  adjusted  from  0.0025  and  0.0030  to  0.0023  and 
0.0028,  respectively.  This  did  not  change  the  basic 
trends  for  the  proof-of-concept  test;  however,  flow 
vectoring  was  achieved  with  a  slightly  lower  CFB 
mass  flow  than  what  was  originally  believed. 


2-D  Computational  Model 

With  the  experimental  data  providing  incentive 
for  further  computational  investigation  of  counter¬ 
flow  blowing,  a  simplified,  two-dimensional  “proof- 
of-concept”  model  was  constructed  to  see  if  ADPAC' 
(Advanced  Ducted  Propfan  Analysis  Code)  /4/  could 
predict  the  basic  trends.  The  solutions  were  run  in 
2D  steady-state  mode  to  save  on  computational  time, 
and  the  Spalart-Allmaras  (1 -equation)  turbulence 
model  was  used.  The  computational  domain 
consisted  of  three  blocks,  with  a  capped  O  grid  for 
the  blade  and  two  1 1 0%-axial-chord,  extension  H 
grids  upstream  and  downstream  of  the  blade.  Figure 
3  shows  the  capped  O  grid  used  in  the  coarse  mesh. 
Each  test  case  was  run  on  coarse,  medium,  and  fine 
meshes  to  demonstrate  grid  independence  of  the 
solution.  Resolution  was  increased  by  a  factor  of 
3.93  from  the  coarse  to  the  medium  mesh,  and  by  a 
factor  of  3.59  from  the  medium  to  the  fine  mesh. 
This  corresponded  to  ~1.98x  and  ~1.89x  increases 
along  each  dimension  for  the  2-D  mesh. 

Boundary  conditions  were  set  to  model  the 
experiment  as  follows:  Inlet  total  pressure  and 
temperature  were  set  to  standard  values,  and  the  exit 
static  pressure  was  set  to  obtain  inlet  Mach  ~  0.75 
for  all  cases.  Periodic  boundary  conditions  were  set 
on  the  upper  and  lower  edges  of  the  mesh,  and  the 
flow  solver  was  set  to  Cartesian  coordinates,  to 
model  the  linear  cascade.  The  blade  was  defined  as 
an  adiabatic,  solid,  no-slip  surface.  Counter  flow 
blowing  was  modeled  with  an  inlet  boundary 
condition  at  the  appropriate  location  on  the  pressure 
surface  of  the  blade.  The  code  was  restarted, 
adjusting  the  blowing  jet  total  pressure  and  flow 
angle  to  obtain  the  correct  conditions.  Mass  flow 
rates,  as  well  as  mass-averaged  velocity 
components,  were  measured  with  PROBE  (boundary 
condition)  at  the  inlet,  at  the  blowing  jet,  and  at 
105%  axial  chord. 

Converged  solutions  were  obtained,  where  the 
logio  residual  was  -7.4  or  lower.  The  initial  log|0 
residual  values  ranged  from  -2.0  to  -3.0;  these 
results  go  well  beyond  the  ADPAC  manual’s  three 
orders  of  magnitude  criterion  for  converged 
solutions. 
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2-D  Mesh: 

3  Blocks 

Coarse:  1.12  x104  points 
Medium:  4.40  x  1 04  points 
Fine:  1 .58  xlCr  points 


Fig.  3:  Capped  O  grid  for  Tescom-CAR  geometry,  coarse  mesh. 


Computational  Results 

The  exit  flow  fields  for  C„, *  =  0.0,  0.0022,  and 
0.00828  are  shown  in  Figure  5,  corresponding  to  the 
three  experimental  test  points  in  Figure  4. 


Fig.  4a:  P1V  data  for  Tescom-CAR  geometry.  Cni* 
=  0.0.  Inlet  Mach  #  =  0.75. 


Displacement  thickness  was  calculated  as  for  the 
experiment.  Deviation  was  calculated  from  the 
mass-averaged  PROBE  data.  Details  of  the 
computational  study  are  presented  in  Table  1  for  Cm 
values  ranging  from  0.0  to  0.0030.  Mesh  levels 


Macv 


=  0.0023.  Inlet  Mach  #  =  0.75. 
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Fig.  4c:  PIV  data  for  Tescom-CAR  geometry.  Cm* 
=  0.0028.  Inlet  Mach  #  =  0.75. 


Fig.  5a:  ADPAC  solutions  for  Tescom-CAR.  Cm’ 
=  0.0.  Inlet  Mach  #  =  0.75. 


Fig.  5b:  ADPAC  solutions  for  Tescom-CAR.  Cm* 
=  0.0022.  Inlet  Mach  #  =  0.75. 


Fig.  5c:  ADPAC  solutions  for  Tescom-CAR.  Cm* 
=  0.0028.  Inlet  Mach  #  =  0.75. 


(coarse,  medium,  or  fine)  are  shown  for  each  case, 
along  with  blowing  and  inlet  mass  flows  as  acquired 
from  the  PROBE  output  data,  and  the  nominal  mass 
blowing  coefficient  calculated  from  equation  (1). 
The  main  parameters  for  Mach  number,  flow  angle, 
deviation,  and  displacement  thickness  are  also 
included  in  fable  2.  Inlet  quantities  were  measured 
at  the  model  inlet  plane,  115%  chord  length 
upstream  from  the  leading  edge  of  the  blade.  For 
improved  consistency  of  the  wake  profiles  obtained 


on  three  mesh  levels,  exit  quantities  were  measured 
at  the  105%-chord  exit  plane,  which  was  the 
common  interface  between  the  O-grid  and 
downstream  H-grid  for  all  three  meshes.  Finally, 
CFB  quantities  were  measured  at  the  CFB  inlet 
boundary  on  the  surface  of  the  blade.  Total  pressure 
of  the  blowing  jet  was  increased  until  the  code 
became  unstable  for  all  three  meshes.  The  baseline 
mesh  was  the  only  one  that  was  actually  choked  (M 
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k  Table  2 

Tescom-CAR,  ADPAC  2-D  Simulation  Details. 
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-  1.0)  at  its  maximum  blowing  rate,  whereas  both 
the  coarse  and  fine  cases  were  not  yet  choked  (M  ~ 
0.95).  Slot  geometries,  as  determined  by  inlet 
boundary  conditions  in  ADPAC,  were  identical  for 
all  three  meshes.  Instability  may  have  been  due  to 
non-physical  pressure  gradients  especially  at  the  first 
two  cells  of  the  blowing  slots,  which  were 
inadequately  clustered  near  the  edges  for  all  three 
meshes. 

The  y+  values  for  the  first  grid  point  off  the 
blade  were  calculated  with  equation  (5)  using 
second-order  polynomial  fits  for  the  (du/dy)wa|| 
values  and  plotted  in  Figure  6.  Generally,  y+  values 
less  than  5  are  needed  to  include  the  viscous  sub¬ 
layer,  while  most  research  suggests  that  values  less 
than  I  are  required  for  good  accuracy  when  the 
turbulence  equations  are  integrated  to  the  wall  /5/. 


This  does  not  imply  complete  physical  accuracy  of 
the  turbulence  model,  rather,  that  the  full  capability 
of  the  model — though  limited — was  being  used.  It  is 
apparent  from  Figure  6(a)  that  a  large  part  of  the 
suction  and  pressure  surfaces  were  at  or  above  y+  = 
1.  This,  along  with  non-monotone  convergence  of 
the  displacement  thickness,  indicated  that  there  was 
significant  error  in  the  coarse-mesh  boundary  layer 
solution.  Consequently,  the  coarse-mesh  solution 
was  out  of  the  asymptotic  range  as  described  by 
Roache  161.  The  y+  values  were  less  than  -0.8  for 
the  medium  mesh  and  less  than  -0.7  for  the  fine 
mesh  everywhere  along  the  blade,  except  for  the 
leading  edge  and  the  immediate  vicinity  of  the 
blowing  slot.  Therefore  a  two-grid  analysis  was  used 
on  the  medium  and  fine  meshes  with  a  factor  of 
safety  of  3  to  determine  the  discretization  error. 
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Table  3  presents  the  Grid  Convergence  Index 
data  for  the  medium  and  fine  mesh  solutions.  The 
grid  convergence  index  for  a  fine  mesh  solution  is 


calculated  as  follows: 


Table  3 

Tescom-CAR  simulation,  Grid  Convergence  Index. 
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where  e  = 


fm  ~ff 
fm 


(Jib) 


for  some  characteristic  function  /  (e.g.,  deviation) 
defined  on  the  medium  mesh,  at  level  m,  and  the 
fine  mesh,  at  level  f.  The  recommended  factor  of 
safety  for  a  two-grid  convergence  study  is  Fs  =  3. 
The  effective  grid  refinement  ratio  may  be  defined 
as 


(He) 


where  D  =  2  is  the  dimensionality  of  the  problem. 
For  the  medium-fine  mesh  comparison  at  hand,  r  ~ 
1 .895,  and  the  order  of  convergence  is  assumed  to  be 
p  =  2.  According  to  the  grid  convergence  index 
calculations,  the  discretization  error  of  the  fine  mesh 
solution  was  <  2.7%  for  deviation,  <  3.9%  for 
displacement  thickness,  and  <  0.9%  for  free  stream 
exit  Mach  number. 


Experimental/Computational  Comparison 

Computational  versus  experimental  results  are 
presented  in  Figure  7  for  deviation  and  displacement 
thickness,  respectively.  As  noted  above,  the 
computational  model  was  a  simplified  one;  all  the 
details  of  the  experimental  geometry  and  test 
conditions  were  not  incorporated  into  the  model,  and 
therefore  a  direct,  one-to-one  comparison  could  not 
be  made.  However,  according  to  Figure  7,  the 
simplified,  2-D  model  predicted  the  trends 
reasonably  well,  on  a  scale  similar  to  the 
experimental  values:  increasing  the  corrected  mass 
flow  of  CFB  was  found  to  increase  the  amount  of 
flow  turning,  increase  the  wake  size,  and  increase 
the  free  stream  exit  Mach  number. 

Perhaps  the  most  significant  of  the  simplifying 
assumptions  made  for  the  model  was  the  use  of 
periodic  boundary  conditions.  This  assumption  was 
not  valid  for  the  experimental  cascade,  which 
contained  only  three  Tescom-CAR  blades  in  a 
seven-blade  array.  The  remaining  four  were  Tescom 


Fig.  7a:  Experimental  vs.  Computational  Values  of  Flow  Deviation.  Inlet  Mach  #  =  0.75. 
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Fig.  7b:  Experimental  vs.  Computational  Values  of  Displacement  Thickness.  Inlet  Mach  #  =  0.75 


Experimental  vs.  Computational  Values  of  Free  Stream  Exit  Mach  #.  Inlet  Mach  #  =  0.75 
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blades,  which  have  approximately  14%  more  chord 
length  than  the  Tescom-CAR  blades,  and  may 
therefore  explain  the  increased  baseline  flow  turning 
of  the  experiment  compared  to  the  ADPAC  model.  It 
is  uncertain  what  impact,  if  any,  this  restraining 
effect  would  have  on  the  cases  where  Cm*  =  0.0023 
and  Cm*  =  0.0028. 

Second,  the  model  assumed  a  2-D,  instead  of 
3-D,  flow  through  the  cascade.  A  full-blown,  3-D 
ADPAC  solution  would  capture  more  real  aspects  of 
the  flow  physics,  such  as  the  3-D  relieving  effect, 
which  would  contribute  to  diminished  wake  size, 
and  end  wall  boundary  layer  growth,  which 
contributes  to  an  increased  exit  free  stream  Mach 
number.  Typically,  a  3-D  analysis  will  not  be  used 
until  later  stages  in  the  design  process,  if  necessary. 

Next,  the  2-D  model  assumed  a  cascade  angle  of 
attack  of  -4.5°,  which  may  or  may  not  have  been  the 
case  for  the  experiment.  Sensitivity  studies  were 
performed  for  the  baseline  case  over  a  range  of  ocj 
values  from  38°  to  44°,  showing  that  a  6-degree 
decrement  virtually  eliminated  the  difference 
between  computational  and  experimental  free- 
stream  exit  Mach  numbers.  Additionally,  the 
difference  between  experimental  and  computational 
wake  size  (i.e.,  displacement  thickness)  was  reduced 
by  50%,  and  the  free-stream  deviation  of  flow  was 
decreased  by  about  1°.  This  data  was  acquired  near 
the  outset  of  the  investigation  but  was  ignored  due  to 
confusion  over  the  definition  of  the  blade  camber 
angle.  To  be  more  precise,  the  Tescom-CAR  mesh 
was  created  to  match  the  leading  edge  of  the  blade  to 
an  inlet  angle  of  44.0°;  however,  the  line  was  drawn 
to  the  suction  surface  instead  of  the  true  camber  line 
passing  through  the  center  of  the  blade,  resulting  in 
an  angle  of  attack  (otj  -  yj )  of  about  4.5°. 

Finally,  the  model  assumed  the  blowing  slot  to 
be  an  inlet  boundary  condition  at  the  blade  surface, 
instead  of  using  an  actual  “slot”  within  the 
computational  mesh  and  inlet  boundary  condition 
within  that  slot.  The  counter-flow  “slot”  was  not 
clustered  near  its  edges,  which  may  have  limited  the 
model's  stability,  as  well  as  its  ability  to  capture  the 
viscous  flow  profile  of  the  jet  and  its  interactions 
with  the  primary  flow. 


Summary 

A  transonic  linear  cascade  of  advanced  design 
stators  has  been  utilized  to  perform  a  feasibility 
study  of  using  CFB  to  achieve  additional  flow 
turning.  The  PIV  data  acquired  in  the  cascade 
facility  has  been  compared  to  a  high  fidelity  CFD 
analysis,  ADPAC.  Considering  limitations  of  the 
turbulence  model  and  2-D  simulation  taken  into 
account,  the  code  was  shown  to  effectively  predict 
values  of  deviation  for  CFB  applications.  Therefore, 
this  study  demonstrates  the  ability  of  ADPAC  to 
effectively  model  the  relevant  flow  physics.  Based 
on  this  initial  experimental  and  computational 
investigation,  the  potential  of  using  CFB  to  replace  a 
flapped  IGV  looks  promising. 
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A  particle-shadow-velocimetry  (PSV)  technique  that  employs  light  sources  with 
significantly  lower  power  than  lasers  is  introduced  as  a  variant  of  particle-image  velocimetry 
(PIV).  The  PSV  technique  uses  a  non-scattering  approach  that  relies  on  direct  in-line 
illumination  by  a  pulsed  source  such  as  a  light-emitting  diode  (LED)  onto  the  camera 
imaging  system.  Narrow-depth-of-field  optical  setups  are  employed  for  imaging  a  two- 
dimensional  plane  within  a  flow  volume,  and  images  that  resemble  a  “negative”  or  “inverse” 
of  the  standard  PIV  scattering  mode  are  produced  by  casting  particle  shadows  on  a  bright 
background.  In  this  technique  the  amount  of  light  reaching  the  image  plane  and  the 
contrast  of  the  seeding  particles  are  significantly  increased  while  requiring  significantly 
lower  power  than  scattering  approaches.  The  limitations  of  the  technique,  its  velocity 
ranges,  and  the  setup  parameters  are  discussed. 


I.  Introduction 

PARTICLE-IMAGE  VELOCIMETRY  -  (PIV)  is  a  powerful  diagnostic  technique  that  is  capable  of  providing 
accurate  and  resolved  velocity  fields  in  a  variety  of  applications.  High-speed  PIV  is  becoming  increasingly 
important  with  the  emergence  of  high-speed  laser  sources  and  high-speed  video  cameras.1  Most  PIV  techniques 
require  laser  light  sources  that  are  capable  of  high-power,  short-duration  pulses,  allowing  instantaneous  marking  of 
seed  particles  and  capture  of  their  scattered  light  by  an  imaging  system.  Presently  lasers  are  the  most  expensive 
component  in  PIV  systems,  despite  their  relatively  slow  repetition  rates  in  their  commercial  form.  High-speed  PIV 
is  even  more  costly  since  it  also  requires  expensive  high-speed  cameras. 

In  the  present  paper  an  alternative  approach,  particle-shadow  velocimetry  (PSV),  is  introduced,  which  allows 
low-power  illumination  sources  such  as  LEDs  to  be  used  for  PIV  in  many  applications.  LEDs  are  inexpensive  and 
can  be  pulsed  to  nanosecond  levels  and  at  high-repetition  rates;2  their  use  is  proposed  here  for  applications  to  PIV 
measurements  in  various  fields  of  view  and  over  various  velocity  ranges.  The  PSV  technique  has  further  advantages 
with  respect  to  laser-based  PIV  because  it  produces  no  glare  or  reflections  from  surfaces;  since  LEDs  of  many 
monochromatic  wavelengths  are  available,  two-color  PIV  and  multicolor  PIV  is  also  feasible. 

Applications  of  the  technique  for  large  areas  through  the  use  of  LED  clusters  to  increase  short-pulses  brightness 
and  strategies  for  controlling  the  depth  of  field  for  imaging  a  two-dimensional  (2D)  plane  will  be  also  discussed. 

One  of  the  main  aims  of  this  research  is  to  develop  a  technique  for  use  in  large-scale,  high-speed  wind-tunnel 
applications  that  can  accommodate  direct  illumination.  A  schematic  of  the  LED  setup  for  one  such  application,  a 
transonic-cascade  experiment,3  is  shown  in  Fig.  1.  The  small  size  of  the  LED  light-source  units  and  their  relatively 
simple  wiring  also  make  them  attractive  and  feasible  for  optical  diagnostics  inside  turbomachines. 

II.  Particle-Shadow  Velocimetry  (PSV) 

The  PSV  technique  is  a  variant  of  PIV  that  utilizes  direct  in-line  volume  illumination  and  an  imaging-optics 
setup  that  produces  a  narrow  depth-of-field  (DOF)  for  2D  plane  imaging. 
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Fig.  1  LED  substitutes  the  laser  in  transonic-cascade  experiment.  Narrow  DOF  imaging  substitutes  the  laser- 
sheet  thickness. 


In  PSV  the  setup  permits  the  DOF,  the  field-of-view  (FOV),  and  the  working  distance  (WD)  to  be  adjusted  by 
introducing  spacers  or  bellows  between  the  camera  body  and  various  lenses  (Fig.  2).  In  a  simple  setup  that  uses 
bellows  (Fig.  2a),  the  required  extension  of  the  bellows  attachment  is  the  product  of  the  reproduction  ratio 
(magnification)  and  the  focal  length. 

The  DOF  decreases  with  the  spacing  and  large  aperture  and  can  produce  a  very  thin,  focused  plane  (e.g.,  sub¬ 
millimeter).  The  addition  of  more  than  one  lens  (Fig.  2b)  increases  flexibility  in  the  combination  of  the  key 
parameters  (DOF,  FOV,  WD).  Commercially  available  lenses  where  used  in  the  present  investigation,  but  custom 
designs  could  yield  a  smaller  setup  for  achieving  the  desired  parameters.  For  example,  since  the  DOF  is  proportional 
to  the  diameter  of  the  lenses,  a  larger  diameter  lens  would  produce  a  sharper  DOF.  In  the  present  study  the  DOF 
was  on  the  order  of  1-3  mm,  and  the  FOV  and  the  WD  could  be  varied  from  millimeters  to  several  centimeters. 
Another  mechanism  that  was  considered  for  controlling  key  parameters  such  as  the  DOF  is  image  post-processing. 
For  example,  image  filtering  allows  removal  of  image  data  that  fall  beyond  a  certain  intensity  threshold,  based  on 
their  location  from  the  center  of  the  focal  plane.  Most  PIV  techniques  utilize  such  methods.  For  example, 
microscopic  PIV4,5  approaches  and  miniature  PIV  with  LED6  approaches  utilize  the  principle  of  narrow  DOF  to 
image  a  2D  plane  as  well  as  imaging  post-processing  filtering  techniques.  Some  approaches  employ  defocusing 
principles  to  measure  the  three-dimensional  (3D)  velocity  field.5,7 


FLOW 

region 


Std  PIV  Area 
(e.g.,  ~25  mm) 


a) 

FP 


FOV 


Light 


WD 
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Fig.  2  Examples  of  PSV-setup  schematics  with  narrow  DOF  and  direct  in-line  LED  volume  illumination. 

The  micro-PIV  approaches  are  often  based  on  fluorescent  tagging  of  particles4  or  on  light  scattering  though 
transmitted-light  microscopy.5  In  fluorescence  approaches,  particles  suspended  in  the  flow  [e.g.,  polystherene  latex 
particles  -(PSL)]  are  tagged  with  a  dye  to  excite  at  a  certain  wavelength  (typically  chosen  to  be  near  the  Nd:YAG- 
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laser  wavelengths)  and  emit  at  another.  In  transmitted-light  techniques,  the  light  is  transmitted  from  a  source  on  the 
side  of  the  specimen  that  is  opposite  the  objective  and  passed  through  a  condenser  to  focus  it  on  the  specimen  for 
obtaining  very  high  illumination.  After  the  light  passes  through  the  specimen,  the  image  of  the  specimen  goes 
through  the  objective  lens  and  to  the  oculars,  where  the  enlarged  image  is  viewed.  The  most  widely  used  setup  for 
proper  specimen  illumination  and  image  generation  is  known  as  Kohler  illumination,  and  there  the  micro-PIV 
applications  rely  on  scattering. 

The  miniature  approach  of  PIV  with  LED  found  in  the  literature6  discusses  various  setups  and  results  from 
forward,  backward,  and  side  scattering.  Because  of  weak  scattering  from  the  LED,  the  technique  is  applied  only  to 
small  areas.  In  other  approaches  such  as  holography,  scattering  and  its  interaction  with  the  background  light  is  of 
major  importance  when  using  coherent  laser  light.8'12 

PSV  employs  a  fundamentally  different  approach  that  does  not  rely  on  principles  such  as  fluorescence, 
scattering,  coherence,  Doppler,  defocusing,  or  tagging  but  on  the  simpler  particle  shadow  cast  on  a  bright 
background.  This  is  a  consequence  of  the  in-line,  zero-degree-deviation  direct-illumination  setup.  Figure  3  is  a 
schematic  of  the  differences  between  collection-of-scattering  and  collection-of-extinction  (shadow-casting) 
alignment  setups.  In  the  PSV  mode  the  angle  between  the  components  is  zero.  A  particle  lies  between  the  source 
and  the  detector  (a  camera  imaging  system  in  this  case)  and  casts  a  shadow  of  a  certain  area  given  by  the  light- 
extinction  characteristics13  that  can  be  considerably  greater  or  smaller  than  the  geometrical  shadow  of  the  particle. 
Contrast  changes  yield  particle-shadow-diameter  variations  and  permit  the  diameter  to  be  adjusted  by  varying  the 
intensity  of  the  incident  light.  A  brighter  light  produces  a  smaller  particle  shadow  and,  as  a  consequence,  yields  a 
sharper  DOF. 


a)  b) 

Fig.  3  Schematic  of  imaging  alignment  for  scattering  mode  (a)  and  PSV  mode  (b),  showing  spherical 
particle,  its  scattering  (dashed),  and  its  shadow  from  background  light  directed  from  left  to  right. 

Figure  4  shows  image  samples  comparing  the  two  setups  in  particle  beads  on  a  glass.  Having  the  particles  fixed 
in  the  glass  allows  the  exposure  time  to  be  adjusted  and  reveals  the  differences  in  the  images.  Both  have  the  same 
short  DOF.  The  appearance  of  the  images  in  the  PSV  approach  is  that  of  an  “inverse”  or  “negative”  image  with 
respect  to  that  from  scattering.  For  given  LED  pulse  characteristics,  the  efficiency  of  the  scattering  set-up  (non- 
direct  illumination)  was  observed  to  be  very  low  compared  to  that  of  the  PSV  setup  (zero-degree  angle  of 
illumination).  As  with  the  PIV-with-LED  approaches  found  in  the  literature,6  the  capture  of  scattering  images  could 
be  accomplished  only  for  very  small  distances  and  regions  (WD  and  FOV).  In  the  PSV  mode,  the  LED  light  is 
directed  straight  onto  the  camera,  and  shadows  of  seeding  in  a  bright  background  result,  with  a  “inverse-PIV”  or 
“negative-PIV”  appearance. 


(a)  (b) 

Fig.  4  Side-scattering  image  (a)  and  PSV  image  (b).  Particle  beads  on  glass  were  used. 

Although  a  rigorous  study  has  not  yet  been  performed,  some  PSV  features  can  be  readily  explained  using 
particle  absorption  and  scattering-of-light  principles13  that  predict  the  interaction  between  light  and  particles  in  the 
present  PIV  ranges.  Of  greatest  interest  here  is  the  light-particle  interaction  and  its  effect  behind  the  particle,  the 
region  associated  with  forward  scattering  or,  using  a  term  that  shares  some  terminology  with  fluid  mechanics,  the 
“electromagnetic-wake  region.”  For  example,  the  following  argument  clarifies  why  the  region  with  the  highest 
scattering  efficiency— forward— has  little  to  no  effect.  The  particle  image  recorded  on  a  camera  is  a  result  of  the 
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extinction  of  the  (in-line)  light  caused  by  absorption  and  scattering,  as  opposed  to  the  forward  scatter  of  any  light  by 
the  particle.  The  extinction  produces  a  shadow,  while  forward  scatter  brightens  the  particle  image.  In  the  basic  setup, 
the  only  forward  scatter  that  could  contribute  to  the  particle  image  is  that  of  a  very  small  angle,  i.e.,  only  the  light 
that  would  be  scattered  directly  into  the  recorded  image  of  the  particle.  All  other  forward- scattered  light  would 
contribute  only  to  an  increased  background  over  the  entire  image.  This  means  that  only  a  small  angular  fraction  of 
the  forward  scatter  affects  the  particle  contrast.  Therefore,  the  strong  forward  source  light  always  has  a  much  greater 
influence  than  the  scattering. 

The  ratio  of  extinction  to  forward  scatter  depends  on  the  particle  size;  but  in  most  cases,  extinction  is  ten  times 
larger  than  forward  scatter.  This  becomes  further  reduced  since  the  only  concern  here  is  forward  scatter  in  a  very 
small  angular  region.  Any  scatter  outside  this  region  becomes  extinction.  This  consideration  likely  reduces  the  ratio 
from  10  to  1  to  more  than  1000  to  1.  Therefore,  it  is  unlikely  that  any  effects  of  the  forward  scatter  are  recorded. 

From  a  diffraction  perspective,  it  can  also  be  explained  that  the  contribution  from  diffraction  in  obscuring  the 
region  behind  the  particle  would  be  negligible,  unless  the  illumination  was  very  strong.  There  the  PSV  setup  can  be 
thought  of  as  just  the  inverse  of  the  “slit  experiment”  for  a  sufficiently  large  particle.  Therefore,  the  shadows  result; 
diffraction  would  keep  the  light  from  being  completely  obscured,  but  blockage  of  the  source  light  always  dominates. 
In  the  Mie- scattering  plots,  the  source  intensity  is  not  included;  and  in  any  event,  it  is  indeed  blocked  by  the  particle 
(e.g.,  a  geometrical,  ideal  single  ray  of  light).  In  practice,  all  of  the  source  rays  that  are  not  scattered  by  the  particle 
can  be  detected. 

The  other  crucial  component  in  PSV  is  the  use  of  short  DOF  to  image  (or  cast)  the  focused  shadows.  The  length 
of  the  shadow  is  a  function  of  the  intensity  of  the  illumination,  based  on  the  previous  arguments.  Micro-PIV  studies4 
have  shown  that  in  a  volumetric  illumination,  all  particles  in  the  volume  contribute  to  scattering.  Extension  to  the 
PSV  technique,  where  scattering  is  “overshadowed,”  yields  a  volumetric-particle  shadow  field  that  has  similar 
results  in  the  focal  plane;  that  is,  shadows  are  observed  only  when  they  are  in  focus  with  the  maximum  in  the  focal 
plane  and  become  invisible  (in  the  form  of  fainting  background  noise)  when  out  of  focus  (Fig.  5).  The  rate  of 
defocusing  can  also  be  assumed  to  be  proportional  to  the  diffraction  pattern  of  the  particles  (assuming  that  they  are 
point  sources  imaged  through  a  circular  aperture  or  lens),  the  pattern  having  a  maximum  intensity  (corresponding  to 
the  Airy  function  for  Fraunhofer  diffraction)  at  the  focal  plane  of  the  lens  (Fig.  6)  and  decreasing  very  rapidly. 
Typically  the  DOF  is  arbitrarily  defined  as  a  specified  fraction  of  that  maximum.  The  overall  signal-to-noise  ratio 
can  be  improved  through  filtering,  brightness,  and  seeding  density.  Therefore,  for  planar  PSV  measurements,  the 
out-of-focus  contribution  can  be  minimized  in  the  final  contribution  to  the  velocity  correlation.  Alignment  is  very 
critical  also  since  aberrations  (e.g.,  spherical)  can  occur  if  the  components  in  the  optical  path  are  misaligned. 


Fig.  5 


Particles  and  Shadows 
(light  extinction) 


<E:==- 


d.o.f. 


Lens 


Camera 


Contribution  of  particle  shadows  to  image  is  restricted  to  focal  plane,  with  greater  contribution  from 
those  at  the  center. 


Fig.  6 


DoF 


(a)  (b) 

With  sharp  DOF,  all  particles  in  illuminated  volume  scatter  light  and  produce  shadows,  but 
diffraction  pattern  (a)  has  maximum  intensity  (Airy  function)  at  focal  plane  of  lenses.  DOF  is  defined 
as  specified  fraction  of  that  maximum.  This  effectively  results  in  only  2D  slice  of  illuminated  volume 
being  imaged  (b). 
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In  PIV,  velocity  is  found  by  calculating  the  particle  ensemble  displacements  between  two  instantaneous  time 
snap-shots,  which  is  generally  accomplished  through  correlation  techniques  such  as  using  FFT  on  the  image  signal. 
The  signal  information  is  generated  from  changes  in  intensities;  therefore,  the  same  technique  can  be  used  for  PSV 
since  it  is  based  on  information  from  particle  ensembles,  although  the  intensity  information  is  inverted  to  that  from 
PIV.  A  subtle  difference  is  that  in  PIV  the  particles  intensities  have  a  shape  such  as  Gaussian  whereas  in  PSV  this 
shape  has  not  been  determined  yet  and  depends  on  the  aforementioned  light-particle  interaction  characteristics. 
Although  this  appears  to  have  a  negligible  effect  (e.g.,  in  the  correlation  peak  finding)  the  method  has  been 
calibrated  for  accuracy  as  will  be  explained  in  the  following  section.  Moreover,  since  the  interest  is  in  the  shift  or 
displacement  between  two  signals  rather  than  the  signal  characteristics  themselves,  techniques  such  correlation  are 
applicable  to  that  effect.  The  PSV  image  with  particles  having  the  lowest  intensity  compared  to  the  maximum 
intensity  of  the  background  can  be  readily  inverted  and  generate  a  PIV-like  signal  if  desired,  as  will  be  shown  in  the 
following  section. 


III.  Results 

In  this  section  some  results  pertaining  to  the  PSV  technique  are  presented  to  proof  the  concept  validity  and 
feasibility.  First,  some  samples  of  LED  pulses  are  displayed,  together  with  some  applications  showing  their 
capabilities;  next,  images  from  a  variety  of  particles  and  conditions  are  compared;  then,  some  results  from  filtering 
techniques  are  presented;  and  finally,  some  results  of  flow  tests  with  jets  in  water  and  air  for  several  particle  sizes 
and  shapes  are  presented. 

The  fact  that  the  LED  can  be  pulsed  at  any  rate  made  it  very  attractive  for  velocimetry.  This  capability  is  not 
shared  by  other  sources  like  lasers  or  Nanopulsers2  which  generally  have  lower  and  fixed  repetition  rates  (although 
shorter  pulses  at  present).  Pulses  from  LEDs  that  were  used  ranged  from  tenths  of  nanoseconds  to  microseconds. 
The  choice  of  pulse  depends  on  the  velocity  of  the  flow  and  the  magnification,  and  the  pulse  must  be  sufficiently 
short  to  freeze  the  motion  while  providing  sufficient  illumination.  The  red  LED  is  preferred  since  the  CCD  camera 
has  its  higher  spectral  sensitivity  in  the  upper-red  region.  However,  an  available  blue  cluster  (IS SI)  was  used  to 
obtain  most  of  the  present  results  because  it  provided  brighter  shorter  pulses.  A  red  LED  cluster  will  be  tested  in  the 
future  in  attempts  to  gain  more  efficiency  and  shorter  pulses  that  would  be  a  requirement  in  many  transonic  and 
higher  speed  applications.  A  single  LED  can  be  also  used  if  the  velocity  ranges  and  other  parametes  (WD,  FOV)  are 
appropriate. 

Some  sample  pulses  are  shown  in  Fig.  7.  It  can  be  observed  that  short  pulses  can  be  obtained  in  the  range  of 
tenths  of  nanoseconds  (a),  even  though  they  are  shaper  in  the  microsecond  range  (b).  A  train  of  pulses  is  also 
possible,  as  shown  for  the  case  of  100-nsec  pulses  (c,  d).  The  vertical  axis  is  in  arbitrary  units  (A.U.)  since  it  is  the 
measured  voltage  from  a  photodiode.  The  actual  optical  energy  was  not  measured.  However,  the  amplitudes  shown 
(except  for  “d”)  can  be  compared  since  measurements  were  made  under  the  same  conditions.  The  photodiode  has  a 
rise  time  of  tenths  of  nanoseconds,  which  should  be  taken  into  account  when  analyzing  the  pulses.  Because  of  heat 
limitations,  the  LEDs  have  a  limited  duty  cycle;  therefore,  unlimited  pulses  at  very  high  repetition  rates  would 
require  special  designs. 
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Fig.  7  LED  pulse-shape  samples:  40  nsec  (a),  1  psec  (b),  and  train  of  pulses  100  nsec  wide  at  repetition  rate 
of  1  psec  (c)  and  200  nsec  (d).  Y-axis  is  A.U.  (voltage  from  photodiode). 


The  camera  used  in  the  present  experiments  was  a  standard  cross-correlation  PIV  camera  (ESI)  with  lk  x  lk 
pixels  at  a  15-Hz  repetition  rate.  Other  cameras  with  higher  sensitivity  and  higher  repetition  rate  were  not  tested  but 
could  be  used  to  achieve  better  results.  On  the  other  hand,  relatively  inexpensive  commercial  cameras  with 
detachable  lenses  have  high  resolution  (although  slow  repetition  rate)  and  could  also  be  used  in  the  auto -correlation 
or  the  two-color-PIV  mode. 14,15  If  these  cameras  were  coupled  with  a  single  LED,  a  very  inexpensive  PIV  system 
could  be  achieved  that  would  still  useful  for  many  experiments  and  yield  high-resolution,  accurate  results. 
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The  effect  of  exposure  time  is  readily  demonstrated  in  an  air  flow  seeded  with  10  micron  (10-p)  cornstarch 
particles  (Fig.  8).  With  short  pulses  the  particle  shadows  appear  to  be  instantaneously  frozen  (a),  but  with  longer 
exposures  their  traces  appear  (b).  In  a  region  of  the  flow  with  gradients,  both  particles  and  traces  are  observed  (c). 
Traces  could  be  used  to  generate  velocity  vectors,  as  in  particle-streaking  velocimetry,  although  the  possibility  of 
out-of-plane  motion  can  produce  uncertainties.  For  the  auto-correlation  and  multiple-exposure  mode,  a  train  of 
pulses  can  be  used;  here  they  are  shown  in  the  double-exposure  (auto-correlation)  mode  and  multiple-exposure 
mode  in  a  single  frame  (Fig.  9)  for  a  slow  flow  with  bubbles.  The  frames  are  also  shown  with  image  inversion  to 
allow  comparison  with  the  standard  PIV  view  (c,  d).  It  can  be  noted  how  larger  bubbles  cast  a  bright  spot  in  their 
center  because  of  their  lens  effect,  which  focuses  the  light  into  a  spot. 


(a)  (b)  (c) 


Fig.  8  Exposure  time  effect.  Air  jet  seeded  with  cornstarch  (10-jn  diam)  particles;  details  showing  point  (a), 
traces  (b),  and  gradient  (c)  when  LED  pulse  is  1  psec  exposure  (a)  and  5-pses  (b,  c).  Images  show 
detailed  regions  with  FOV  of  few  millimeters  from  a  larger  image. 


Fig.  9 


(a)  (b)  (c)  (d) 

Auto-correlation  or  single-frame  double-exposed  mode  (a,  c)  and  multiple-exposure  mode  (b,  d). 
Particles  are  bubbles  from  jet  in  water.  Exposure  time  was  4  psec  and  DT  1  msec.  Their  inverted 
images  are  also  shown  (c,  d)  for  comparison  with  standard  PIV  images.  Images  are  detailed  regions 
with  FOV  of  various  millimeters  from  a  larger  image. 


The  effect  of  coherence  was  also  explored.  Figure  10  compares  a  detail  of  bubble  shadows  from  LED  and  laser 
light.  The  LED  was  tested  initially  with  diverging,  focused,  and  collimated  illumination  and  yielded  similar  results. 
Laser  light  was  collimated  in  a  larger  diameter  beam  and  attenuated  prior  to  directing  it  to  the  camera,  in  a  similar 
manner  as  when  performing  digital  in-line  holography.9,10  Both  cast  particle  shadows.  LED  images  could  be 
obtained  with  pulses  on  the  order  of  hundreds  of  nanoseconds. 


Fig.  10  Comparison  of  LED  light  versus  coherent  laser  light  in  PSV  mode.  Bubble  shadows  from  LED  (a)  vs 
laser  coherent  light  (b);  LED  4  psec. 
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It  is  obvious  that  PSV  images  contain  a  variety  of  background-noise  textures  due  mostly  to  out-of-focus 
data.  Their  contribution  to  the  correlation  function  can  be  reduced  significantly  by  the  optical  characteristics  of  the 
technique;  since  these  textures  contribute  to  noise,  they  should  be  removed.  During  the  experiment  this  can  be  done 
by  increasing  the  illumination;  but  it  can  also  be  accomplished  during  post-processing  by  applying  filtering 
techniques  that  effectively  reduce  that  noise  level  and  produce  a  sharper  image,  effectively  reducing  the  2D  plane 
thickness.  One  example  is  shown  in  Fig.  1 1  where  a  threshold  intensity  filter  was  applied.  Other  filters  available 
are  based  on  analysis  of  the  spectral  content  of  the  image  and  removal  of  the  frequencies  associated  with  noise.  The 
image  is  orange  due  to  the  combination  of  the  two  greyscale  frames  in  a  two  color  mode  (first  frame  colored  red  and 
second  colored  green)  for  presentation  purposes.  The  inverted  image  is  also  added  [Fig.  11(c)]  for  comparison  with 
the  laser-sheet  image  [Fig.  11(d)]  obtained  from  the  same  flow.  In  an  effort  to  perform  further  calibration  of  the 
technique,  the  flows  were  used  to  calculate  velocity  fields  from  LED  and  from  laser  sheets,  and  paired-statistical 
analyses  showed  negligible  differences. 


(a)  (b)  '  (c)  (d) 


Fig.  11  Image  post-processing  to  reduce  out-of-focus  and  other  background  noise.  Bubbly-jet  images  are 
shown  for  PSV  original  (a)  vs  filtered  (b).  Filtered  image  is  also  shown  inverted  (c)  and  compared 
with  laser-sheet  PIV  image  (d)  of  the  same  flow. 

The  particle  size,  its  image-shadow  size,  and  their  relation  to  the  illumination  intensity  were  explored 
experimentally  to  assess  the  feasibility  of  the  technique  in  various  flow  media.  Figure  12  shows  samples  of  bubbles 
imaged  with  500-nsec  pulses  (a),  submicron- sized  PSL  particles  in  water  (b),  and  cornstarch  (10-p  diam)  in  air  with 
two  exposure  times  (c,  d). 


(a)  (b)  (c)  (d) 

Fig.  12  Media,  particle  size  and  shape,  and  exposure-time  effect:  a)  water  jet  (bubbles),  500-nsec  exposure; 
b)  water  jet  (PSL,  1-p  diam),  4  psec  exposure;  c)  air  jet  (Cornstarch  10-p  diam)  1  psec  exposure;  d) 
same  as  (c)  with  5  psec  exposure  FOV-IO  mm. 


Experiments  were  also  conducted  to  assess  experimentally  the  effect  of  the  seeding  density,  and  it  was  found 
that  high-density  seeding  was  also  feasible  since  it  did  not  have  significant  effect  on  the  sharp  DOF  plane  and 
velocity  field.  The  cloud  of  seed  remains  invisible  outside  the  DOF  plane,  and  correlation  could  be  readily  obtained. 
Figure  13  shows  two  images  (each  two-color  combined)  for  comparing  medium  seeding  and  heavy  seeding.  Both 
provided  excellent  correlation  maps  [sample  shown  in  Fig.  13  (c)]. 
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(a)  (b)  (c) 


Fig.  13  Effect  of  seeding  density:  Medium  (a)  and  heavy  (b)  and  a  velocity  field  (c).  Exposures=200  psec, 
DT=5  jusec,  FOV  -25  mm. 

Finally,  some  examples  of  velocity  fields  obtained  with  the  PSV  technique  are  presented.  Figure  14  shows  an 
example  of  double  exposure  from  free  flow  using  sub-micron  smoke  particles  (mixture  of  glycerin  and  ionized 
water).  A  single  LED  (blue)  in  PSV  “in-line”  mode  with  two  exposures  of  100  psec  and  5  psec  apart  was  used 
(FOV  is  3  mm).  Figure  15  shows  the  PSV  image  and  its  derived  velocity  field  from  a  jet  in  water  using  PSL  seed 
(FOV  is  10  mm),  and  Fig.  16  shows  an  air  jet  seeded  with  10-p  cornstarch  particles  (FOV  is  10  mm). 


X  (Pixels) 

Fig.  14  PSV  with  LED.  Example  of  air  flow  with  smoke  particles  (0.5-p  diam);  FOV  =  3  mm. 


X  (Pixels) 

Fig.  15  PSV  with  LED.  Example  of  water-jet  flow  with  PSL  particles;  FOV=10mm. 
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The  technique  can  also  be  used  for  flow  visualization.  Figure  17  is  an  example  of  flow  visualization  using  PSV 
with  LED  in  PSV  mode,  showing  three  instants  of  a  drop  of  water  heavily  seeded  with  PSL  particles  into  water. 


Another  attractive  result  of  the  technique  is  that,  in  addition  to  the  significant  reduction  in  cost  by  using  LEDs 
rather  than  lasers,  the  camera  need  not  be  a  costly  PIV  cross-correlation  camera;  a  commercial  less  expensive 
camera  in  auto -correlation  mode  or  in  the  two-color  mode  can  be  used.14’15  In  the  color-camera  approach,  the  chip 
has  red,  green,  and  blue  filters  on  the  pixels  (RGB).  Each  color  plane  RGB  reacts  only  to  that  color,  in  principle. 
The  exception  is  cross-talk  between  channels.  This  is  solved  in  a  manner  similar  to  that  used  in  a  normal  multiple- 
color  PIV  case,  namely,  by  subtracting  a  small  portion  of  the  offending  color  plane  from  the  color  plane  of  interest. 
For  example,  if  the  red  bleeds  into  the  green  by  10%,  then  this  would  be  handled  by  subtracting  10%  of  the  red 
image  from  the  green.  This  is  effective  because  the  amplitude  of  the  correlation  peak  is  weighted  by  the  number  of 
pairs  in  the  interrogation  area,  the  size  of  the  particle  pairs,  and  the  intensity  of  the  pairs.  By  subtracting  a  bled 
component  (red),  the  normal  component  (green)  is  effectively  enhanced.  This  was  tested  with  a  commercial  color 
camera,  and  a  small  bled  between  the  blue  and  green  components  based  on  a  RGB  LED  lamp  (IS SI),  was  cleaned  by 
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subtracting  a  small  portion  of  the  green  from  the  blue.  Two-color  PSV-with-LED  results  and  other  applications  such 
as  particle  sizing  will  be  presented  in  a  future  paper. 


IV.  Conclusions 

A  PSV  technique  was  introduced  as  a  variant  of  PIV.  This  technique  allows  light  sources  with  significantly 
lower  power  than  lasers  to  be  used.  The  technique  employs  a  non-scattering  approach  that  relies  on  direct  in¬ 
line  illumination  by  a  pulsed  source  such  as  a  LED  onto  the  camera  imaging  system.  The  technique  then  uses 
narrow  depth-of-field  optical  setups  for  imaging  a  two-dimensional  plane  within  a  flow  volume  and  produces 
images  that  resemble  a  “negative”  or  “inverse”  of  the  PIV  mode  by  casting  particle  shadows  on  a  bright 
background.  In  this  technique  the  amount  of  light  reaching  the  image  plane  and  the  contrast  of  the  seeding 
particles  are  significantly  increased  while  requiring  significantly  lower  power  than  scattering  approaches. 
Limitations  and  advantages  of  the  technique,  the  velocity  ranges  covered,  and  other  parameter  ranges  were 
discussed. 
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A  fiber-optic  particle-image  velocimetry  (FOPIV)  system  capable  of  delivering  short, 
high-power  laser  pulses  and  of  acquiring  double-exposure  images  in  flows  without  direct 
optical  access  is  presented.  The  system  is  capable  of  delivering  Nd:YAG  laser  pulses  of  5-ns 
duration  and  up  to  50  mj/pulse  at  15  Hz  rates  through  a  single  multimode  silica  fiber  of 
1000-  to  1500-micron  diameter.  The  tip  of  the  laser  fiber  is  terminated  into  a  housing  block 
that  contains  the  laser-sheet  forming  optics.  Image  transmission  to  the  PIV  camera  is 
accomplished  through  a  high-density  1.4-mm-diameter  flexible  fiber  bundle  composed  of 
100,000  quartz  microfibers.  A  lens  system  is  attached  to  the  end  of  the  imaging  fiber  and  is 
designed  for  optimal  flatness  of  the  object  plane  with  minimal  distortion;  for  the  current 
turbomachinery  application  it  produces  a  flat  image  of  a  25-mm  diameter  viewing  area  50 
mm  from  the  object  plane.  This  distance  to  the  object  plane  is  selected  to  maximize  both 
viewing  area  and  light-scattering  intensity  from  the  micron-sized  seeding  particles.  The 
capabilities  and  limitations  of  the  system  are  described,  and  results  from  various  studies  are 
presented,  including  preliminary  data  from  a  short-test-duration  turbine-engine  facility 
without  direct  optical  access.  This  application  required  that  the  PIV  hardware  be  mounted 
through  an  interior  instrumentation  ring  that  rotates  during  the  experiment. 


I.  Introduction 

OPTICAL-DIAGNOSTIC  techniques  for  turbomachinery  often  demand  special  designs  and  strategies  to  allow 
measurements  within  interior  regions.  In  some  cases  it  is  possible  to  allow  optical  access  for  imaging  through 
windows  on  the  machine  housing  and  ports  for  probes  to  deliver  the  laser  sheet.1-3  In  addition,  optical  guides  can  be 
designed  for  laser  delivery,  and  micro  cameras,  tethered  camera  heads,  or  fibers  can  be  used  for  imaging.  These 
approaches  minimize  the  modifications  that  may  otherwise  be  imposed  on  existing  test  sections  and  enable  the  use 
of  more  realistic  test  geometries. 

Although  the  advantages  of  using  fibers  for  imaging  and  laser  delivery  are  obvious,  this  approach  is  more  limited 
in  resolution  and  accuracy  when  compared  to  non-fiber-based  methods  and  should  be  used  selectively.  The  present 
work  introduces  a  fiber-optic-based  approach  to  allow  PIV  measurements  in  test  facilities  that  do  not  have  direct 
optical  access,  have  limited  space,  or  require  the  optical  train  to  be  mounted  on  moving  interior  components.  The 
current  design  can  be  extended  to  applications  with  high  temperature  and  pressure  conditions,  such  as  combustion 
chambers,  provided  that  the  probes  are  properly  shielded. 

The  paper  outlines  the  design  characteristics  of  the  imaging  fiberscope  and  laser-sheet  delivery  fiber  and 
characterizes  the  resolution  and  performance  of  the  system  though  various  laboratory  tests  in  water  and  air  flows. 
The  seeding  system  used  to  acquire  data  in  the  turbomachinery  application  is  also  described,  and  preliminary  results 
are  presented  from  tests  performed  in  a  short-duration  turbine-engine  facility. 
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II.  Experimental  Set-Up 


A.  High-Density  Imaging  Fiber 

Imaging  in  facilities  without  direct  optical  access 
typically  requires  insertion  of  probes  such  as  rigid 
horoscopes.  If  the  use  of  rigid  probes  is  not  possible,  such 
as  in  turbine  facilities  with  internal  moving  parts  and  small 
gaps,  flexible  horoscopes  or  fiberscopes  can  be  used  to 
transmit  images.4'6  Fiberscopes  are  presently  made  with 
tens  to  hundreds  of  thousands  of  microfibers  or  ‘fiber 
pixels’.  Whereas  rigid  horoscopes  use  optical  lenses  and 
are  limited  only  by  the  camera  CCD-chip  resolution, 
fiberscope  resolution  is  limited  by  the  amount  of  fibers  that 
compose  it.  Due  to  the  microfiber  array,  they  also  produce 
a  background  pattern  noise  referred  to  as  ‘honeycomb’  or 
‘chicken  wire’  pattern. 

A  high-density  imaging  fiber  bundle  composed  of 
100,000  microfibers,  each  of  4.5-micron  diameter,  was 
selected  for  the  present  fiberscope  application.  The  outer 
diameter  of  the  bundle  was  1.7  mm,  but  the  active  image 
area  was  1.4  mm  in  diameter.  A  1000  x  1000  array  CCD 
camera  with  pixel  sizes  of  9.4-microns  and  a  magnification 
of  6.7  (9.4  mm  /  1.4mm)  occurs  assuming  full  CCD  area  is 
usable;  thus,  each  microfiber  gets  magnified  to  30  microns 
(4.5  micron  x  6.7)  resulting  in  about  three  (30  /  9.4)  CCD 
pixels  per  microfiber. 

Figure  1  shows  a  schematic  end  view  of  the  fiberscope 
tip  along  with  the  miniature  lenses  assembly  within  the 
imaging  block.  The  lens  arrangement  was  designed  to 
accommodate  the  limited  space  available  within  the  test 


High  density  Imaging  Fiber  (receiving  optics) 


To  Camera 


Figure.  1.  Schematic  of  the  imaging-fiber  tip 
design  showing  the  lense  housing  (left)  and  the 
end  face  of  the  fiber  bundle  (right). 


Figure  2.  Imaging-fiber  calibration 
showing  image  flatness  and  sharpness. 


targets 


section  housing  while  yielding  optimal  brightness  and  flatness  in  the  image  of  the  particle  field.  The  simplest 
approach  would  have  utilized  a  pinhole  camera,  but  this  would  have  resulted  in  low  signal  levels.  Since  Mie- 
scattering  from  submicron  particles  must  be  collected  in  a  small  aperture,  the  most  important  criterion  to  achieve 
optimal  brightness  in  the  design  of  the  lens  system  was  low  f-stop.  As  a  result,  the  distance  from  the  imaging  lenses 
to  the  object  plane  was  minimized.  To  reduce  the  spherical  aberration  incurred  by  the  miniature  lenses  and  near-field 
viewing,  an  achromat  doublet  for  focusing  and  image  flatness  was  utilized.  Given  the  desired  field  of  view  of  25- 
mm  to  maintain  sufficient  resolution,  a  final  f-stop  of  1.9  was  achieved  with  an  object  distance  of  50  mm.  Figure  2 
shows  pictures  displaying  the  flatness  and  sharpness  obtained  with  the  fiberscope  design.  Since  the  fiber  is  circular, 
the  useful  image  is  a  circular  area  inscribed  within  the  square  CCD  chip.  The  outer  region  of  this  25 -mm  diameter 
circular  image  experienced  increased  distortion  and  noise  and  was  disregarded  in  the  PIV  image  analysis.  This 
approach  minimized  the  need  for  target  calibrations  and  post-processing  corrections  that  always  induce  more  errors. 
The  3 -mm  lenses  were  barrel  mounted  for  easy 
assembly  to  the  fiber  tip.  An  additional  steel  barrel 
with  a  45 -degree  turning  prism  can  be  attached  at  the 
end  of  the  lens  probe  whenever  necessary.  A 
potential  source  of  noise  within  the  PIV  images 
results  from  the  ‘honeycomb’  or  ‘chicken- wire’ 
pattern  that  occurs  at  the  tip  of  the  fiber  bundle 
where  the  image  is  formed  and  transmitted,  as 
shown  in  Figure  3.  Techniques  to  remove  or 
minimize  this  noise  include  image  subtraction,  out- 
of-focus  filtering  in  post-processing,4"5  and  lens 
defocusing.  The  latter  approach,  shown  in  Figure  3, 

produced  good  results  in  the  calibration  tests  from  Figure  3.  Fiber  “chicken-wirev 
laboratory  PIV  measurements.  of  defocusing  (right). 


pattern  (left)  and  effect 
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The  present  fiber  is  rated  for  temperatures  up  to  450°F  and  its  maximum  bending  radius  is  130  mm,  due  to  the 
silicone  resin  limitations.  Other  than  being  more  costly,  there  are  no  physical  disadvantages  in  having  long  fibers 
since  the  fiber  is  made  of  quartz,  which  has  less  attenuation  when  compared  with  other  materials  such  as  borosilicate 
glass.  The  fiber  was  covered  with  a  plastic  outer  sheath  for  protection.  Applications  in  environments  with  higher 
temperatures  and  pressures,  such  as  combustion  chambers,  would  require  further  shielding  of  the  fiber  bundle  and 
probe  housings. 

B.  High-Power  Fiber  Optics  for  Nd:YAG  Delivery 

The  criteria  for  choosing  a  fiber-based  PIV  laser-sheet  delivery  system  include  the  capability  to  withstand  short 
high-power  pulses,  low-noise  output,  small  diameter,  and  flexibility.  A  multimode  single  fiber  was  selected  because 
it  eliminates  the  use  of  epoxy  between  microfibers  and  results  in  superior  high-power  performance  along  with 
cleaner  output  and  reduced  speckle  when  compared  with  fiber  bundles  Single  fibers  also  allow  100%  of  the  fiber 
area  to  be  utilized.  This  is  in  contrast  to  with  fiber  bundles,  which  have  up  to  35%  transmission  loss  as  well  as 
increased  noise  because  of  gaps  between  the  individual  microfibers.  As  a  result,  the  laser  sheet  quality  from  a  single 
fiber  is  significantly  superior  to  that  achieved  using  from  fiber  bundles.  In  addition,  no  diffusers  are  necessary  for 
PIV-image  collection  because  noise  and  speckle  are  significantly  reduced.  A  disadvantage  of  single  fibers  as 
compared  with  fiber  bundles  is  reduced  flexibility. 

Relatively  large  fiber  diameters  (1000  to  1500  microns)  were  selected  in  the  current  work  to  allow  for  power 
transmission  levels  of  up  to  50  mJ/pulse  while  allowing  bend  radii  of  100  mm  or  less.  The  In  PIV  applications  that 
require  a  thin  laser-sheet  to  be  formed,  smaller  diameters  are  desirable  to  allow  for  smaller  focusing  and  collimation 
capabilities  at  the  output.  Several  designs  for  delivery  of  a  variety  of  laser  pulses  for  PIV  applications  can  be  found 
in  the  literature.710 

The  single  fiber  contained  a  fused  silica  core  with  a  numerical  aperture  of  0.22. Various  techniques  were  devised 
to  allow  control  of  the  laser  sheet  characteristics,  as  shown  in  Figure  4.  The  connectors  are  modified  to  allow  high 
power  as  these  areas  are  more  vulnerable  to  laser  damage;  The  fiber  ends  are  bored  out  to  remove  epoxy  and  other 
material  from  the  fiber  perimeter  and  the  tip  is  held  in  a  cantilevered  manner.  This  significantly  reduces  the  fiber 
breakdown  that  results  when  beam  misalignment  focuses  laser  energy  outside  the  fiber  core  on  portions  of  the 
connector  that  could  easily  burn.  A  heat  sink  can  also  be  attached  to  the  rear  of  the  connector  to  conduct  extraneous 
heat  away  from  the  fiber,  further  reducing  the  possibility  of  breakdown.  This  sink  however  is  mostly  intended  for 
continuous -wave  operation,  however,  and  is  not  critical  for  pulsed  applications  like  PIV.  Short  fiber  cords  12  inches 
in  length  were  used  in  most  laboratory  experiments  reported  here.  The  longer  fibers  employed  in  turbomachinery 
tests  were  armored  with  stainless-steel  flexible  cable  for  mechanical  protection.  A  length  of  two  meters  was 
selected  based  to  minimize  transmission  losses  (0.1  dB/m  or  2%  per  meter)  while  accommodating  the  test  section 
geometry.  Power  losses  of  4.5%  occurred  at  the  air-silica  interfaces.  The  laser  output  had  a  solid-angle  divergence 
of  about  25.4  degrees. 

The  sheet  formation  optics  were  attached  via  a  laser  delivery  probe  and  laser  block  attached  to  the  tip  of  the 
fiber,  as  shown  in  Figure  4.  Design  of  the  optics  was  challenging  due  to  the  loss  of  coherence,  high  divergence,  and 
high  power  of  the  output  beam.  While  line-sheet  generators  for  fiber  optic  laser  systems  are  commercially  available, 
they  are  not  capable  of  handling  high-power  and  large-diameter  beams.  Diverging  light  can  be  readily  focused  but 
not  readily  collimated  for  long  distances.  Speckle  noise  resulting  from  the  interaction  of  the  various  modes  within 
the  fiber  was  observed  to  have  negligible  effect  in  the  present  PIV  applications,  alleviating  the  need  for  filters  or 
diffusers  in  the  laser  delivery  probe.  In  addition,  there  is  no  internal  noise  like  those  observed  in  bundles  due  to 
interfaces  between  individual  fibers.  A  significant  challenge  in  the  turbomachinery  application  resulted  from  space 
requirements;  the  present  module  had  to  be  capable  of  generating  a  laser  sheet  at  less  than  100  mm  from  the  end  of 
the  laser-deliver  probe.  High-power  coated  cylindrical  lenses  in  various  combinations  produced  laser  sheets  at  the 
various  locations  of  interest  with  an  evenly  illuminated  laser-sheet  height  of  25  mm  and  a  thickness  of  sub¬ 
millimeter  or  higher  depending  on  the  required  brightness.  Larger  areas  can  be  covered  with  thicker  sheets  if 
uniform  illumination  is  not  important.  For  the  present  application,  which  requires  the  use  of  small  imaging  lenses,  a 
1.5-  to  2-mm  thick  and  25-mm  long  laser  sheet  was  formed.  Figure  4  shows  a  picture  of  the  laser  sheet,  a  schematic 
of  the  probe-tip  design,  and  a  picture  of  the  relatively  homogeneous  speckle  pattern  observed  without  sheet-forming 
optics.  To  avoid  damaging  the  laser-delivery  fiber,  special  adapters  were  used  to  prevent  focusing  inside  the  fiber. 
The  relatively  short  two-meter  length  also  avoided  damage  from  nonlinear  modes  that  can  develop  within  lengthy 
fibers.  Since  the  pressure  inside  the  turbomachinery  test  section  was  above  atmospheric  conditions  for  these  tests,  a 
final  requirement  included  sealed  connections  between  the  fiber  and  the  laser- sheet  deliver  probe. 
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(a) 


Laser  Sheet  delivery  and  forming  nptics 


(b)  (c) 

Figure  4.  (a)  Image  of  laser  sheet  from  the  fiber  probe,  (b)  schematic  of  the  laser-sheet  delivery  optics, 
and  (c)  image  of  the  uncollimated  laser  output  with  low  speckle. 


The  laser  source  for  the  current  work  was  a  New-Wave  double-pulse  laser  at  15-Hz  repetition  rate,  4.5-mm  beam 
diameter,  5-nsec  pulse  duration,  2-mrad  divergence,  and  120  mJ/pulse.  This  pulse  duration  and  energy  level 
produced  enough  scattered  light  to  be  captured  by  the  fiberscope  and  PIV  camera,  which  consisted  of  a  MegaPlus 
ES1.0  with  9.4  x  9.4-micron  pixels  and  a  fill  factor  55%. 

In  all  cases  seed  particles  of  10  microns  or  larger  were  used  to  allow  enough  scattered  light  to  be  captured  by  the 
fiberscope  system.  This  particle  size  was  also  optimal  for  PIV  post  processing  given  the  limited  resolution  of  the 
imaging  fiber.  A  water  jet  flow  with  bubbles  was  chosen  for  seeding  tests  in  liquids,  and  jet  air  flows  seeded  with 
cornstarch  particles  of  10  microns  were  chosen  for  seeding  tests  in  air  and  for  turbomachinery.  The  cornstarch 
particles  faithfully  follow  the  flow  even  beyond  transonic  speeds  and  they  have  the  size  to  yield  brighter  particle 
images  of  around  three  pixels  on  the  fiberscope  image.  The  particle  image  size  can  be  further  adjusted  through 
image  defocusing  to  yield  more  accurate  PIV  results. 

III.  Results  and  Discussion 
A.  Fiber-Optic  Particle  Image  Velocimetry  (FOPIV) 

The  feasibility  of  the  FOPIV  approach  was  assessed  in  liquid  and  gaseous  laboratory  flows  and  demonstrated  in 
a  turbomachinery  test  facility.  Initial  calibrations  were  performed  on  the  fiber-based  light-delivery  system  to 
determine  laser  sheet  thickness  and  span,  image  flatness,  and  resolution  from  various  grids.  Preliminary  tests  for  PIV 
began  with  rotating  wheel  calibrations,  and  followed  with  channel  and  jet  flows  in  water  and  air.  Image  brightness 
was  tested  using  various  particle  shapes  and  sizes  to  determine  an  optimal  seeding  strategy.  Results  from  the  fiber- 
based  system  were  compared  with  results  from  a  standard  PIV  camera  with  a  105 -mm  macro  lens  to  verify  the 
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accuracy  of  the  fiberscope  and  the  adequacy  of  the  laser  sheet.  Finally  the  fiber-based  system  was  designed  for 
installation  in  the  Turbine  Research  Facility  (TRF). 

Figure  5  shows  simultaneous  images  and  PIV  vectors  collected  using  a  105 -mm  lens  and  the  fiberscope  system 
in  a  water  flow  perturbed  by  a  bubbly  jet  moving  upwards  towards  the  free  surface.  The  lens  and  fiberscope  were 
mounted  on  two  identical  PIV  cameras  (ES  1.0)  and  were  synchronized  and  aligned  to  obtain  the  same  instantaneous 
picture  for  comparison.  Paired-statistical  analyses  of  the  vector  fields  from  the  fiber-  and  non-fiber-based  imaging 
systems  were  then  performed  to  assess  similarities  or  differences  in  performance.  After  matching  the  field  of  view 
of  each  image  and  disregarding  obvious  outliers  from  each  vector  field,  the  average  difference  in  velocity  magnitude 
was  calculated  to  be  0.05  pixels  per  image  pair,  indicating  that  accurate  velocities  can  be  obtained  by  the  fiberscope 
system  even  for  sub-pixel  displacements  and  despite  the  factor  degradation  in  image  resolution.  Figure  6  shows  a 
comparison  between  PIV  data  acquired  using  the  105 -mm  lens  and  data  acquired  using  the  fiberscope  in  an  air  jet 
seeded  with  cornstarch  particles  (10  microns).  Again,  both  images  were  obtained  simultaneously  for  direct 
comparison  and  were  illuminated  by  the  same  non-fiber-based  laser-sheet.  The  particle-scattering  field  clearly 
shows  the  expected  degradation  in  resolution  from  the  fiberscope,  although  the  velocity  fields  are  very  similar. 
Figure  7  shows  an  image  comparison  for  the  air-jet  flow  but  now  comparing  the  full  fiber-based  imaging  and  laser 
delivery  system  with  the  standard  PIV  camera  lens  and  sheet-forming  optics.  While  the  resolution  is  degraded  by  the 
fiberscope,  accurate  vector  fields  can  still  be  acquired.  When  using  the  fiber-based  sheet-forming  optics  with  a  105- 
mm  lens,  as  shown  in  Figure  8,  the  interrogation  cells  can  be  as  small  as  standard  PIV  and  the  high-resolution  vector 
field  can  be  recovered  through  the  use  of  multipass  algorithms.2  This  produces  details  of  the  jet  velocity  field  that 
are  clearly  discernible;  vortical  structures  along  the  shear  layer  are  highlighted  in  Figure  8  by  subtracting  the  shear 
layer  convective  velocity. 


(a)  105 -mm  lens 


(b)  Fiberscope 


Figure  5.  PIV  images  and  vectors  in  a  two-phase  flow  comparing  the  (a)  105-mm  lens  with  the  (b)  fiberscope. 
Both  images  were  aligned  to  same  view  and  collected  simultaneously  with  the  same  model  camera. 
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Figure  6.  PIV  images  and  vectors  in  an  air  jet  seeded  with  10-micron  particles  comparing  the  105-mm  lens 
with  the  fiberscope.  Both  images  were  illuminated  with  a  non-fiber  laser  sheet,  aligned  to  same  view,  and 
collected  simultaneously  with  the  same  model  camera. 


105  mm  lenses  Fiberscope  105  mm  lenses  Fiberscope 


Figure  7.  PIV  images  and  vectors  in  an  air  jet  seeded  with  10-micron  particles  comparing  the  105-mm  lens 
with  the  fiberscope.  Both  images  were  illuminated  with  a  fiber-based  laser-sheet,  aligned  to  same  view,  and 
collected  simultaneously  with  the  same  model  camera. 


Y  (Pixels) 


Figure  8.  Data  from  Fig.  7  can  produce  high- 
resolution  PIV  with  the  105-mm  lens. 


Figure  9.  TRF  rig  showing  supply  tank,  turbine 
test  section,  and  vacuum  tanks. 
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B.  Turbine  Research  Facility  (TRF) 

The  TRF,  shown  in  Figure  9,  is  a  blow-down  rig  capable  of  testing  full-scale  turbine  hardware.  It  matches  all 
relevant  aerodynamic  and  heat  transfer  parameters  including  Reynolds  number,  corrected  speed,  and  pressure  ratio. 
A  typical  test  sequence  consists  of  the  following  steps.  The  supply  tank  is  filled  with  test  gas  and  then  heated  and 
pressurized  to  desired  conditions  to  match  Re.  The  dump  tanks  are  evacuated  and  the  isolation  valve  is  set  to  a 
desired  open  flow  area  and  pressure  ratio.  The  turbine  is  then  spun  with  the  air  motor  to  slightly  above  the  test 
speed,  the  motor  is  disengaged  and  the  turbine  is  allowed  to  spin  down  until  it  reaches  the  test  speed.  The  system 
then  automatically  triggers  the  main  valve  to  start  the  flow  and  the  eddy  brake  controls  the  turbine  speed  during  the 
five  second  test. 

The  PIV  experiments  presented  here  were  performed  in  a  combustor  simulator  producing  inlet  temperatures, 
pressures,  and  turbulence  profiles  that  are  representative  of  the  real  turbine  environment.  The  goal  is  to  understand 
turbine  inlet  flow-fields.  The  preliminary  PIV  experiments  presented  herein  were  designed  to  demonstrate  the 
feasibility  of  inserting  PIV  probes  within  the  instrumentation  ring,  acquiring  images,  delivering  a  laser  sheet,  and 
testing  the  seeding.  Probes  were  custom  made  for  the  PIV  tests  and  were  inserted  into  housings  mounted  within  the 
instrumentation  ring.  Figure  10  shows  pictures  of  the  probe  designs.  The  1.27-meter  rotation  ring  is  designed  to 
rotate  up  to  120  degree  during  each  test  to  capture  data  at  various  circumferential  locations.  Fiber-bending 
limitations  restricted  the  PIV  tests  to  a  rotation  of  16  degrees  through  the  use  of  stainless-steel  bellows  for 
compression  and  expansion  (Fig.  10).  The  probes  could  be  extended  in  the  radial  direction  also  to  allow  data  to  be 
captured  at  various  radial  positions.  Test  of  the  seeding  system  showed  that  it  provided  an  adequate  particle  density 
in  the  region  encompassed  by  the  16  degrees  rotation.  The  seeding  system  was  a  pressure-driven  cyclone  type  filled 
with  solid  particles  (cornstarch,  10  micron)  and  connected  to  a  12.5-mm  diameter  stainless  steel  rod  inserted  radially 
20  diameters  upstream  of  the  PIV  test  area.  The  seed  was  injected  from  the  rod  into  the  turbomachinery  housing  via 
3.175-mm-diameter  jets  facing  upstream  to  minimize  intrusion  on  the  flow  and  produce  a  larger  seeded  region.  The 
seeding  jets  were  located  in  the  rod  such  that  they  seeded  various  internal  chambers  of  the  flow  facility  that 
delivered  air  to  the  PIV  test  section. 

The  amount  of  runs  are  limited  in  a  facility  of  such  complexity  and  although  all  the  FOPIV  hardware  was 
mounted  and  tested  prior  to  the  runs  with  the  rig  open  (except  actual  seeding)  the  fiber  for  the  laser  delivery  broke. 
Therefore  for  the  present  PIV  results,  the  ring  was  kept  stationary  during  the  tests  and  the  laser-sheet  was  delivered 
through  a  specially  made  delivery  rigid  probe  similar  to  those  used  in  previous  turbomachinery  applications.1,2  A 
laser-fiber  delivery  has  not  been  tested  in  the  facility.  Results  from  four  preliminary  PIV  runs  of  5  seconds  duration 
each  are  presented.  Figure  1 1  shows  samples  of  PIV  images  and  velocity  fields  with  linearly  interpolated  velocity 
contours  obtained  at  1.16  and  3.36  seconds  after  the  main  valve  was  opened.  The  bright  tilted  line  in  the  images 
occurs  due  to  scattering  from  the  laser  deliver  optics  and  represents  the  inner  surface  of  the  turbomachinery  test 
section.  Note  that  instantaneous  velocity  vectors  are  captured  within  about  4  mm  from  the  wall  and  successfully 
track  the  decrease  in  velocity  over  time. 


IV.  Conclusions 

A  fiber-optic  particle-image  velocimetry  (FOPIV)  system  for  laser-sheet  delivery  and  double-exposure  image 
acquisition  in  flows  without  direct  optical  access  was  presented.  Results  included  laboratory  tests  for  calibration  and 
a  fiberscope  application  to  turbomachinery  without  direct  optical  access.  Compared  with  standard  PIV,  the  system 
limitations  include  lower  resolution,  smaller  fields  of  view,  increased  noise,  and  the  requirement  of  using  larger 
seeding  particles.  For  applications  with  internal  regions  of  interest  that  are  not  directly  accessible  or  that  are  housed 
within  moving  exterior  housings,  the  current  work  demonstrates  that  the  FOPIV  approach  is  viable  and  can  yield 
results  with  acceptable  accuracy  and  resolution.  Future  work  includes  further  characterization  of  system  accuracy 
and  further  tests  in  turbomachinery  applications.  The  next  design  phase  will  include  the  evaluation  of  more  sensitive 
cameras  with  high-speed  capabilities  to  enable  the  use  of  lower  laser  powers  and  longer  pulses  for  increased  data 
acquisition  rates  in  the  short-duration  turbomachinery  tests. 
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Figure  10.  TRF  FOPIV  Probe  assembly  on  the  rotating  instrumentation  ring. 
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Figure  11.  (a)  Particle-scattering  image  (left)  and  double-exposure  image  (right)  along  with  instantaneous 
velocities  (left)  and  linearly  interpolated  contours  (right)  from  tests  in  the  TRF  at  (b)  1.16  seconds  and  (c)  3.36 
seconds  after  the  main  valve  is  opened. 
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The  particle-shadow-velocimetry  (PSV)  technique  that  employs  light  sources  with 
significantly  lower  power  than  lasers  is  investigated  as  a  variant  of  particle-image 
velocimetry  (PIV)  for  high-speed  flow  applications.  The  PSV  technique  uses  a  non-scattering 
approach  that  relies  on  direct  in-line  illumination  by  a  pulsed  source  such  as  a  light-emitting 
diode  (LED)  onto  the  camera  imaging  system.  Narrow-depth-of-field  optical  setups  are 
employed  for  imaging  a  two-dimensional  plane  within  a  flow  volume,  and  images  that 
resemble  a  “negative”  or  “inverse”  of  the  standard  PIV  scattering  mode  are  produced  by 
casting  particle  shadows  on  a  bright  background.  In  this  technique  the  amount  of  light 
reaching  the  image  plane  and  the  contrast  of  the  seeding  particles  are  significantly  increased, 
while  the  power  required  is  markedly  lower  than  that  demanded  by  scattering  approaches. 
An  investigation  of  the  technique  for  transonic-flow  applications  is  presented. 


I.  Introduction 

PARTICLE-IMAGE  VELOCIMETRY  -  (PIV)  is  a  powerful  diagnostic  technique  that  is  capable  of  providing 
accurate  and  resolved  velocity  fields  in  a  variety  of  applications.  High-speed  PIV  is  becoming  increasingly 
important  with  the  emergence  of  high-speed  laser  sources  and  high-speed  video  cameras.1  Most  PIV  techniques 
require  laser  light  sources  that  are  capable  of  high-power,  short-duration  pulses,  allowing  instantaneous  marking  of 
seed  particles  and  capture  of  their  scattered  light  by  an  imaging  system.  Presently  lasers  are  one  of  the  most 
expensive  component  in  PIV  systems,  despite  their  relatively  slow  repetition  rates  in  commercial  form.  High-speed 
PIV  is  even  more  costly  since  it  also  requires  expensive  high-speed  cameras. 

In  the  present  paper  an  alternative  approach,  particle- shadow  velocimetry  (PSV),2"4  that  allows  low-power 
illumination  sources  such  as  LEDs  to  be  used  for  PIV  is  investigated  for  high-speed  flow  applications.  LEDs  are 
inexpensive  and  can  be  pulsed  to  nanosecond  levels  and  at  high-repetition  rates.2"5  The  PSV  technique  has  further 
advantages  with  respect  to  laser-based  PIV  because  it  produces  no  glare  or  reflections  from  surfaces;  since  LEDs  of 
many  monochromatic  wavelengths  are  available,  two-color  PIV  and  multicolor  PIV  are  also  feasible. 

Among  the  main  challenges  in  applying  the  technique  to  high-speed  flows  are  those  related  to  the  particle  size 
and  the  light-pulse  duration.  The  particles  have  to  be  small  enough  to  faithfully  follow  the  flow  but  their  shadows 
have  to  be  large  enough  to  be  recorded  in  the  imaging  sensor.  At  high  speeds  and  large  magnifications  the  light 
pulses  used  for  PSV  might  not  be  short  enough  to  instantaneously  freeze  the  seeding  particles  motion  and  might 
produce  traces  or  streaks.  This  investigation  addresses  these  two  challenges  by  studying  various  parameters  that 
influence  the  particle-shadow  image  size  and  the  capability  of  obtaining  velocity  information  from  their  traces.  A 
schematic  of  the  PSV  setup  for  a  transonic-cascade  experiment,2, 6’ 7  is  shown  in  Fig.  1.  The  LED  light-source  units 
are  small  and  have  relatively  simple  wiring,  which  makes  them  attractive  for  optical  diagnostics  inside 
turbomachines. 
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Fig.  1  Schematics  of  PSV  setup  in  transonic  cascade  experiment.  LED  replaces  laser  and 
narrow  DOF  optics  image  a  2D  plane. 


II.  Particle  Shadow  Velocimetry  (PSV)  Technique 

The  PSV  technique  is  a  variant  of  PIV  that  utilizes  direct  in-line  volume  illumination  and  an  imaging-optics 
setup  that  produces  a  narrow  depth-of-field  (DOF)  for  2D  plane  imaging.  In  PSV  the  setup  permits  the  DOF,  the 
field-of-view  (FOV),  and  the  working  distance  (WD)  to  be  adjusted  by  introducing  spacers  or  bellows  between  the 
camera  body  and  various  lenses  (Fig.  2).  In  a  simple  setup  where  bellows  are  employed  [Fig.  2(a)],  the  required 
extension  of  the  bellows  attachment  is  the  product  of  the  reproduction  ratio  (magnification)  and  the  focal  length. 
The  DOF  decreases  with  the  spacing  and  large  aperture  and  can  produce  a  very  thin,  focused  plane  (e.g.,  sub¬ 
millimeter).  The  addition  of  more  than  one  lens  [Fig.  2(b)]  increases  flexibility  in  the  combination  of  key  parameters 
(DOF,  FOV,  WD).  Commercially  available  lenses  were  used  in  the  present  investigation,  but  custom  designs  would 
yield  a  smaller  setup  for  achieving  the  desired  parameters.  For  example,  since  the  DOF  is  proportional  to  the 
diameter  of  the  lenses,  a  larger  diameter  lens  would  produce  a  sharper  DOF. 
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Fig.  2  Schematics  (a,  b)  and  picture  (c)  of  PSV  setup  showing  main  parameters  with  narrow  DOF  and  direct 
in-line  LED  volume  illumination. 
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In  the  present  study  the  DOF  was  on  the  order  of  1-3  mm,  and  the  FOV  and  WD  could  be  varied  from 
millimeters  to  tens  of  centimeters.  Figure  3  shows  an  example  of  DOF  estimate  obtained  with  a  telecentric  lens  that 
provides  a  constant  magnification  of  9  mm  within  the  WD  (here  100  mm);  the  ruler  was  tilted  53.13  degrees  and 
DOF  can  be  estimated  within  one  mm  from  the  focused  center  given  the  out-of-focus  distance  observed.  Typically 
the  DOF  is  arbitrarily  defined  as  a  specified  fraction  distance  from  the  focused  plane.  The  effect  on  real  particles 
will  be  discussed  later  in  the  paper. 


Fig.  3  Ruler  tilted  for  DOF  estimate  (one  mm)  from  a  WD  of  100  mm  using  telecentric  lenses. 

Image  filtering  allows  removal  of  image  data  that  fall  beyond  a  certain  intensity  threshold,  based  on  their 
location  from  the  center  of  the  focal  plane  and  effectively  shorten  the  DOF.  Most  PIV  techniques  utilize  such 
methods.  For  example,  microscopic  PIV8  approaches  and  miniature  PIV-with-LED9  approaches  utilize  the  principle 
of  narrow  DOF  to  image  a  2D  plane  as  well  as  imaging  post-processing  filtering  techniques.  Some  approaches 
employ  defocusing  principles  to  measure  the  three-dimensional  (3D)  velocity  field.10,11  Shadow  techniques  can  be 
found  in  two-phase  flow  applications  for  imaging  and  sizing  large  particles,  bubbles  and  drops.1215  Some  of  these 
shadowgraphy  investigations  use  particle  tracking  techniques  to  measure  bubbles/drops  velocity  coupled  with  a 
laser-sheet  PIV  technique  to  measure  the  full  velocity  field.  The  PSV  technique,  like  PIV,  aims  to  the  full  velocity 
field  using  correlation  techniques  on  the  shadow  ensembles  of  seeding  tracers  in  the  full  flow  field,  single-  or  multi¬ 
phase  flows,  low  or  high  speed. 

The  micro-PIV  approaches  are  often  based  on  fluorescent  tagging  of  particles8  or  on  light  scattering  though 
transmitted-light  microscopy.10  In  fluorescence  approaches,  particles  suspended  in  the  flow  [e.g.,  polystherene  latex 
particles  (PSL)]  are  tagged  with  a  dye  to  excite  at  a  certain  wavelength  (typically  chosen  to  be  near  the  Nd:YAG- 
laser  wavelengths)  and  emit  at  another.  In  transmitted-light  techniques,  the  light  is  transmitted  from  a  source  on  the 
side  of  the  specimen  that  is  opposite  the  objective  and  passed  through  a  condenser  to  focus  it  on  the  specimen  for 
obtaining  very  high  illumination.  After  the  light  passes  through  the  specimen,  the  image  of  the  specimen  passes 
through  the  objective  lens  to  the  oculars,  where  the  enlarged  image  is  viewed.  The  most  widely  used  setup  for  proper 
specimen  illumination  and  image  generation  is  known  as  Kohler  illumination;  here,  the  micro-PIV  applications  rely 
on  scattering.  A  discussion  of  the  miniature  approach  of  PIV-with-LED  in  the  literature9  includes  various  setups 
and  results  from  forward,  backward,  and  side  scattering.  Because  of  weak  scattering  from  the  LED,  the  technique  is 
applied  only  to  small  areas.  In  other  approaches  such  as  holography,  scattering  and  its  interaction  with  the 
background  light  are  of  major  importance  when  using  coherent  laser  light.6, 16-20 

PSV  employs  a  fundamentally  different  approach  that  relies  not  on  principles  such  as  fluorescence,  scattering, 
coherence,  Doppler,  defocusing,  or  tagging  but  on  the  simpler  particle-ensemble  shadow  cast  from  a  bright 
background.  The  PSV  principle  is  based  on  the  in-line,  zero-degree-deviation  direct-illumination  setup.  Figure  4 
shows  schematically  the  differences  between  collection-of- scattering  and  collection-of-extinction  (shadow-casting) 
alignment  setups.  In  the  PSV  mode  the  angle  between  the  components  is  zero.  A  particle  lies  between  the  source 
and  the  detector  (a  camera  imaging  system,  in  this  case)  and  casts  a  shadow  of  an  area  determined  by  the  light- 
extinction  characteristics21,22  (Fig.  4)  that  can  be  considerably  greater  or  smaller  than  the  geometrical  shadow  of  the 
particle. 
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Fig.  4 


Schematic  of  imaging  alignment  for  (a)  scattering  mode  and  (b)  PSV  mode,  showing  spherical 
particle,  its  scattering  (dashed),  and  its  shadow  from  a  background  light  directed  from  left  to  right. 


Contrast  changes  yield  particle-shadow-diameter  variations  and  permit  the  diameter  to  be  adjusted  by 
varying  the  intensity  of  the  incident  light.  The  brightness  of  the  light  can  be  adjusted  via  pulse  duration,  light-source 
distance,  light-source  size,  and  attenuation  techniques.  A  brighter  light  produces  a  smaller  particle  shadow  and,  as  a 
consequence,  yields  a  sharper  DOF. 

The  shadow  behind  the  sphere  shown  schematically  in  Fig.  5  shows  several  regions.22 


Fig.  5  Schematic  of  shadow  from  spherical  particle  and  various  geometrical  parameters.22 

The  ‘deep-shadow’  region  (S)  is  of  most  use  in  PSV  and  is  slightly  smaller  in  diameter  than  the  particle  and  the 
geometrical  shadow  (horizontal  lines  in  Fig.  5).  In  order  to  study  the  possibility  of  imaging  small  shadows,  for 
example,  from  micron-sized  particles  that  could  be  used  in  high-speed  PSV,  reticle  targets  were  used.  These  reticles 
have  various  circles  of  various  micron  sizes;  a  ‘Paterson’  gloves  pattern  with  10  discs  of  diameters  450,  360,  270, 
225,  180,  145,  110,  74,  37,  and  18  microns  (±3  microns)  was  used  initially.  Since  the  shadow  thrown  by  a  sphere  is 
much  darker  than  that  of  a  circular  disc,22  the  shadows  observed  from  the  reticle  circles  are  lighter  than  shadows 
from  actual  spherical  particles.  Figure  6  shows  how  illumination  can  be  used  to  affect  the  shadow.  The  telecentric 
setup  used  in  Fig.  2  allowing  sub-mm  DOF  from  a  WD  of  100  mm  was  used  in  these  tests.  A  single  red  LED  was 
used  located  at  85  mm  from  the  reticle  in  the  opposite  side  of  the  camera.  For  these  conditions  and  without  post¬ 
processing,  the  smallest  circle  (18  microns)  shadow  is  captured  with  a  short  pulse  (10  microsec)  but  when 
illumination  is  increased  (e.g.,  here  shown  50,  100,  and  650  microsec  pulses)  the  smallest  circle  shadows  vanish. 

Like  in  PIV,  accurate  PSV  velocity  demands  the  shadow  be  casted  within  several  pixels.  For  example,  if  is  only 
one  pixel,  velocity  will  have  similar  problem  to  the  ‘pixel  locking’  occurring  in  PIV.  Higher  resolution  cameras  are 
therefore  desirable  when  smaller  particles  need  to  be  used. 
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Fig.  6  Illumination  effect  on  shadow  characteristics  of  micron  sizes  discs. 

Some  PSV  features  can  be  explained  using  particle-absorption  and  scattering-of-light  principles21  that  predict 
the  interaction  between  light  and  particles  in  the  PIV  ranges  of  the  present  study.  Of  greatest  interest  here  is  the 
light-particle  interaction  and  its  effect  behind  the  particle— the  region  associated  with  forward  scattering  and  deep 
shadow  or,  to  use  a  term  that  shares  some  terminology  with  fluid  mechanics,  the  “electromagnetic-wake  region.” 
The  following  argument  clarifies  why  the  region  with  the  highest  scattering  efficiency— forward— has  little  or  no 
effect.  The  particle  image  recorded  on  a  camera  results  from  the  extinction  of  the  (in-line)  light  caused  by  absorption 
and  scattering,  as  opposed  to  the  forward  scatter  of  light  by  the  particle.  The  extinction  produces  a  shadow,  while 
forward  scatter  brightens  the  particle  image.  In  the  basic  setup,  the  only  forward  scatter  that  could  contribute  to  the 
particle  image  is  that  of  a  very  small  angle,  i.e.,  only  the  light  that  would  be  scattered  directly  into  the  recorded 
image  of  the  particle.  All  other  forward-scattered  light  would  contribute  only  to  an  increased  background  over  the 
entire  image.  This  means  that  only  a  small  angular  fraction  of  the  forward  scatter  affects  the  particle  contrast. 
Therefore,  the  strong  forward  source  light  has  a  much  greater  influence  than  the  scattering. 

The  ratio  of  extinction  to  forward  scatter  depends  on  the  particle  size;  however,  in  most  cases  extinction  is  ten 
times  larger  than  forward  scatter.  This  ratio  becomes  further  increased  since  the  only  concern  here  is  forward  scatter 
in  a  very  small  angular  region.  Any  scatter  outside  this  region  becomes  extinction.  This  consideration  probably 
increases  the  ratio  from  10  to  1  to  more  than  1000  to  1.  Therefore,  it  is  unlikely  that  the  effects  of  forward  scatter  are 
recorded  in  this  mode. 
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The  contribution  from  diffraction  in  the  region  behind  the  particle  depends  on  the  illumination.  In  this  case  the 
PSV  setup  is  the  inverse  of  the  “slit  experiment”  for  a  sufficiently  large  particle.  Diffraction  prevents  the  light  from 
being  completely  obscured,  but  blockage  of  the  source  light  dominates.  In  the  Mie- scattering  plots,  the  source 
intensity  is  not  included;  and  in  any  event,  it  is  indeed  blocked  by  the  particle  (e.g.,  a  geometrical,  ideal  single  ray  of 
light).  In  practice,  all  of  the  source  rays  that  are  not  scattered  by  the  particle  can  be  detected. 

The  other  crucial  component  in  PSV  is  the  use  of  short  DOF  to  image  (or  cast)  the  focused  shadows.  The  length 
of  the  shadow  is  a  function  of  the  intensity  of  the  illumination,  based  on  the  previous  arguments.  Micro-PIV  studies8 
have  shown  that  in  a  volumetric  illumination,  all  particles  in  the  volume  contribute  to  scattering.  Extension  to  the 
PSV  technique,  where  scattering  is  “overshadowed,”  yields  a  volumetric-particle  shadow  field  that  yields  similar 
results  in  the  focal  plane;  that  is,  shadows  are  observed  only  when  they  are  in  focus  with  the  maximum  in  the  focal 
plane  and  become  invisible  (in  the  form  of  fainting  background  noise)  when  they  are  out  of  focus  (Fig.  7).  The  rate 
of  defocusing  can  also  be  assumed  to  be  proportional  to  the  diffraction  pattern  of  the  particles  (assuming  that  they 
are  point  sources  imaged  through  a  circular  aperture  or  lens),  with  the  pattern  having  maximum  intensity 
(corresponding  to  the  Airy  function  for  Fraunhofer  diffraction)  at  the  focal  plane  of  the  lens  (Fig.  8)  which  decreases 
very  rapidly.  Typically  the  DOF  is  arbitrarily  defined  as  a  specified  fraction  of  that  maximum.  The  overall  signal- 
to-noise  ratio  can  be  improved  through  filtering  techniques,  and  brightness  and  seeding  density  variations. 
Therefore,  for  planar  PSV  measurements,  the  out-of-focus  contribution  can  be  minimized  in  the  final  contribution  to 
the  velocity  correlation.  Alignment  is  very  critical  also  since  aberrations  (e.g.,  spherical)  can  occur  if  the 
components  in  the  optical  path  are  misaligned. 


Particles  and  Shadows 
(light  extinction) 


Lens 


Camera 


D.O.F. 

Fig.  7  Schematic  of  contribution  of  particle  shadows  to  image,  restricted  to  focal  plane,  with  greater 
contribution  from  those  at  the  center. 


Fig.  8 
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(a)  (b) 

Schematic  of  effective  result  of  PSV;  all  particles  are  illuminated  in  the  volume,  scatter  light,  and 
produce  shadows;  but  diffraction  pattern  (a)  has  maximum  intensity  (Airy  function)  at  focal  plane  of 
lenses.  Sharp  DOF  effectively  results  in  only  2D  slice  of  illuminated  volume  being  imaged  (b). 


Following  the  illumination  tests  on  the  Patterson  reticle  it  can  be  shown  that  illumination  also  has  an  effect 
on  the  DOF  (Fig.  9).  The  shadows  from  large  particles  remain  clearly  in  the  image  when  the  object  plane  is 
translated  1.27  mm  forward  while  the  small  particles  quickly  become  out  of  focus  and  invisible.  Here  post¬ 
processing  has  no  effect  once  the  shadow  has  vanished  beyond  the  DOF  region.  It  is  noteworthy  that  large  discs 
remain  in  focus  for  longer  range. 
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Fig.  9  Illumination  and  DOF  variations  on  micron-sized  discs.  Target  originally  in  the  center  of  the  focal 
plane  (top,  40  microsec  pulse)  is  translated  towards  the  camera  1.27  mm  and  the  small  discs  become  invisible 
(center,  40  microsec  pulse)  or  just  out  of  focus  (bottom,  20  microsec  pulse). 

In  PIV,  velocity  is  determined  by  calculating  the  particle-ensemble  displacements  between  two  instantaneous 
time  snap-shots.  This  is  generally  accomplished  through  correlation  techniques  such  as  those  that  use  FFT  on  the 
image  signal.  The  signal  information  is  generated  from  changes  in  intensity;  therefore,  the  same  technique  can  be 
used  for  PSV  since  it  is  based  on  information  from  particle  ensembles,  although  the  intensity  information  is  inverted 
compared  to  that  from  PIV.  Subtle  differences  exist;  for  example,  in  PIV  the  particle  intensities  have  a  shape,  such 
as  Gaussian,  whereas  in  PSV  this  shape  has  not  yet  been  determined  and  depends  on  the  aforementioned  light- 
particle  interaction  and  extinction  characteristics.  To  account  for  these  differences  that  could  affect  the  accuracy 
(e.g.,  in  the  correlation  peak  finding),  the  method  has  been  tested  for  accuracy3. 

Since  the  critical  aspect  is  the  shift  between  particle  ensembles  techniques  such  as  correlation  effective  because 
the  amplitude  of  the  correlation  peak  is  weighted  by  the  number  of  pairs  in  the  interrogation  area,  the  size  of  the 
particle  pairs,  and  the  intensity  of  the  pairs.  On  the  other  hand,  the  PSV  image  with  particles  having  the  lowest 
intensity  compared  to  the  maximum  intensity  of  the  background  can  be  readily  inverted  and  generate  a  PIV-like 
signal3.  Examples  of  correlations  are  shown  in  Fig.  10  using  various  synthetic  data. 

When  the  pulse  duration  is  too  long  to  freeze  the  particle  motion  instantaneously  then  traces  fields  or  streaks 
result.  Figure  1 1  shows  samples  of  correlation  of  traces  on  synthetic  data.  Correlation  of  traces  is  straightforward 
operation  involving  step  signals  (Fig.  12). 
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Fig.  10  (b) 


American  Institute  of  Aeronautics  and  Astronautics 


1093 


Fig.  10  Correlation  examples  for:  a)  Gaussian-image  shaped  particle  of  10  pixels  diameter,  b)  a  square  of 
20  pixels  side,  c)  a  random  field  displaced  (left  and  center).  All  yield  a  sharp  correlation  peak;  time0= 
0(32,32);  timel=  0(40,37);  correlation  peak  at  (8,  5);  all  units  pixels. 


Fig.  11  Traces  displacement  fields  (a-c,  d-e)  and  correlations  (d-f,  j):  Single  trace  (a,  d);  fainting  discrete 
trace  (b,  e);  fainting  continuous  trace  (c,  f);  Traces  Field  (30  traces,  20  pixels  long)  (h-j)  ;  all  displacements 
from  time0=O  (32,32)  to  timel=0  (40,37);  correlation  peak=  (8,  5).  All  units  pixels. 
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Fig.  12  Trace  shape  and  Correlation  peak  trace  shape  for  the  Traces  Field  of  Fig.  11  (g-i) 


III.  Results 

Images  and  velocity  fields  from  a  variety  of  particles  and  conditions  are  compared  and  results  of  flow  tests  with 
jets  in  water  and  air  for  several  particle  sizes  and  shapes  are  presented.  Results  for  low  speed  and  are  first  presented 
and  then  some  high-speed  preliminary  results  are  introduced. 

The  fact  that  the  LED  can  be  pulsed  at  any  rate  makes  it  very  attractive  for  velocimetry.  This  capability  is  not 
shared  by  other  sources  such  as  lasers  or  Nanopulsers,5  which  generally  have  lower  and  fixed  repetition  rates 
(although  shorter  pulses  at  present).  Pulses  from  LEDs  that  were  used  ranged  from  tenths  of  nanoseconds  to 
microseconds.  The  choice  of  pulse  depends  on  the  velocity  of  the  flow  and  the  magnification,  and  the  pulse  must  be 
sufficiently  short  to  freeze  the  motion  while  providing  sufficient  illumination.  The  red  LED  is  preferred  since  the 
CCD  camera  has  its  higher  spectral  sensitivity  in  the  upper-red  region.  A  overdriven  reed  cluster  (ISSI)  was  used  to 
obtain  most  of  the  present  results  because  it  provided  brighter,  shorter  pulses  that  would  be  a  requirement  in  many 
transonic  and  higher  speed  applications.  A  single  LED  can  be  also  used  if  the  velocity  ranges  and  other  parameters 
(WD,  FOV)  are  appropriate. 

A  sample  pulse  is  shown  in  Fig.  13.  The  photodiode  has  a  rise  time  of  tenths  of  nanoseconds,  which  should  be 
taken  into  account  when  analyzing  the  pulses.  Because  of  heat  limitations,  the  LEDs  have  a  limited  duty  cycle; 
therefore,  unlimited  pulses  at  very  high  repetition  rates  would  require  special  designs. 


Fig.  13  LED  pulse-shape  sample  200  nsec.  Drive  pulse  is  rectangular  (blue)  and  light  pulse  shows  a 
raising  time  (yellow). 

The  camera  used  in  the  present  experiments  was  a  standard  cross-correlation  PIV  camera  (ESI)  with  lk  x  lk 
pixels  at  a  15-Hz  repetition  rate.  Other  cameras  with  higher  sensitivity  and  resolution  and  higher  repetition  rate 
were  not  tested  but  could  be  used  for  the  shorter  pulses.  On  the  other  hand,  relatively  inexpensive  commercial 
cameras  with  detachable  lenses  have  high  resolution  (although  slow  repetition  rates)  and  could  also  be  used  in  the 
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auto-correlation  or  the  two-color-PIV  mode.23,24  If  these  cameras  were  coupled  with  a  single  LED,  a  very 
inexpensive  PIV  system  could  be  achieved  that  would  still  be  useful  in  many  experiments  and  yield  high-resolution, 
accurate  results. 

An  example  of  velocity  field  obtained  with  the  PSV  technique  in  cross -correlation  double-exposure  mode  is 
shown  in  Fig.  14  for  two-phase  bubbly  flow  using  the  red  cluster  with  200  nsec  pulses.  Velocity  of  the  bubbles  is 
readily  calculated  from  cross-correlation  techniques. 


■  1 1 1 1 nr— 

Speed:  1  2  3  4  5  6  7  8  9  10 

Fig.  14  Double-exposure  modes  in  bubbly  jet  in  water:  Exposure  time  200  nsec;  time  separation  between 
frames  (DT)  50  psec.  FOV~9mm. 


It  is  obvious  that  PSV  images  contain  a  variety  of  background-noise  textures  due  mainly  to  out-of-focus  data. 
Their  contribution  to  the  correlation  function  can  be  reduced  significantly  by  the  optical  characteristics  of  the 
technique;  since  these  textures  contribute  to  noise,  they  should  be  removed.  During  the  experiment  this  can  be  done 
by  increasing  the  illumination,  but  it  can  also  be  accomplished  during  post-processing  by  applying  filtering 
techniques  that  effectively  reduce  that  noise  level  and  produce  a  sharper  image,  effectively  reducing  the  2D  plane 
thickness.3 

While  the  technique  appears  straightforward  for  low  speed  flows  with  large  particles  in  a  ‘particle-tracking’ 
mode,  such  as  bubbly  two  phase  flows,  its  application  to  single  phase  flows  in  ‘PIV’  mode  for  full  field  velocimetry 
is  not  obvious,  specially  high  speed.  New  challenges  related  to  particle  size  and  its  image-shadow  size  are  apparent. 

To  assess  the  feasibility  of  the  technique  in  various  flow  media  with  typical  PIV  seeding  density  was  studied 
with  low  speed  flows.  Figure  15  shows  samples  of  micron- sized  PSL  particles  in  water  and  cornstarch  (10-jn  diam) 
in  air  for  two  exposure  times. 


(a)  (b) 

Fig.  15  Small  particle-size  shadow  casting  with  PSV:  a)  water  jet  (PSL,  1-p  diam),  4-psec  exposure;  b)  air  jet 
(cornstarch  10-p  diam),  5-psec  exposure.  FOV  -  10  mm. 
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Figure  16  contains  an  example  of  a  double  exposure  and  its  derived  velocity  field  from  free  flow  where  sub¬ 
micron  smoke  particles  (mixture  of  glycerin  and  ionized  water)  were  used.  A  single  LED  (blue)  in  the  PSV  mode 
with  two  exposures  100  psec  and  5  psec  apart  was  used  (FOV  is  3  mm).  Figure  17  shows  the  PSV  image  and  its 
derived  velocity  field  of  a  jet  in  water  using  PSL  seed  (FOV  is  10  mm),  and  Fig.  18  shows  the  PSV  image  and  its 
derived  velocity  field  of  an  air  jet  seeded  with  10-p  cornstarch  particles  (FOV  is  10  mm).  Finally  a  medium  speed 
flow  (M<0.3)  was  also  tested  (Fig.  19). 


X  (Pixels) 

Fig.  16  PSV  with  LED.  Example  of  air  flow  with  smoke  particles  (0.5-p  diam), 
FOV  =  3  mm.  Speed  in  pixel  units. 


X  (Pixels) 

Fig.  17  PSV  with  LED.  Example  of  water-jet  flow  with  PSL  particles, 

FOV  =  10mm.  Speed  in  pixel  units. 


Speed 
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Fig.  18  PSV  with  LED.  Example  of  air-jet  flow  with  cornstarch  particles  (10-p), 
FOV  =  10mm.  Speed  in  pixel  units. 


200  400  600  800  1000 


X  (Pixels) 

Fig.  19  PSV  with  LED.  Example  of  higher  speed  flow  (100  m/s)  channel  flow  seeded  with  cornstarch 
particles  (10-p),  FOV  =  10mm.  Speed  in  pixel  units. 


The  technique  was  then  tested  in  a  transonic  facility25  and  some  preliminary  results  are  presented.  Fig.  20 
shows  samples  of  traces  obtained  at  transonic  flow  conditions  (M-0.7)  using  large  cornstarch  (10  microns)  particles. 
Fig.  21  shows  details  of  regions  of  the  same  flow  seeded  with  AlOx  and  TiOx  particles  and  a  velocity  vector 
corroboration  of  the  speed  of  the  flow  conditions  (M=0.7)  through  traces  correlation. 


Fig.  20  Single  exposure  traces  of  Cornstach  particles  at  M-0.7 
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C)  d) 


Fig.  21  Details  of  Traces  Pairs  5-6  pix  long  in  transonic  flow  (M-0.7).  a)  Cornstarch;  b)  AlOx;  c)  TiOx;  d) 
sample  of  vectors  obtained  though  traces  correlation  with  displacement  red-green  45  pixels  or  230  m/s. 


IV.  Conclusions 

A  PSV  technique  that  allows  light  sources  with  significantly  lower  power  than  lasers  to  be  used  was 
investigated  for  high-speed  flows.  The  technique  employs  a  non- scattering  approach  that  relies  on  direct  in-line 
illumination  by  a  pulsed  source  such  as  an  LED  onto  the  camera  imaging  system.  Narrow  depth-of-field  optical 
setups  are  used  for  imaging  a  2D  plane  within  a  flow  volume,  and  images  are  produced  that  resemble  a 
“negative”  or  “inverse”  of  the  PIV  mode  by  casting  particle  shadows  on  a  bright  background.  In  this  technique 
the  amount  of  light  reaching  the  image  plane  and  the  contrast  of  the  seeding  particles  are  significantly  increased, 
while  the  power  required  is  markedly  lower  than  that  demanded  by  scattering  approaches.  Applications  of  the 
technique  for  various  velocity  ranges  were  presented  including  preliminary  techniques  and  results  for  a 
transonic  speed  flow. 
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The  design  of  an  experimental  research  rig  for  evaluating  candidate  flow  control  concepts 
for  diffusion  enhancement  in  axial  compression  systems  is  presented.  The  research  rig  is 
modular  in  design  and  capable  of  continous  flow  in  a  Mach  0.7  environment  with  both 
diffusion  and  curvature.  Candidate  concepts  can  be  evaluated  inexpensively  in  a  realistic 
axial  compression  system  flow  environment.  Baseline  results  will  be  presented  along  with 
three  preliminary  flow  control  modules;  all  are  variations  on  a  theme  of  blowing  only  flow 
control  using  a  slot  jet  behind  a  backward  facing  step.  Two  of  the  variations  are  preliminary 
investigations  into  the  effect  of  the  lip  thickness  of  the  backward  facing  step  and  its  impact 
on  the  flow  control  effectiveness.  The  other  introduces  streamwise  vorticity  as  a  means 
of  enhancing  the  interaction  between  the  blowing  jet  and  the  core  stream  in  an  effort  to 
reduce  the  secondary  flow  control  flow  fraction  requirements.  Detailed  PIV,  PSP  and  exit 
total  pressure  traverse  measurements  are  presented  and  observations  discussed. 

I.  Introduction 

Flow  control  particular  to  axial  compression  systems  has  become  a  very  active  research  topic  for  the  last 
few  decades.1-6  It  has  the  potential  to  open  the  design  envelope  for  axial  compressors  to  higher  loading  levels 
for  a  given  compressor  stage,  translating  into  higher  overall  pressure  ratios  for  improved  thrust  specific  fuel 
consumption  (TSFC).  Increased  loading  levels  may  also  translate  into  higher  thrust-to-weight(T/W)  ratios 
by  reducing  turbine  engine  axial  length  for  a  given  pressure  ratio  and  as  shown  in  7  and  repeated  in  Figure 
1,  engine  thrust-to- weight  ratios  have  practically  leveled  off  since  the  1970’s. 

Successful  demonstrations  have  been  carried  out  using  aspiration  to  remove  the  boundary  layer  fluid 
along  the  suction  surface  of  transonic  rotors.1,2  As  illustrated  in  Figure  2,  these  demonstrations  have  shown 
stage  total  pressure  ratio  on  the  order  of  3  with  marginal  efficiency  gains  based  on  calculations  using  fairly 
conservative  estimates  to  account  for  the  aspirated  boundary  layer  fluid.  Also,  aspiration  in  the  transonic 
environment  showed  another  benefit  of  shock  ’holding’,  whereby  the  local  aspiration  behind  the  leading  edge 
shock  intersection  with  the  suction  surface  resulted  in  maintained  shock  position  as  the  rotor  is  throttled  to 
higher  loading  levels.  This  effect  may  help  to  address  stall  margin  reductions  as  loading  levels  are  increased 
in  transonic  rotors.  A  limitation  noted  with  increased  rotor  loading  levels  is  the  increased  diffusion  required 
of  the  downstream  stator.  This  limitation,  if  not  properly  addressed,  may  overshadow  any  benefit  in  rotor 
performance  using  flow  control. 

Stator  flow  control  through  the  use  of  ejector  pumps  has  shown  marginal  gains  in  deviation  reduction 
(i.e.  the  reduction  in  flow  turning/diffusion  caused  by  the  increase  in  the  suction  surface  boundary  layer).6 
The  ejector  pump  strategy  was  a  device  by  which  a  high  momentum  jet  injected  along  the  suction  surface 
simultaneously  provided  aspiration  upstream  of  the  injection  location  through  ports  connected  to  the  primary 
air  stream.  A  series  of  experiments  conducted  in  a  transonic  blow  down  wind  tunnel  with  inlet  Mach 
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numbers  of  approximately  0. 7-0.8  were  carried  out  for  these  investigations.  In  a  similar  vein,  flow- controlled 
stators  using  counter-flow  blowing  along  the  pressure  surface  near  the  trailing  edge  showed  marginal  gains 
in  vectoring  the  stator  exit  flow.5  This  method  was  more  for  enabling  stator  exit  flow  angle  variability  than 
for  increasing  diffusion. 

Recently,  successful  demonstration  of  increased  diffusion  using  blowing  jets  along  the  suction  surface  of 
a  low  speed  axial  compressor  system  stator  has  been  carried  out.4  The  stator  blade  count  was  reduced  by 
30%,  resulting  in  an  increased  diffusion  requirement  of  the  blade  row  through  a  solidity  reduction.  The 
blades  were  replaced  with  a  blowing  only  variant  which  successfully  matched  the  system  performance  levels 
of  the  original  full  blade  count  configuration.  The  system  performance  levels  of  the  flow  control  configuration 
accounted  for  the  air  supplied  for  the  flow  control.  It  begs  the  question  whether  the  increased  complexity 
of  the  flow  control  is  warranted  considering  the  matching  system  performance  between  the  original  non¬ 
flow-controlled  and  the  flow-controlled  configurations.  Blade  count  reduction  in  axial  compression  systems 
impacts  maintenance  cost  of  axial  compression  systems,  but  has  a  much  lower  influence  on  weight  reduction. 
Weight  reduction  is  more  greatly  affected  through  axial  length  reduction.  This  is  better  realized  through  a 
stage  loading  increase  resulting  in  the  required  pressure  ratio  in  a  shorter  axial  length.  This  is  a  much  more 
costly  demonstration  as  building  a  new  axial  rotor  can  be  as  much  as  six  times  the  cost  of  the  stator. 

The  previous  paragraphs  are  just  a  highlight  of  some  recent  research  involving  flow  control  for  axial 
compression  systems  with  an  emphasis  on  increasing  stage  performance.  What  is  clear  among  these  effots 
is  the  relative  financial  cost  that  can  be  accrued  while  investigating  various  approaches.  The  design  and 
test  of  a  single  transonic  compression  stage  can  easily  exceed  one  million  dollars.  Even  transonic  cascade 
experiments  easily  run  into  the  tens  of  thousands  of  dollars.  That  is  not  to  say  that  many  initial  flow 
control  experiments  do  not  occur  in  less  costly  environments.  Many  of  the  ideas  tested  are  investigated  in 
wind  tunnel  environments  with  Reynolds  numbers  and  diffusion  comparable  to  a  transonic  axial  compression 
system,  but  these  often  lack  wall  curvature  and  compressibility  effects.  Most  recently,  tests  examining  the 
benefits  of  streamwise  vorticity  in  boundary  layer  attachment  in  a  diffusing  environment  with  some  wall 
curvature  have  been  carried  out,  but  again  in  an  incompressible  environment.3  Also,  the  integration  of 
many  flow  control  strategies  is  an  afterthought,  i.e.  it  occurs  too  late  in  the  initial  evaluation  and  must  be 
considered  early  on  as  a  metric  of  effectiveness.  This  leads  to  a  key  emphasis  of  this  paper:  the  development 
of  an  experimental  rig  that  can  effectively  evaluate  candidate  flow  control  strategies  for  axial  compression 
systems,  with  emphasis  on  diffusion  enhancement  in  a  realistic  environment  at  a  low  cost. 

This  paper  will  outline  the  design  of  the  experimental  flow  control  research  rig  and  its  capabilities. 
Current  measurement  locations  and  techniques  will  be  discussed  and  initial  baseline  evaluations  presented. 
Following  will  be  the  initial  investigation  and  comparison  of  three  flow  control  modules;  all  are  variations  on 
a  theme  of  blowing  only  flow  control  using  a  slot  jet  behind  a  backward  facing  step.  Two  of  the  variations 
evaluate  the  effect  of  the  lip  thickness  of  the  backward  facing  step  on  the  flow  control  effectiveness.  The 
other  variation  introduces  streamwise  vorticity  as  a  means  of  enhancing  the  interaction  between  the  blowing 
jet  and  the  core  stream  in  an  effort  to  reduce  the  secondary  flow  control  flow  fraction  requirements. 

II.  Experimental  Approach 

The  eventual  goal  of  the  present  work  is  enhanced  performance  of  diffusors  for  axial  compression  systems. 
Most  previous  research  efforts  in  this  direction  have  relied  primarily  on  wind  tunnel  testing  of  linear  cascades 
of  stator  vanes,  either  based  on  passive  designs  or  with  some  manner  of  flow  control.  However,  such  exper¬ 
iments  are  relatively  expensive  to  conduct  on  a  per-test-case  basis.  Moreover,  due  to  typical  measurement 
expense  and  access  limitations,  it  is  often  difficult  to  discern  why  a  given  stator  design  does  or  does  not 
perform  well,  or  what  limitations  need  to  be  addressed.  Thus  testing  tends  to  take  on  a  trial-and-error 
nature,  and  with  it  a  great  deal  of  uncertainty,  which  is  clearly  not  ideal  in  the  present  climate  of  tight 
research  budgets  and  schedules. 

The  authors  have  deemed  it  desirable,  even  necessary,  to  have  a  lower-cost  facility  with  a  higher  degree 
of  experimental  flexibility  than  the  available  cascade  wind  tunnels.  Thus  a  new  wind  tunnel,  based  on  a 
simple  diffusor  passage  with  curvature,  has  been  designed,  fabricated  and  extensively  tested.  The  tunnel 
was  designed  with  flow  and  geometric  parameters  relevant  for  a  notional  highly-loaded,  high-turning  diffusor. 
Descriptions  of  the  wind  tunnel  and  the  related  measurements  are  provided  in  the  following  sections. 
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A.  Facility 

The  Flow  Control  Augmented  Diffusion  (FCAD)  wind  tunnel  facility  is  comprised  of  three  major  elements: 
the  wind  tunnel  itself,  the  primary  flow  source,  and  a  secondary  flow  source  used  for  flow  control  implemen¬ 
tation. 

1.  FCAD  Tunnel 

The  FCAD  wind  tunnel  is  an  atmospheric  in-draft  design.  After  passing  through  a  bellmouth  and  flow 
straightener,  the  airflow  accelerates  through  a  converging  inlet  of  roughly  12:1  area  contraction  to  a  rectan¬ 
gular  throat,  1.5  x  10.2  cm  (0.6  x  4.0  in).  The  throat,  typically  operated  at  Mach  0.7,  is  the  beginning  of 
the  curved  diffusor  test  section.  The  diffusor  geometry  is  based  on  aggressive  goals  for  an  axial  compression 
system.  The  diffusor  passage  has  an  exit-to-throat  area  ratio  of  2.92,  a  flow  turning  angle  of  70  degrees, 
with  suction  (convex)  side  radius  of  curvature  nearly  constant  at  5.1  cm  (2.0  in).  Following  the  diffusor  is 
a  sudden  expansion  into  a  rectangular  dump  chamber.  An  adaptor  piece  guides  the  flow  from  the  dump 
chamber  into  a  flexible  7.6  cm  (3  in)  diameter  duct  connected  to  the  primary  flow  source.  Figure  3  illustrates 
the  basic  flowpath  from  the  inlet  (at  right)  to  the  dump  chamber  (left). 

Because  present  research  goals  include  identification  of  key  physical  mechanisms  relating  diffusion  and 
flow  control,  emphasis  has  been  placed  on  measurement  techniques  that  can  resolve  details  of  the  overall 
flow  field.  Optical  techiques,  especially  particle  image  velocimetry  (PIV),  were  chosen  to  fill  this  need.  The 
tunnel  was  accordingly  designed  with  optical  access  as  a  priority.  The  top  and  bottom  walls  are  transparent 
acrylic  sheets,  and  sandwiched  in  between  are  wall  segments  with  height  of  10.2  cm  (4  in).  Defining  the 
convex  (suction)  side  of  the  curved  diffusor  test  section  is  a  readily  replaceable  aluminum  module  for  testing 
various  flow  control  concepts.  One  such  module  is  shown  in  Figure  4.  The  inlet  contraction  and  pressure  (or 
concave)  side  of  the  diffusor  passage  are  machined  from  a  single  block  of  acrylic  to  maintain  a  smooth  and 
dimensionally  accurate  profile,  with  all  surfaces  polished  to  restore  high  optical  clarity. 

2.  Primary  Flow  System 

To  permit  an  atmospheric  inlet,  the  FCAD  wind  tunnel  is  run  in  a  suction  configuration.  An  automative 
centrifugal  supercharger,  with  self-contained  speed-increasing  gearbox,  provides  the  suction  source.  A  37 
kW  (50  hp)  3-phase  AC  induction  motor  drives  the  supercharger  through  a  cogged  belt  system.  A  variable 
frequency  drive  (VFD)  unit  is  used  to  precisely  control  the  motor  speed  and  match  the  desired  tunnel 
flow  conditions.  Tunnel  throat  Mach  number  can  typically  be  maintained  and  repeated  within  0.3%  of  the 
intended  value.  Because  of  scale  and  related  expense,  cascade  wind  tunnels  usually  cannot  be  controlled  this 
precisely.  Flow  is  exhausted  from  the  supercharger  through  a  metal  duct  to  the  exterior  of  the  building. 

3.  Flow  Control  System 

Flow  control  supply  air  is  available  in  the  form  of  suction,  blowing,  or  both.  A  7.5  kW  (10  hp)  oil-less  vane 
compressor  is  used  to  provide  flow  control  air  up  to  6%  of  the  primary  stream  massflow  at  the  normal  0.7 
Mach  throat  condition.  A  settling  chamber  is  used  to  damp  discharge  pressure  oscillations.  After  metering, 
the  flow  is  routed  to  a  plenum  inside  the  flow  control  module.  In  testing  to  date,  only  blowing  has  been 
used  for  active  flow  control.  However,  the  compressor  can  be  readily  plumbed  for  suction  or  a  combination 
of  both.  As  with  the  primary  flow  system,  the  vane  compressor  is  precisely  controlled  by  a  VFD  unit. 

B.  Measurements 

The  facility  has  been  designed  for  a  variety  of  measurement  techniques.  In  addition  to  numerous  steady 
pressure  and  temperature  measurements,  optical  techniques  are  used  to  non- intrusively  document  the  flow 
behavior.  Particle  image  velocimetry  (PIV)  is  used  to  obtain  instantaneous  flow  visualization  and  vector 
fields,  as  well  as  the  average  flow  field  for  planes  of  interest.  The  pressure  sensitive  paint  (PSP)  technique 
and  rake  probe  traverses  are  use  to  map  suction  surface  static  and  diffusor  exit  total  pressures,  respectively. 
An  orifice  meter  is  used  to  quantify  the  flow  control  massflow  added  or  removed  from  the  primary  stream 
and  a  Venturi  meter  is  used  to  measure  the  combined  massflow  downstream  of  the  tunnel. 
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III.  Slot  Jet  Study 


The  first  set  of  modules  tested  were  variations  on  a  slot  jet  over  a  backward  facing  step  as  shown  in 
Figure  4.  The  slot  jet  height  for  these  studies  was  fixed  at  0.508  mm  and  the  jet  surface  was  constructed 
as  follows:  1)  The  baseline  convex  surface  was  a  constant  radius  of  50.8  mm  ;  2)  This  radius  was  reduced 
by  1.397  mm  at  the  throat  to  accomodate  the  jet  and  lip  thickness;  3)  A  linear  function  in  the  angular 
coordinate  was  used  to  fit  this  radius  to  the  50.8  mm  radius  at  the  exit  of  the  passage.  This  surface  was 
used  for  the  parametric  study  that  follows,  with  variations  only  being  made  to  the  removable  throat  plate. 

A.  Lip  Thickness  Variation 

The  edge  thickness  of  the  upper  plate  along  the  backward  facing  step  was  varied  to  examine  the  effect  on 
the  slot  jet’s  diffusing  capacity.  This  quick  study  was  performed  to  determine  a  reasonable  configuration 
that  is  manufacturable  and  will  be  used  as  a  baseline  for  all  subsequent  studies.  Two  configurations  were 
manufactured:  0.635  mm  and  0.127  mm  edge  thicknesses.  The  two  configurations  in  Figure  5  show  the 
modification  to  the  plate  upper  surface  so  that  the  slot  jet  would  remain  unaffected.  The  0.635  mm  edge  was 
simply  an  extension  of  the  tunnel  throat,  while  the  0.127  mm  was  created  by  applying  a  5  degree  chamfer 
to  the  upper  surface.  The  ratio  of  edge  thickness  to  slot  jet  height  was  1.25  and  0.25  for  the  0.635  mm  and 
0.127  mm  edges,  respectively. 

Figure  6  shows  averaged  PIV  measurements  at  midspan  for  the  two  configurations.  Details  for  the  PIV 
technique  can  be  found  in  Ref.  5.  The  left  side  of  the  figure  shows  the  1.25  edge-to-jet  ratio  upper  plate  with 
2.25%  secondary  flow  ratio.  The  right  shows  the  0.25  edge-to-jet  ratio  upper  plate  with  2.0%  secondary  flow 
ratio,  i.e.  the  ratio  of  blowing  mass  flow  to  core  mass  flow.  This  clearly  demonstrates  the  better  diffusion 
performance,  through  significantly  reduced  separation,  of  the  slot  jet  with  the  0.25  edge-to-jet  ratio.  No  exit 
traverse  instrumentation  was  installed  during  these  tests,  but  surface  mounted  static  pressure  measurements 
at  approximately  20%  and  80%  chord  along  the  convex  (suction)  surface  and  80%  chord  along  the  convex 
(pressure)  surface  were  used  to  estimate  a  static  pressure  rise  coefficient  for  these  two  configurations.  The 
80%  chord  values  were  averaged  and  used  as  an  exit  static  pressure  value.  Figure  7  shows  the  static  pressure 
rist  results  for  secondary  flow  ranges  from  0  to  4%  flow  fraction.  The  0.25  edge-to-jet  ratio  geometry 
achieved  a  similar  static  pressure  rise  with  half  the  flow  fraction  of  the  1.25  edge-to-jet  ratio  geometry.  The 
0.25  edge-to-jet  ratio  was  then  used  for  all  subsequent  testing  and  will  be  referred  to  simply  as  the  “slot-jet 
configuration”  for  the  remainder  of  this  paper. 


B.  Counter-rotating  Streamwise  Vorticity  Addition 

The  effect  of  adding  pairs  of  counter-rotating  streamwise  vortices  to  the  main  flow  ahead  of  the  slot  jet  was 
investigated  in  an  effort  to  determine  if  streamwise  vorticity  may  be  effective  in  reducing  the  amount  of 
secondary  flow  required  for  a  given  level  of  diffusion.  This  was  accomplished  through  the  use  of  flat  plate 
vortex  generators  placed  on  the  upper  surface  of  the  flow  control  module  plate  as  shown  in  Figure  8.  Care 
must  be  taken  when  using  counter-rotating  vortices  due  to  the  induced  motion  the  vortices  have  on  one 
another  and  good  references  to  that  effect  are  given  by  Pearcey8  and  Kuethe  and  Chow.9  Vortex  pairs  were 
designed  with  the  intent  that  their  induced  motion  was  toward  the  surface  and  the  slot  jet.  The  induced 
velocity  for  a  pair  of  vortices  with  circulation  T  and  separated  a  distance,  d,  apart  is: 


(i) 


A  difficulty  in  using  counter-rotating  vortices  for  a  flow  control  strategy  is  the  migration  of  the  vortices 
apart  from  each  other  along  a  solid  surface  once  their  ’images’  begin  to  control  their  induced  motion.8  If 
repeating  pairs  of  counter-rotating  vortices  exist,  spaced  a  distance  D  apart  along  the  surface,  the  migration 
eventually  causes  vortices  from  neigboring  pairs  to  match  up.  When  this  happens,  their  induced  velocity  on 
one  another  is  away  from  the  surface  thereby  reducing  the  vortices’  effectiveness  in  promoting  attached  flow. 

The  desired  circulation  strength,  T,  and  spacing,  d,  for  the  vortex  pair  was  determined  by  considering 
a  simplified  flowfield.  The  flowfield  was  approximated  as  undergoing  a  transition  from  velocity  Vf  at  the 
throat  to  V2  at  the  diffusor  exit  in  a  linear  fashion.  This  of  course  assumes  that  the  flowfield  is  difffusing 
ideally.  The  time  at  any  point  along  the  arc  length  of  the  surface,  with  t=0  being  the  throat  reference  time, 
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is  given  by: 


(2) 


where  C  is  the  surface  arc  length,  V\  is  the  throat  velocity  and  DF  is  the  diffusion  factor,  defined  as: 

V? 

DF  =  1-^  (3) 

This  can  be  solved  for  the  fractional  position,  s/C,  as  a  function  of  time,  t,  resulting  in: 


s 

C 


1  —  exp 


■ df 


(4) 


Now  consider  a  counter-rotating  vortex  pair  in  isolation  and  assume  that  the  vortex  pair  convects  with  the 
flowfield  so  that  their  position  at  any  time,  t,  is  given  by  the  above  equation.  As  mentioned  earlier,  the  pair 
has  a  mutually  induced  velocity,  This  vortex  pair  will  be  generated  by  flat  plate  type  vortex  generators 
with  a  thickness  to  chord  ratio  of  0.12.  An  approximation  of  the  circulation  generated  by  a  NACA  0012 
vortex  generator  is  given  in  Ref.  10  and  is  as  follows: 


T 


kiav^c 
1  T  1^2/ AR 


tanh  [ ks(h/S)k 4] 


(5) 


where 


fci  =  1.61;  k2  =  0.48;  k3  =  1.41;  k4  =  1.00 

AR  =  —  - 
7 r  c 

and  a  is  the  angle  of  attack  relative  to  the  freestream;  is  the  freestream  velocity;  S  is  the  boundary  layer 
thickness;  c  is  the  vortex  generator  chord;  h  is  the  vortex  generator  height.  As  a  first  approximation,  the 
circulation  strength  will  be  assumed  to  be  invariant  with  time.  The  time  necessary  for  the  vortex  pair  to 
travel  the  distance  of  the  vortex  generator  height,  h ,  due  to  their  induced  velocity,  Vi,  is: 


t  =  h/Vi 


(6) 


Combining  Equations  (1),  (5),  (6)  and  simplifying  yields: 

_  7T2  (AR  +  fc2)  d _ 1 _ 

~  4  fci  Via  tanh  (fc3  (h/S))  ^  ’ 

This  given  time  can  be  substituted  into  Equation  (4),  resulting  in  an  expression  for  the  fractional  position 
along  the  flow  path  where  the  vortex  pair  will  have  traveled  an  induced  distance  relative  to  the  bulk  flow 
equal  to  the  vortex  generator  height.  The  strength  should  be  such  that  the  s/C  <  1  so  that  the  pair  reaches 
the  surfaces  prior  to  exiting  the  flow  passage.  This  results  in  the  following  bounding  expression: 


F(AR,  d/C)G(a,  h/S) 

JJ(DF) 

F(AR,  d/C) 
G(a, h/5) 
H(DF ) 


<  1  for  H(DF)  >  0 

-  m  (p 

(a)  (tanh(fc3(h/<5)) ) 

4  In  (1  -  DF) 

DF 


(8) 

(9) 

(10) 

(11) 
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The  function  H  is  only  dependent  on  the  diffusion  factor  associated  with  passage.  Functions  F  and  G  are 
dependent  on  the  vortex  generator  geometric  characteristics  and  their  relation  to  the  passage  and  boundary 
layer.  A  family  of  characteristic  curves  of  FG/H  were  produced  by  fixing  the  function  G  through  a  choice 
of  a  and  h/S  and  using  the  diffusion  factor  of  0.724  for  the  passage  under  consideration.  These  curves  are 
shown  in  Figure  9  for  (a,  h/S)  equal  to  (15°,  0.8),  (25°,  0.8),  (15°,  1.5)  and  (25°,  1.5). 

The  figure  shows  that  increasing  both  a  and  h/S  expands  the  family  of  curves  up  and  to  the  right, 
although  a  has  a  much  larger  impact  since  the  product  of  the  functions  are  inversely  proportional  to  it. 
Each  constant  FG/H  curve  represents  a  fractional  distance  along  the  passage  surface  at  which  the  counter¬ 
rotating  pair  has  traveled  one  vortex  height  due  to  the  induced  velocity  V-  This  distance  can  be  found  by 
substituting  the  value  for  FG  into  Equation  4  along  with  DF  to  determine  s/C. 

Three  other  curves  are  superimposed  on  the  plots  in  Figure  9.  Two  of  the  curves  are  geometric  constraints 
(red  and  green  lines)  due  to  physical  limitations  of  using  the  paired  VG’s  which  will  be  called  CVG’s  (Counter¬ 
rotating  Vortex  Generators) .  The  first  (red  line)  is  due  to  the  constraint  of  generating  two  counter-rotating 
vortices  a  distance  d  apart  using  a  pair  of  closely  spaced  VG’s  at  an  angle  of  attack  a.  Figure  10  shows  a 
top-down  view  of  the  CVG’s  with  relevant  dimensions.  It  is  approximated  that  the  core  of  the  vortices  exist 
at  the  trailing  edge  of  the  VG’s  and  that  the  distance  d  between  the  trailing  edges  is  the  distance  between 
the  vortex  cores.  The  distance  between  the  leading  edges  of  the  VG  pair  is  labeled  d{.  It  can  be  shown 
geometrically  that: 


d 

C 


—  sin(a) 

7 r 


1  h 
ARC 


(di/d)  \ 
(1-di/d)) 


and  this  can  be  shown  to  represent  a  lower  bound  for  the  CVG.  Figure  9  shows  this  constraint  with  di/d  set 
to  0.1.  The  other  geometric  constraint  (green  line)  is  derived  from  a  heuristic  argument  that  the  distance, 
d,  between  the  vortex  pair  should  be  less  than  the  height  of  the  CVG.  This  is  considered  so  that  the  vortex 
images  do  not  dominate  initially  and  cause  the  true  vortex  pair  to  migrate  apart.  This  upper  bound  is 
a  conservative  constraint,  but  will  be  used  in  this  analysis.  The  blue  line  represents  the  non-dimensional 
circulation  strength  as  a  function  of  AR ,  since  both  h  and  a  have  been  chosen. 

A  geometric  configuration  that  maximizes  the  circulation  and  satisfies  the  two  geometric  constraints 
would  be  the  intersection  location  of  the  two  geometric  constraint  curves.  For  the  present  design,  a  point 
was  chosen  slightly  to  the  right  of  this  location  at  the  location  ( AR,d/C )  =  (2.45,0.1215)  on  the  (25°,  1.5) 
figure.  The  boundary  layer  thickness  for  the  wind  tunnel  at  the  throat  was  approximated  from  a  CFD 
calculation  at  0.254  mm.  Using  the  surface  arc  length,  C,  of  31  mm  gives  the  following  VG  geometric 
parameters: 

h  =  3.81mm;  d  =  3.765mm;  c  =  3.962mm;  a  =  25°,  di  =  0.3765mm 


Figure  8  shows  the  resulting  flow  control  module  upper  plate  using  these  geometric  parameters  at  a  spacing 
of  4.5 d  between  CVG’s.  The  spacing  between  pairs  of  vortices  was  chosen  based  on  guidelines  outlined  in 
Ref.  8. 


1.  PIV  Measurements 

Figure  11  shows  over  100  averaged  PIV  image  pairs  (vector  fields)  at  midspan  comparing  the  slot  jet  config¬ 
uration  with  the  CVG  modified  configuration.  The  baseline  label  in  the  figure  refers  to  the  condition  with 
no  secondary  flow  control  active,  i.e.  0%  blowing  for  the  CVG  configuration  only.  This  condition  was  not 
achievable  with  the  slot-jet  only  configuration  (non- CVG)  due  to  a  cavity  resonance  which  did  not  allow  us 
to  run  with  the  secondary  flow  system  completely  closed.  Instead,  the  valve  for  the  secondary  flow  system 
was  opened  until  the  resonance  conditioned  diminished  and  this  was  considered  the  baseline  for  this  config¬ 
uration.  The  actual  secondary  flow  rate  for  the  baseline  of  the  non- CVG  configuration  was  approximately 
0.6%  flow  fraction.  Three  specific  regions  of  interest  are  highlighted  in  the  figure  and  are  labeled  A,  B  and 
C. 

Region  A  brings  attention  to  the  significant  separation  reduction  the  CVGs  provide,  even  with  no  active 
flow  control  present.  No  reversed  flow  is  present  in  the  CVG  image  although  regions  very  close  to  the  convex 
surface  could  not  be  processed  due  to  sufficiently  high  noise  in  the  data  caused  by  seed  agglomeration  on 
the  viewing  window. 

Region  B  compares  the  slot  only  and  CVG  modified  case  for  4%  flow  fraction  as  well  as  the  baseline 
CVG  with  0  and  4%  blowing.  First,  the  comparison  between  the  slot  only  and  CVG  modified  case  shows  the 
increase  in  passage  velocity  directly  opposite  the  CVG  due  to  the  blockage  generated  by  the  CVG’s.  This 
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velocity  increase  appears  to  have  an  impact  on  the  flow  development  along  the  concave  (pressure)  surface  of 
the  passage.  It  is  believed  that  the  increase  in  Mach  number  and  subsequent  reduction  in  boundary  layer 
displacement  thickness  may  result  in  a  suppression  of  Gortler  instabilities  along  this  surface.  This  is  evidenced 
by  the  larger  low  momentum  region  along  the  concave  surface  for  the  slot  only  configuration.  Instaneous  PIV 
images  also  show  a  large  chaotic  swirling  flow  along  this  surface.  Another  interesting  observation  can  be  made 
when  comparing  the  CVG  case  with  and  without  blowing.  Region  B  between  these  cases  shows  significant 
flow  vectoring  in  the  4%  blowing  as  evidenced  by  the  migration  of  the  streamlines  towards  the  convex  surface, 
which  is  not  apparent  in  the  baseline  image.  This  influence  is  rapid  and  extends  rather  far  from  the  slot  jet 
(approximately  10  jet  heights).  It  is  conjectured  that  this  effect  is  due  to  the  interaction  between  the  slot  jet 
and  the  counter-rotating  vortices  generated  by  the  CVG’s.  Because  the  slot  jet  flow  has  higher  velocity  than 
the  primary  stream  in  this  case  this  interaction  could  result  in  the  acceleration  and  subsequent  streamwise 
stretching  of  the  vortex  core,  causing  an  increase  in  vorticity  with  a  local  increase  in  momentum  exchange. 
Note  that  the  PIV  image  is  taken  at  midspan  down  the  centerline  of  the  counter-rotating  vortex  pair. 

This  brings  us  to  region  C  for  the  baseline  CVG  configuration.  The  diverging  and  coalescing  streamlines 
in  this  region  are  indicative  of  a  swirling  pattern  or  out-of-plane  flow.  This  is  most  likely  an  effect  of  the 
strong  vortices  generated  by  the  CVG’s.  Future  plans  include  stereo-PIV  measurements  to  capture  and 
quantify  the  strength  and  trajectory  of  the  vortices.  The  vortex  traces  along  the  convex  (suction)  surface 
were  captured  fortuitously  by  deposits  of  residual  PIV  seed  in  subsequent  tests.  Figure  12  provides  a  picture, 
taken  after  a  4%  flow  fraction  run,  which  clearly  shows  the  vortex  paths  traced  on  the  surface.  The  large 
endwall  blockage  is  apparent,  causing  the  vortex  path  migration  toward  the  midspan. 

2.  Exit  Total  Pressure  Traverse  Measurements 

Total  pressure  measurements  were  taken  at  the  exit  of  the  passage  using  a  5  probe  rake  oriented  pitchwise 
(convex  to  concave  surfaces)  and  traversed  spanwise.  The  rake  was  indexed  in  5%  pitch  increments  to  obtain 
20  interlaced  positions  from  0.64%  to  95.64%  pitch  and  traversed  through  3.125%  spanwise  increments  for 
a  total  of  580  measurement  locations.  One  data  point  consisted  of  one  hundred  samples  samples  take  at 
800  Hz  and  averaged  at  each  location.  A  total  of  10  such  data  points  were  taken  at  each  location  and  used 
for  statistical  calculations.  Effectively,  this  eliminated  any  high  frequency  unsteadiness  and  noise  in  the 
measurements,  but  still  allowed  us  to  look  at  low  frequency  fluctuations.  A  very  conservative  measurement 
error  of  5066.24  N/m2(0.05  psi)  is  based  on  the  full  scale  error  of  the  transducer. 

Figure  13  shows  these  measurements  and  requires  a  short  explanation.  The  lower  contour  image  in  each 
subfigure  surrounded  by  the  grey  box  is  the  average  exit  gauge  total  pressure  measurement  divided  by  the 
inlet  total  pressure.  The  grey  box  signifies  the  actual  flow  domain,  therefore  the  reader  can  see  clearly  where 
the  measurements  were  taken  in  relation  to  the  actual  flow  domain.  The  three  dimensional  domain  projected 
above  this  plane  is  the  same  measurement  with  a  topographical  view  of  the  standard  deviation  for  the  10 
samples  data  points,  i.e.  vertical  is  the  standard  deviation  of  the  gauge  total  pressure  measurements.  The 
standard  deviation  was  likewise  non-dimensionalized  by  the  inlet  total  pressure.  The  convex  and  concave 
surfaces  are  labeled  to  orient  the  viewer  and  the  maximum  non-dimensional  standard  deviation  in  the  figure 
is  given  below  the  contour  bar.  Each  subfigure  is  labeled  with  a  caption  showing  the  percent  secondary  flow 
fraction,  and  side-by-side  comparisons  are  made  for  configurations  with  and  without  the  CVG’s.  The  CVG 
configuration  appears  on  the  right. 

Figures  13 [a, b]  shows  the  baseline  case  (i.e.  0%  flow  control  fraction)  for  each  configuration.  The 

slot-jet  only  configuration  was  run  with  a  0.6%  flow  fraction  as  compared  to  the  0%  flow  fraction  for  the 
CVG  modified  configuration.  The  0.6%  flow  fraction  for  the  slot-jet  only  configuration  was  due  to  a  cavity 
resonance  as  explained  in  the  PIV  comparison  section  presented  earlier.  Bearing  that  in  mind,  there  is 
a  significant  difference  between  the  two  conditions.  In  comparing  both,  the  CVG  configuration  shows  a 
reduction  in  total  pressure  loss  accompanied  by  a  significant  increase  in  the  total  pressure  standard  deviation 
in  the  region  close  to  the  concave  surface.  The  area-averaged  non-dimensional  gauge  total  pressure  and  the 
maximum  standard  deviation  for  each  configuration  is  summarized  in  Table  1.  With  the  CVG’s,  the  total 
pressure  loss  was  decreased  by  approximately  0.7%  and  had  significant  midspan  flow  attachment  as  previously 
shown  in  the  PIV  measurements  of  Figure  11.  Also,  the  CVG  configuration  shows  a  more  diffuse  total  pressure 
profile  as  evidenced  by  the  more  gradual  contour  banding.  The  measurement  standard  deviation,  which  will 
be  referred  to  here  as  low  frequency  unsteadiness,  is  also  remarkably  different  between  the  two  cases.  The 
CVG  showed  an  approximate  2.1%  increase  in  the  maximum  unsteadiness  and  the  peaks  were  out-of-phase 
with  the  non- CVG  configuration. 
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Moving  on  to  the  2.2%  flow  fraction  case,  Figures  13[c,d]  show  a  continuing  trend  in  unsteadiness,  but  a 
reversal  in  the  overall  total  pressure  loss  trend.  The  non-CVG  configuration  showed  an  approximate  3%  im¬ 
provement  in  total  pressure  loss  and  a  1.8%  lower  unsteadiness  over  the  CVG  variant.  The  unsteady  pattern 
for  the  CVG  remained  the  same,  but  the  non-CVG  showed  some  asymmetry  over  its  baseline  accompanied 
by  a  1.4%  increase.  The  non-CVG  flowfield  also  appears  more  diffuse  than  the  CVG  flowfield,  as  evidenced 
by  the  contour  band  spread. 

Finally,  Figures  13[e,f]  show  the  4.1%  flow  fraction  case  for  the  two  configurations.  First,  the  level  of 
unsteadiness  is  significantly  reduced  for  both  configurations,  with  the  non-CVG  geometry  returning  to  it’s 
baseline  value  and  the  CVG  geometry  showing  a  1.6%  reduction  over  it’s  baseline  value.  The  non-CVG 
configuration  was  0.6%  lower  in  area  averaged  gauge  total  pressure  compared  to  the  CVG  configuration. 
The  total  pressure  distribution  was  concentrated  in  the  mid  40%  span  over  the  entire  pitch  for  the  non-CVG 
configuration  while  the  CVG  configuration  showed  a  concentration  more  toward  the  concave  side  covering 
a  larger  span.  Note  also  the  total  pressure  depression  at  midspan  on  the  concave  side  of  the  non-CVG 
configuration,  and  that  this  correlates  well  with  the  PIV  data  taken  at  midspan  and  shown  in  Figure  11. 
The  PIV  data  shows  that  this  depression  corresponds  to  a  large  low  momentum  region  along  the  concave 
surface,  likely  due  to  a  Gortler  instability  phenomenon.  The  CVG  configuration  does  not  exhibit  this 
depression  and  shows  a  much  better  behaved  flowfield  along  the  concave  surface  in  Figure  11.  The  three- 
dimensionality  of  the  4.1%  cases,  particularly  the  comparably  poor  endwall  behavior,  will  be  the  subject  of 
further  investigation. 


Table  1.  Comparison  of  Exit  Rake  Measurements 


Configuration 

Flow  Fraction 

Area  Average 
Non-dimensional  Gauge 
Total  Pressure 

Max  a 

CVG 

0% 

-16.15% 

3.0% 

2.2% 

-16.91% 

4.1% 

4.1% 

-12.61% 

1.4% 

No  CVG 

0.6% 

-17.43% 

0.9% 

2.2% 

-13.97% 

2.3% 

4.1% 

-12.02% 

0.9% 

3.  PSP  Measurements 

Pressure  Sensitive  Paint  (PSP)  data  was  taken  on  the  convex  surface  at  various  flow  conditions  for  this  CVG 
configuration.  Figure  14  shows  the  values  at  three  different  operating  conditions:  0,  2.11  and  4.17%  flow 
fraction.  The  figure  clearly  shows  the  endwall  effects  and  the  non-uniform  conditions  that  develop  spanwise 
as  the  slot  jet  blowing  level  increases.  PIV  measurements  near  the  endwalls(not  presented  in  this  paper) 
showed  ineffective  control  of  the  core  flowfield,  as  is  also  evident  in  the  exit  traverse  data  shown  in  Figure  13 
through  significant  total  pressure  loss  at  the  endwalls.  Combining  the  information  from  the  PSP  with  the 
exit  total  pressure  traverse  data  shows  that  the  endwall  regions  contain  much  lower  momentum  flow  than  the 
midspan  region  simply  by  the  total-to- static  pressure  ratio.  The  total-to- static  pressure  ratio  in  the  endwall 
region  at  the  exit  plane  is  approximately  1.0625  while  at  midspan  the  value  is  1.15.  This  is  evidence  of  a 
significantly  lower  Mach  number  flow  in  the  endwall  region  as  compared  to  midspan. 

Figure  15  shows  the  extracted  PSP  data  along  the  chordwise  lines  shown  in  Figure  14  at  approximately 
17%  and  50%  span  (midspan).  Note  that  both  of  these  extractions  are  also  located  down  the  centerline  of 
the  CVG’s.  A  similar  story  to  that  of  Figure  14  is  seen  in  this  data,  with  the  17%  span  location  showing 
a  more  rapid  increase  to  the  exit  static  pressure  level  of  approximately  0.8  as  compared  with  the  50%  span 
(midspan).  The  rapid  increase  in  static  pressure  at  approximately  the  x=600  location,  combined  with  a 
leveling  off  in  static  pressure  increase  leads  to  the  assumption  flow  separation.  This  is  in  contrast  to  the 
gradual  increase  in  static  pressure  along  the  midspan,  which  is  seen  to  be  well-behaved  by  the  PIV  data  in 
Figure  11.  Another  interesting  feature  shown  in  Figure  15  is  the  higher  static  pressure  level  for  the  17% 
span  compared  to  the  50%  span  location  at  the  slot  jet  for  the  4.17%  flow  fraction.  The  17%  span  shows  a 
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level  of  static  pressure  similar  to  the  0%  baseline  where  the  50%  span  shows  a  2-3%  lower  value  than  the 
baseline  in  this  region.  The  2%  flow  fraction  case  shows  the  opposite  behavior  with  the  50%  span  location 
showing  a  higher  static  pressure  closer  to  the  baseline  value  as  compared  with  the  17%  span  location. 

This  brings  us  to  Figure  16  which  shows  the  extracted  PSP  data  along  a  spanwise  cut  along  the  slot  jet 
exit.  The  figure  shows  that  the  difference  in  static  pressure  between  the  endwalls  and  midspan  is  greatly 
increased  as  the  level  of  blowing  is  increased  which  appears  to  signify  that  the  level  of  blockage  is  actually 
increases  in  the  endwall  region.  It  is  hypothesized,  and  further  testing  is  being  conducted,  to  determine  if  this 
phenomenon  is  related  to  a  breakdown  of  the  slot  jet  shear  layer  due  to  its  truncation  at  the  endwalls.  Other 
studies  which  conducted  detailed  investigations  both  numerically  and  experimentally  showed  a  breakdown 
phenomenon  in  the  endwall  regions  of  planar  jets  with  and  without  sidewalls.11  The  figure  also  shows  the 
traces  of  the  vortices  generated  by  the  CVG’s,  which  are  highlighted  by  the  dashed  circles  in  the  figure.  The 
vortex  pairs  are  clearly  not  symmetrical  except  for  the  midspan  location  at  x=300.  This  is  also  evident  from 
the  pressure  asymmetry  directly  behind  the  CVG’s  in  Figure  14. 

IV.  Conclusions 

This  paper  has  highlighted  a  new  experimental  facility  for  detailed  investigation  of  flow  control  techniques 
for  diffusion  enhancement  in  flows  relevant  to  axial  compression  systems.  The  experimental  facility  is  a  single 
curved  diffusing  passage  wind  tunnel  configuration  with  a  throat  Mach  number  of  0.7  and  exit  to  throat  area 
ratio  of  2.97.  The  tunnel  has  modular  aspects  which  allow  quick  modification  to  test  various  flow  control 
concepts.  It  also  has  generous  optical  access  for  PIV  and  PSP  measurement  techniques  as  well  as  high 
resolution  exit  total  pressure  measurements  via  a  traversable  exit  rake. 

A  slot-jet  configuration  was  tested  and  detailed  measurements  were  presented  to  investigate  the  flow 
behavior.  The  configuration  consisted  of  a  continuous  spanwise  slot  jet  along  the  convex  surface  which  was 
introduced  at  the  tunnel  throat  via  a  backward  facing  step  with  a  jet  height  of  0.508  mm.  The  slot  jet  was 
introduced  on  the  convex  surface  of  the  flow  passage.  A  crude  parametric  study  was  performed  to  set  an 
effective  separation  distance  between  the  slot  jet  and  the  core  flow  which  is  simply  a  limitation  of  manufac¬ 
turing  of  the  backward  facing  step  and  the  requirement  of  finite  metal  thicknesses.  Two  configurations  were 
evaluated:  a  125%  and  25%  separation  distance  to  slot  jet  height  ratio.  It  was  found  that  the  25%  configu¬ 
ration  resulted  in  a  similar  diffusion  level  as  the  125%  configuration  with  approximately  half  of  the  slot-jet 
blowing  flow  rate.  This  25%  configuration  was  then  chosen  as  the  baseline  configuration  for  subsequent  flow 
control  schemes. 

Streamwise  vorticity  was  introduced  to  the  baseline  25%  separation  distance  configuration  via  pairs  of 
flat  plate  vortex  generators  arranged  to  produce  pairs  of  counter-rotating  vortices  upstream  of  the  slot-jet. 
The  findings  of  this  studies  are  summarized  as  follows: 

1)  The  introduction  of  pairs  of  counter-rotating  vortices  resulted  in  a  significant  diffusion  enhancement 
over  the  baseline  configuration  even  without  the  addition  of  slot  jet  flow.  The  diffusion  enhancement  or 
separation  reduction  due  to  the  vortex  generators  is  a  well  documented  phenomenon,  but  the  level  of  en¬ 
hancement  in  this  study  was  surprising.  At  midspan,  PIV  measurements  show  the  flow  completely  attached 
although  the  flow  along  the  convex  surface  had  very  low  momentum.  The  total  pressure  exit  traverse  data 
showed  that  there  was  still  a  significant  loss  associated  with  the  vortex  generator  induced  mixing,  but  the 
quality  of  the  flow  was  much  improved  over  the  baseline.  Comparing  this  to  the  configuration  with  no 
vortex  generators  (non-CVG)  showed  a  performance  improvement  of  1.3%  in  exit  area  averaged  gauge  total 
pressure  loss.  Also,  the  level  of  low  frequency  unsteadiness  as  determined  by  the  standard  deviation  of  the 
total  pressure  measurements  was  much  higher  for  the  CVG  configuration  than  the  non-CVG  configuration. 

2)  A  combination  of  slot-jet  flow  with  counter-rotating  vortex  generators  (CVG)  showed  a  significant 
improvement  in  the  midspan  region  depending  on  the  blowing  level.  The  CVG  configuration  produced  a 
peak  in  total  pressure  loss  between  0  and  4%  blowing,  i.e.  the  performance  at  first  became  worse  before  it 
improved.  The  non-CVG  configuration  did  not  exhibit  this  behavior,  but  showed  a  continual  improvement 
in  total  pressure  loss  as  the  blowing  level  increased.  The  level  of  low  frequency  unsteadiness  increased  for 
both  configurations  initially  and  then  subsided.  The  non-CVG  configuration  exhibited  a  lower  total  pressure 
loss  as  the  slot-jet  flow  rate  increased  with  an  approximate  0.6%  at  a  4.1%  blowing  rate.  Also,  the  addition 
of  the  slot-jet  flow  accentuated  the  variation  in  total  pressure  distribution  at  the  exit  of  the  passage  for  both 
configurations,  i.e.  more  three-dimensionality  was  observed  in  the  total  pressure  distribution  with  the  slot 
jet  active. 
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3)  PSP  measurements  for  the  CVG  configuration  clearly  showed  three-dimensional  behavior  on  the  convex 
surface  of  the  passage.  Chordwise  extraction  of  the  PSP  data  showed  a  significant  difference  between  the 
midspan  and  17%  span  regions.  The  17%  span  showed  an  abrupt  change  in  static  pressure  accompanied  by 
a  plateau  region,  while  the  midspan  showed  a  gradual  increase  to  the  exit  of  the  passage.  The  abrupt  change 
in  static  pressure  accompanied  by  a  plateau  is  indicative  of  separation  at  the  endwalls. 

4)  The  spanwise  static  pressure  distribution  at  the  exit  of  the  slot-jet  as  determined  from  the  PSP  data 
showed  a  rapid  increase  in  static  pressure  in  the  endwall  region  as  the  slot  jet  flow  rate  was  increased.  This 
level  of  static  pressure  in  the  endwall  region  surpassed  lower  flow  rate  pressure  levels  in  this  region  while 
values  of  pressure  at  the  midspan  were  lower  for  the  higher  flow  rate  conditions.  It  is  conjectured  that 
the  level  of  blockage  at  the  endwalls  actually  increased  as  the  slot  jet  flow  rate  was  increased,  which  is  not 
intuitive.  This  increase  could  be  due  to  the  rapid  breakdown  of  the  slot  jet  shear  layer  as  it  abruptly  ends 
at  the  endwalls.  This  phenomenon  will  be  investigated  in  future  experiments. 

5)  Flow  traces  of  the  vortices  generated  due  to  the  vortex  generators  were  clearly  seen  from  residual  PIV 
seed  on  the  convex  surface.  The  traces  clearly  showed  the  migration  of  the  vortices  away  from  the  endwalls 
due  to  the  significant  blockage  in  these  regions.  Vortex  lines  advect  with  the  fluid,  so  this  showed  strong 
evidence  of  the  large  flow  blockage  produced  at  the  endwalls. 

6)  The  increased  concave  surface  velocity  at  the  tunnel  throat  due  to  the  blockage  of  the  vortex  generators 
helped  to  supress  what  appeared  to  be  Gortler  vortices. 

Future  experiments  using  slot  jet  flow  control  will  be  performed  to  build  on  the  observations  presented 
in  this  paper.  Particularly,  the  endwall  flowfield  breakdown  will  be  investigated  to  determine  if  slot  jet  flow 
control  can  be  rendered  more  effective  in  this  region  through  judicious  introduction  of  the  slot-jet  shear 
layer.  Also  note  that  the  results  for  the  counter-rotating  vortex  addition  with  slot-jet  blowing  are  based 
solely  on  one  vortex  generator  design  and  should  not  be  construed  in  any  general  way.  Vortex  generator  use 
to  enhance  diffusion  levels  in  curved  passages  will  be  ongoing  in  this  facility. 
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Figure  1.  Engine  Thrust-to- weight  Ratio  taken  from  Ref.  7 


Inlet  Corrected  Mass  Flow  (Ibm'sec) 


Figure  2.  Aspirated  Rotor  Performance  taken  from  Ref.  2 
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Figure  3.  Top  view  of  FCAD  wind  tunnel 


Figure  4.  Flow  control  module  with  simple  streamwise  blowing  slot 
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Primary  Flow 


Figure  5.  Upper  Plate  Edge  Profiles 


1.25  edge-to-jet  ratio;  2.25%  flow  fraction  0.25  edge-to-jet  ratio;  2%  flow  fraction 
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Figure  6.  DPIV  at  Midspan  Comparing  Edge  Thickness  Variation  on  Effectiveness  of  Slot  Jet  Diffusion 
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Figure  7.  Static  Pressure  Rise  Coefficient  for  1.25  and  0.25  Edge-to-Jet  Ratio  Geometries 


Figure  8.  VG  Flow  Control  Upper  Plate 
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Figure  9.  FG/H  Curve  Families 
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Figure  10.  Counter-rotating  Vortex  Generator  Geometry  Definition 
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Figure  11.  Averaged  Midspan  PIV  Comparison  of  Slot  Only  and  Slot  with  CVG  Flow  Control 
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Figure  12.  Vortex  Traces  Captured  by  Residue  Seed 
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Figure  13.  Exit  Traverse  Gauge  Total  Pressure  Ratio 
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Figure  14.  PSP  for  CVG  Confguration 
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Figure  15.  Chordwise  Extracted  PSP  Data  for  CVG  Confguration 


Figure  16.  PSP  for  CVG  at  Slot  Jet  Exit 
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Details  of  the  unsteady  flowfield  between  an  upstream  wake  generator  and  a  downstream  rotor  that  are  closely 
spaced  in  a  transonic  compressor  are  studied  at  various  operating  conditions  using  particle-image  velocimetry.  Flow- 
visualization  images  and  particle-image  velocimetry  data  facilitate  analysis  of  the  details  of  shed  vortices,  wake 
motion,  and  wake-shock  interaction  phenomena.  Such  analysis  not  only  aids  the  understanding  of  the  effect  of  blade- 
row  interactions  on  compressor  performance  but  also  allows  verification  of  time-accurate  CFD  codes  that  are  used  to 
characterize  transonic  compressors.  As  the  operating  point  changes  from  choke  to  stall  and  the  rotor-bow  shock 
moves  upstream,  distinct  vortex-shedding  patterns  are  observed  that  affect  the  wake  deviation  and  rotor  incidence. 
With  close  spacing  between  the  wake  generator  and  the  rotor,  vortex  shedding  from  the  wake  generator  and  the 
passage  of  the  rotor-bow  shock  are  strongly  synchronized  and  blade-passage  “phase-locked”  measurements  are 
possible.  The  resulting  multiple  images  of  the  flow  corresponding  to  any  blade  position  are  averaged  to  yield  vortex 
and  rotor-bow-shock  locations  at  various  back  pressures.  Using  various  postprocessing  methods,  specific  shed 
vortices  and  wake  topological  features  are  isolated  and  details  of  the  wake-shock  interaction  are  captured. 


Introduction 

LADE-ROW-WAKE  interactions  are  a  significant  source  of 
unsteady  flow  in  modem  advanced  high-performance 
turbomachines  because  their  design  incorporates  closely  spaced 
and  heavily  loaded  blade  rows  to  increase  thrust/weight.  Frequently 
observed  unsteady  phenomena  such  as  the  interactions  of  a  shock 
with  a  vortex  and  a  shock  with  a  blade  surface  produce 
nonuniformities  and  irregular  flow  patterns  that  influence 
compressor  performance  and  result  in  blade-row  vibrations  and 
high-cycle  fatigue.  A  better  understanding  of  these  phenomena  will 
aid  the  design  of  compressors  with  improved  performance. 

The  majority  of  design  tools  currently  in  use  do  not  explicitly 
account  for  unsteady  flows.  Multistage  axisymmetric  models  assume 
that  the  incoming  flow  to  a  blade  row  is  a  mixed-out  average  of  the 
flow  exiting  the  preceding  blade  row  and  that  potential  effects 
between  blade  rows  are  negligible.  These  models  employ  empirical 
correlations  based  on  engine-company  design  experience  to  account 
for  the  effects  of  unsteady  flow.  Another  method  is  based  on  steady 
Navier-Stokes  analysis,  with  unsteady  interactions  between  blade 
rows  being  modeled  as  “deterministic  stresses”  [1].  Its  accuracy  is 
dependent  on  the  models  used  to  account  for  the  effects  of  the 
unsteady-flow  environment  on  the  average-passage  flowfield.  Time- 
accurate  CFD  codes  are  now  used  to  simulate  compressor  operation 
and  to  investigate  complex  unsteady-flow  phenomena  [2,3]. 
Experimental  results  that  reveal  unsteady-flow  effects  are  crucial  for 
validating  these  design  tools  and  for  providing  additional 
understanding  of  the  physical  phenomena  and  interaction  processes 
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involved  in  turbomachinery  flows  that  are  associated  with  closely 
spaced  and  heavily  loaded  compressor  stages. 

Use  of  the  planar  nonintrusive  measurement  technique  particle- 
image  velocimetry  (PIV)  [4]  for  complex  geometries  and  unsteady 
applications  has  allowed  researchers  to  make  accurate  measurements 
of  instantaneous  and  averaged  turbomachinery  velocity  fields  [3,5- 
11].  In  the  present  investigation  a  system  that  was  developed  for 
obtaining  high-resolution  velocity  data  from  an  axial-flow  transonic 
compressor  [12]  (Fig.  1)  was  used  to  study  blade-row  interactions  at 
various  operation  conditions. 

The  PIV  system  consists  of  two  Nd:  YAG  lasers;  transmitting  and 
receiving  optics;  and  seeding,  synchronization,  and  camera  hardware 
[6].  The  remotely  monitored  and  controlled  system  allows 
identification  and  investigation  of  the  interaction  and  synchroniza¬ 
tion  of  the  shed  wake  and  rotor-blade  bow  shock. 

The  instantaneous  nature  of  the  PIV  technique  allows  for  the 
capture  of  the  instantaneous  unsteadiness  that  is  typical  of 
turbomachinery  flows,  and  statistical  characterization  of  the  flow  is 
possible  through  the  use  of  averaging  techniques. 

Stage-Matching-Investigation  Rig 

The  stage-matching-investigation  (SMI)  rig  is  a  high-speed  highly 
loaded  compressor  that  consists  of  three  blade  rows:  a  wake 
generator  (WG),  a  rotor,  and  a  stator  (Fig.  2).  The  rig  was  designed  to 
permit  the  WG-to-rotor  axial  spacing  to  be  set  to  three  values, 
“close,”  “mid,”  and  “far”  [13],  as  shown  in  Fig.  2.  The  mean  spacings 
that  are  normalized  by  the  WG  chord  are  given  in  Table  1. 

The  WGs  were  designed  to  produce  a  pressure  loss  typically  found 
in  modem-technology  highly  loaded  low-aspect-ratio  fan  and 
compressor  embedded  front  stages.  To  simplify  the  experiment  the 
WGs  were  designed  to  be  uncambered  airfoils  that  do  not  turn  the 
flow.  Measurements  of  stator  wakes  from  rig  tests  were  used  as  the 
design  target  [14].  In  general,  these  wakes  are  turbulent  and  do  not 
decay  so  rapidly  as  wakes  from  high-aspect-ratio  stages  with  lower 
loading.  For  simplicity  and  for  isolating  the  effects  of  various  wake 
parameters,  a  two-dimensional  representation  of  the  wake  was 
desired. 

The  WG  airfoils  have  a  small  leading-edge  (LE)  radius,  with  a 
relatively  blunt  trailing-edge  (TE)  radius.  In  the  design  process  this 
produced  the  optimum  combination  of  profile  and  drag  for 
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Fig.  1  Flowpath  of  the  2000-hp  Compressor  Aerodynamic  Research 
Laboratory  facility. 


Fig.  2  SMI  rig  cross  section  in  its  general  configuration. 

matching  the  desired  highly  loaded  stator  wake.  To  help  maintain  a 
constant  span  wise  total-pressure-loss  profile,  the  solidity  of  the  WGs 
was  held  constant  from  hub  to  tip,  which  results  in  a  tapered  airfoil 
chord  along  the  radius.  The  TE  was  swept  to  allow  a  constant 
nondimensional  mixing  length  from  hub  to  tip.  The  clearance  was 
zero  at  the  hub  and  at  the  tip. 

A  compressor  map  of  the  overall  stage  pressure  ratio  for  the  24- 
WG  configuration  at  close  spacing  is  shown  in  Fig.  3  (throttle 
settings:  000,  open  throttle/choke;  114,  peak  efficiency;  and  140, 
near  stall).  A  summary  of  the  aerodynamic  design  parameters  is 
given  in  Table  2.  The  present  PIV  study  contains  data  from 
measurements  made  from  the  24- WG  blade  count  at  “close”  spacing 
at  various  points  on  the  map.  The  axial  Mach  number  through  the 
WGs  at  75%  span  was  determined  to  be  0.57;  the  Reynolds  number 
based  on  WG  TE  thickness  was  5.78  x  104.  The  natural 
nondimensional  vortex-shedding  frequency  (Strouhal  number) 
[15]  for  an  isolated  WG  airfoil  based  on  the  TE  thickness  is  ~0.2. 

Particle-Image  Velocimetry  System 

A  PIV  system  that  was  developed  for  turbomachinery 
investigations  was  employed  [6].  Figure  4  contains  schematic 
diagrams  of  the  optical  system.  Two  lasers  (Nd:YAG,  532  nm)  are 
employed  for  double-instantaneous  marking  of  the  seed  particles  in 
the  flowfield.  The  beams  are  combined  and  directed  through  sheet¬ 
forming  optics  and  illuminate  the  test  section  with  a  two-dimensional 
plane  of  thickness  that  is  ~1  mm.  The  scattering  from  the  seed 
particles  is  recorded  on  a  cross-correlation  CCD  camera  with  1008  x 
1018  pixels  (model  Megaplus  ES1.0);  this  camera  is  capable  of 
acquiring  double  exposures  at  15  Hz.  The  camera  repetition  rate  was 


Table  1  Wake-generator  axial  spacing  (normalized  by  the  local  WG 
chord) 


Spacing 

x/c,  mean 

x/c,  hub 

x/c,  tip 

Close 

0.13 

0.10 

0.14 

Mid 

0.26 

0.26 

0.26 

Far 

0.55 

0.60 

0.52 

CORRECTED  FLOW  RATE  (kg/s) 

Fig.  3  Overall  stage  pressure  ratio  for  24- WG  close-spacing 
configuration. 


set  at  10  Hz  for  synchronization  with  the  laser  repetition  rate.  The 
power  for  the  laser-sheet  illumination  was  ~20  mJ/pulse.  A  105- 
mm  Nikon  lens  set  at  an  f-stop  of  5.6  was  used.  For  the  present 
experiments  the  magnification  was  27.4  pixels/ mm,  which 
corresponds  to  an  object  width  of  36.8  mm.  The  time  delay  between 
the  two  frames  of  the  double  exposure  was  typically  1.25  /xs.  These 
settings  provided  sufficient  resolution  and  accuracy. 

The  laser-sheet  delivery  system  consists  of  a  probe  inserted  into  an 
enlarged  WG,  light-sheet-forming  optics,  prisms,  and  probe  holders. 
The  outside  diameter  of  the  probe  is  12.7  mm.  To  minimize 
perturbations  the  modified  WG  was  located  at  the  second  WG  below 
the  WG  that  was  centered  at  the  receiving  window.  The  optical  path 
from  the  laser  room  to  the  compressor  test  rig  was  ~8m  and  was 
covered  and  isolated  from  floor  vibrations.  Figure  4  also  contains 
schematic  diagrams  of  the  path  for  the  laser  system  and  the  optical 
probe. 

The  combined  beam  entered  the  SMI  case  perpendicularly 
through  the  center  of  the  WG  optical  probe.  The  beam  was  then 
turned  90  deg  inside  the  WG  by  a  prism  and  directed  to  a  spherical 
lens  and  a  cylindrical  lens  to  form  a  laser  sheet.  The  laser  sheet  was 
turned  90  deg  by  a  prism  at  the  tip  of  the  probe  and  exited  the  probe 
approximately  normal  to  the  spanwise  (radial)  direction.  The 
span  wise  location  of  the  laser  sheet  (Fig.  5)  at  the  window  could  be 
changed  by  rotating  the  probe.  The  figure  shows  two  laser-sheet 
spanwise  locations  for  the  24- WG  configuration  with  respect  to  the 
blade  clockings,  WGs,  and  75  and  90%  circumferences;  blade  LE 
locations  are  shown  at  20-/xs  intervals  with  lighter  lines.  The  WG 
centered  at  the  viewing  window  (marked  by  two  small  lines  outward) 
is  at  22.5  deg,  and  thicker  portions  of  the  laser  sheets  denote  PIV 


Table  2  SMI  aerodynamic  design  parameters 

Parameter  Rotor  Stator 


Number  of  airfoils 

Aspect  ratio,  average 

Inlet  hub/tip  ratio 

Flow  (annulus  area),  kg/ (s  •  rrr2) 

Flow  (frontal  area),  kg/(s  •  m-2) 

Flow  rate,  kg/s 

Tip  speed  (corrected),  m/s 

Mrel  LE  hub 

Mrel  LE  tip 

Pressure  ratio  (rotor) 

Pressure  ratio  (stage) 

Diffusion  factor  (hub) 

Diffusion  factor  (tip) 

LE  tip  diameter,  m 
LE  hub  diameter,  m 
WG  counts:  24,  40 


33 

49 

0.961 

0.892 

0.750 

0.816 

195.04 

— 

85.34 

— 

15.63 

— 

341.6 

— 

0.963 

0.82 

1.191 

0.69 

1.88 

— 

— 

1.84 

0.545 

0.502 

0.530 

0.491 

0.48260 

0.48260 

0.36195 

0.39375 
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a)  Optical  path 

Wake  Bow 


Transonic 
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Optical  Probe 


b)  Flow  features  (drawn  to  scale) 
showing  PIV  delivery  and  receiving 
optics 

Fig.  4  Schematic  diagrams  of  the  PIV  system. 


image  locations.  The  shape  of  the  laser  sheet  (thickness,  width,  and 
focal  distance)  could  be  altered  through  various  combinations  of  the 
spherical-lens  focal  length,  the  cylindrical-lens  diameter,  and  the 
distance  between  them  inside  the  WG  as  well  as  through  external 
optics  (a  spherical  lens)  located  in  the  laser  path.  As  shown  in  Fig.  5, 
the  laser  sheet  was  inclined  and  not  at  a  constant  radius.  The 


magnitude  of  inclination  varies  depending  on  the  desired  spanwise 
location  at  the  WG  TE.  Comparison  with  three-dimensional  CFD 
results  can  be  accomplished  in  a  straightforward  manner,  requiring 
interpolation  of  only  the  numerical  solution  to  a  grid  that  matches  the 
inclination  of  the  PIV  laser  sheet.  Comparisons  have  shown  that, 
with  the  grid  densities  required  to  obtain  an  accurate  CFD  simulation, 
an  interpolation  to  a  grid  that  matches  the  laser- sheet  inclination  is 
straightforward  [3],  and  PIV  data  and  unsteady  CFD  results  can  be 
readily  compared. 

Accurate  positioning  of  the  camera  was  accomplished  using  a 
remotely  controlled  translation  stage.  The  viewing  window  had  the 
same  curvature  as  the  rotor  housing  (inner  housing  radius  of 
241.3  mm),  was  made  of  chemically  strengthened  glass,  and  was 
2  mm  thick.  Ray- tracing  analysis  was  performed  assuming 
monochromatic  laser-sheet  (green,  532  nm)  glass  with  an  index  of 
refraction  of  1.5  (at  20° C),  a  window  with  parallel  sides,  and  small 
angles  of  incidence  and  refraction  (paraxial  approximation)  [16]. 
Comparison  of  exposures  with  and  without  the  window  was  also 
performed.  The  results  revealed  that  a  negligible  magnification  of 
—0.3%  occurs  in  the  vertical  direction  (affecting  the  v  component) 
for  the  present  setup.  If  experiments  were  conducted  with  thicker  and 
more  curved  windows,  severe  distortion  would  occur. 

The  rotor  one-per-revolution  signal  was  used  for  triggering  the 
synchronization  system.  A  digital  pulse  generator  (Stanford  DG535) 
and  a  camera  interface  were  used.  Programming  and  operation  of  the 
camera  frame-grabber  (National  Instruments  PCI- 1424)  and  the 
delay  generator  were  accomplished  using  drivers  that  were  written 
especially  for  the  National  Instruments  LabWindows/CVI  develop¬ 
ment  language;  this  facilitated  integration  with  the  PIV  analysis 
software,  which  is  also  written  in  this  environment  [17]. 

The  seed  material  employed  in  previous  experiments  [6]  was  sub- 
micron-size  smoke  particles  that  were  generated  from  a  smoke 
generator  using  a  glycerin  and  water  mixture.  During  its  use  in  the 
compressor  facility,  the  seeding  system  produced  sufficient  seed 
when  the  particles  were  introduced  at  the  end  of  the  settling  chamber, 
before  the  contraction,  and  at  the  height  of  the  receiving  window 
(Fig.  1).  These  particles  were  also  preferred  for  seeding  transonic 
environments  because  small- size  particles  with  specific  gravity 
similar  to  that  of  the  air  minimize  particle  lag,  including  that  which 
occurs  when  crossing  a  shock  [4].  A  pipe  extending  to  the  window 
height  was  typically  inserted  into  the  plenum.  The  end  of  the  pipe  is 
perforated  with  holes  of  increasing  diameter  toward  its  end,  with  a 
honeycomb  and  screen  for  optimal  mixing,  uniformity,  and 
spreading  of  seed.  Calculations  based  on  flow  speed  at  the  beginning 
of  the  contraction  (the  area  of  maximum  diameter  and  minimum 
speed),  distance  from  the  test  area,  pipe  diameter,  and  mixing  were 
performed  to  confirm  that  the  seeding  system  exerted  negligible 
perturbation  on  the  flow. 

Once  the  PIV  images  have  been  captured  and  digitized,  the 
velocity  field  was  obtained  using  cross-correlation  techniques  over 
interrogation  domains  of  the  images  and  PIV  software  [4,17].  The 
dimensions  of  the  interrogation  domains  were  dependent  on  particle 
density,  estimated  local  velocity  gradients,  particle-image  size,  and 
desired  spatial  resolution.  The  peak  of  the  correlation  map 
corresponds  to  the  average  velocity  displacement  within  the 
interrogation  spot.  An  intensity-weighted  peak- searching  routine 
was  used  to  determine  the  location  of  the  peak  to  subpixel  accuracy. 
Domain- shifting  techniques  for  minimizing  in-plane  loss  of  pairs  and 
correlation-multiplication  techniques  [18]  are  used  to  produce 
correlation  maps  with  lower  noise.  Zero  padding  was  also  employed 
for  added  accuracy  [4].  The  software  includes  a  grid  feature  that 
allows  selection  of  the  image  areas  to  be  processed,  which  permits 
removal  of  solid  regions  such  as  rotor  blades  and  WGs  as  well  as 
shadows  from  the  processing  areas.  This  feature  also  provides  a 
choice  of  various  correlation  engines  and  correlation  peak  locators 
and  incorporates  recursive  estimation  of  the  velocity  field  through  a 
multipass  algorithm  for  increased  resolution  [18].  To  maintain  high 
accuracy,  two  and  three  passes  were  performed  with  interrogation 
cells  overlapping  75%;  this  yielded  a  grid  resolution  of  16  and 
8  pixels  (corresponding  to  0.58  and  0.29  mm),  respectively. 
Overlapping  of  interrogation  domains  yields  more^Ceiors.  The 


Fig.  5  Laser-sheet  spanwise  locations  for  the  24- WG  configuration. 
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overlapping  is  not  merely  interpolation  because  it  includes  new 
particles  in  every  subregion. 

In  the  present  study  analyses  were  performed  using  averages  from 
the  PIV  velocity  fields.  PIV  is  instantaneous  in  nature  but  cannot 
provide  temporal  evolution  of  the  flowfield  because  of  the  relatively 
slow  repetition  rate  of  the  lasers  that  are  suitable  for  this  type  of  PIV 
application.  The  approach  taken  in  this  study  was  based  on  ensemble 
(or  phase)  averaging  [19]  because  of  the  natural  phase  locking  that  is 
provided  by  the  rotor-blade  potential  field.  Then  the  temporal 
evolution  could  also  be  inferred  from  the  phase  information.  The 
experiments  provided  a  sufficient  number  of  realizations  [20,21] 
(>50)  for  each  average  velocity-field  calculation.  The  calculation  of 
turbulence  characteristics  would  benefit  from  higher  numbers,  but 
this  was  not  an  objective  of  the  present  study.  In  this  study  the 
averaged  data  is  presented  using  the  median.  The  median  is  less 
affected  by  “outliers”  than  the  mean  (“robust  statistic”)  [22],  does  not 
require  that  data  be  normally  distributed,  and  offers  a  smooth 
representation  of  the  ensemble-average  velocity  fields.  It  is  also  an 
actual  member  of  the  data  set  (for  an  odd  number  of  samples).  The 
median  has  also  been  found  to  be  advantageous  when  a  lower 
number  of  realizations  is  available;  the  median  is  further  enhanced  in 
studies  with  low  phase-randomness  [19]  such  as  the  present  study, 
which  concentrates  on  a  close-spacing  configuration  having  strong 
phase  locking  on  the  large  coherent  structures.  The  ensemble¬ 
averaging  mode  on  the  instantaneous  velocity  fields  eliminates  the 
fluctuations  due  to  incoherent  unsteadiness  that  are  associated  with 
turbulence  (resolving  small  scales  was  not  an  objective  of  this  study) 
and  still  permits  a  comparison  with  CFD  predictions.  Statistical 
filtering  was  also  performed  employing  routines  that  allow  removal 
of  outliers  from  the  data  using  standard-deviation  trimming  and  other 
techniques  [6,20]. 

Many  factors  are  involved  in  the  instantaneous-PIV  uncertainty- 
calculation  process  (e.g.,  laser,  CCD,  seeding,  imaging,  algorithms, 
photodiode,  and  oscilloscope).  The  highest  uncertainty  was  found  to 
be  associated  with  the  velocity  calculation  that  involves  Ax  (the 
displacement  in  pixels  of  each  interrogation  region),  At  (the  time 
interval  between  the  two  exposures),  and  the  magnification  of  the 
digital  image  relative  to  the  object  (pixel/m).  The  displacement  in 
pixels  obtained  by  peak-locator  algorithms  can  provide  subpixel 
accuracy  (<0. 1  pixels)  after  correction  for  various  biases  [4].  The  At 
was  adjusted  to  yield  typical  displacements  of  the  main  stream  of 
>10  pixels;  the  uncertainty  is,  thus,  <  1  %.  Values  in  the  wake  region, 
however,  may  have  higher  uncertainties  due  to  the  lower  Ax.  The 
maximum  uncertainty  in  At  was  calculated  from  the  time  interval 
between  the  two  laser  light  pulses  with  the  aid  of  a  photodiode  that 
was  connected  to  an  oscilloscope  (uncertainty  2%).  It  was  found  that 
this  uncertainty  increases  with  lower  laser  power  and  with  lower  At. 
A  conservative  uncertainty  for  the  present  experiments,  which 
employed  a  At  of  about  1-2  /xs  and  powers  of  around  10-20  mJ,  was 
found  to  be  1%.  The  magnification  was  measured,  using  images  of 
grids  located  in  the  laser- sheet  plane,  to  better  than  1%.  Combining 
these  conservative  measurements  of  uncertainty  yields  a  maximum 
error  of  <2%  in  the  freestream  velocity  and  ~10%  in  the  wake 
velocity  near  the  WG  area. 

The  uncertainty  that  results  from  various  PIV  algorithms  (e.g., 
single  pass  and  multipass)  and  data-filtering  techniques  (e.g., 
standard-deviation  trimming  and  median)  was  also  calculated  for  the 
average  velocity  field.  Mean,  standard  deviation,  median,  and 
median  variability  were  calculated  for  the  data  sets  and  compared  for 
each  PIV  algorithm  and  filtering  technique.  The  average  velocity 
field  was  interrogated  at  the  various  representative  regions  such  as 
the  freestreams  above  and  below  the  WG  and  before  and  after  the 
shock,  the  shock  regions,  and  the  wake  regions.  The  median 
variability  was  calculated  using  the  “median  absolute  deviation” 
(MAD),  which  is  defined  as  the  median  of  the  absolute  distances  to 
the  median  and  is  computed  as  an  alternative  to  the  standard 
deviation  when  that  is  not  available.  That  was  the  case  in  the  present 
experiments  with  sample  sizes  of  50  elements,  which  effectively 
allowed  the  computing  of  only  one  median.  Therefore,  its 
uncertainty,  variability,  and  standard  deviation  cannot  be  calculated 
from  a  large- series  standpoint,  which  would  require  a  large 


population  of  medians.  MAD  is  a  robust  measure  of  the  median 
dispersion  and  does  not  have  restrictions  on  the  underlying 
distribution  (such  as  normality).  The  mean  uncertainty  for  Gaussian 
distributions  is  reduced  by  a  factor  of  1  /  ^/N  (with  N  being  the 
number  of  realizations)  with  respect  to  the  uncertainty  of  the 
instantaneous  values.  If  the  sample  size  is  low  (<30),  a  /-distribution 
test  is  more  adequate  to  measure  confidence  [20].  The  results  showed 
that,  with  proper  multipass  PIV  algorithms  and  data-filtering 
techniques,  the  mean  standard  deviation  and  the  median  variability 
could  be  decreased  to  <2%  and  <1%,  respectively,  with  the  median 
offering  more  uniform  and  consistently  lower  variability  in  all  areas. 
In  the  wake  region  these  values  increased  to  <12%  and  <10%, 
respectively,  which  could  be  attributed  in  part  to  actual  phase- 
randomness  [19]. 


Results 

At  100%  speed,  consecutive  rotor  blades  are  separated  in  time  by 
140  ii s  (~11  deg  in  angle,  the  blade-row  pitch).  Seven  blade 
locations  (“clockings”)  separated  by  20  /xs  were  chosen  to 
characterize  the  flowfield  in  a  blade-row  pitch.  Analyses  were 
performed  using  both  qualitative  flow-visualization  and  quantitative 
velocity-field  measurements.  Data  analysis  includes  inspection  and 
selection  of  flow- visualization  images  (obtained  by  increasing  the 
amount  of  seeding)  and  also  reduction  of  data  to  velocity  using  PIV 
software  [17]. 

Previous  research  on  this  test  article  [6]  demonstrated  the  effect  of 
changing  the  axial  spacing  on  the  synchronization  between  vortex 
shedding  and  the  rotor  LE;  the  influence  and  synchronization 
between  the  blade  passage  and  the  flow  was  shown  to  decrease  with 
increasing  axial  spacing.  It  became  evident  that  close  spacing  offers 
stronger  phase-locked  flow  features.  The  present  experiments  were 
focused  on  the  “close-spacing-and-75%-span”  configuration  for 
studying  the  effect  of  the  compressor  operating  point  on  the  vortex- 
shedding  pattern.  The  various  operating  conditions  were  achieved  by 
changing  the  throttle  settings  (000,  open  throttle;  114,  peak 
efficiency;  128;  135;  and  140,  near  stall;  see  Fig.  3).  Figure  6  shows 
flow-visualization  samples  for  four  throttle  settings  and  two  blade 
clockings  that  capture  the  passage  of  the  rotor  blade  behind  the  WG. 
The  figure  shows  the  effect  of  throttle  variation  (000,  open  throttle; 
1 14,  peak  efficiency;  128;  and  140,  near  stall)  on  vortex  shedding  at 
two  instants  of  blade  passage  behind  the  WG  (140  /xs,  top,  and 
20  /xs,  bottom);  dashed  lines  connecting  the  two  vortex  centers  are 
shown  to  aid  in  visualizing  their  location.  It  can  be  readily  inferred 
from  these  visualizations  that  vortex  shedding  from  the  WG  displays 
a  distinct  pattern  for  each  throttle  condition.  The  vortices  appear 
farther  upstream  as  the  throttle  is  closed  to  near  stall  (140),  as 
opposed  to  when  it  is  open  (000).  Increasing  backpressure  moves  the 
bow-shock  upstream,  thus  causing  vortices  to  be  shed  sooner  for  the 
same  rotor  location.  For  the  conditions  of  open  throttle  (000)  and 
peak  efficiency  (1 14),  a  vortex  appears  to  collide  with  the  LE  of  the 
rotor  blade,  although  at  peak  efficiency  the  vortex  appears  at  a 
location  of  slightly  higher  pitch.  When  the  throttle  is  closed  to  the 


a)  000  b)  114  0128  d>140 

Fig.  6  Flow-visualization  samples  showing  the  effect  of  throttle 

variation  on  vortex  shedding.  1124 
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near- stall  operating  condition  (140),  the  rotor  appears  to  chop  the 
wake  by  the  “braid”  (the  region  of  the  wake  between  the  coherent 
structures)  [19].  The  rotor-blade  LE  location  at  a  given  clocking  does 
not  coincide  exactly  with  those  for  different  throttle  settings  because 
the  mechanical  speed  was  varied  during  the  experiments  to  maintain 
the  same  corrected  speed. 

As  observed  in  previous  studies  [6],  synchronization  of  the  rotor- 
blade  location  and  vortex  shedding  was  apparent  upon  inspection  of 
the  many  images  captured  under  various  blade-delay  and  throttle 
conditions.  This  study  demonstrates  that  the  synchronization  is 
evident  at  all  operating  points  between  choke  and  stall.  The  images  of 
vortex  shedding  were  similar  for  any  given  operating  condition  and 
blade  delay.  These  facts  have  suggested  that  the  location  of  the 
vortices  (and  shedding)  is  phase  locked  to  the  rotor-blade  pass 
frequency.  Further  studies  of  the  relation  among  blade-row  axial 
spacing,  vortex  shedding,  and  compressor-rotor  performance  can  be 
found  in  the  literature  [3,6,23].  Other  studies  of  the  relation  between 
the  frequency  of  the  vortex  shedding  and  the  blade-passing 
frequency  in  a  multiblade  row  of  a  turbine  stage  can  also  be  found  in 
the  literature  [24,25]. 

In  the  present  experiments  the  rotor-blade  row  appears  to  produce 
forcing  of  the  vortex  shedding  that  is  sufficiently  strong  [19]  to  cause 
sharp  synchronization  between  the  rotor-blade  position  and  the  main 
flow  features.  Forced  shedding  is  triggered  by  the  rotor-blade 
potential  field,  which  transmits  a  strong  pressure  perturbation  to  the 
WG.  A  pressure  fluctuation  translates  to  a  velocity  perturbation  as  it 
interacts  with  the  solid  surface  of  the  WG.  The  location  of  the 
interaction  determines  the  characteristics  of  the  vortex  shedding. 
Also,  because  the  bow  shock  is  a  major  cause  of  pressure  change  and 
because  the  shock  location  with  respect  to  the  rotor  LE  varies  with 
throttle  setting,  the  difference  in  the  location  of  the  vortices  as  a 
function  of  the  throttle  setting  is  related  to  the  shock  location.  This  is 
consistent  with  WG  the  results  of  surface-static-pressure  measure¬ 
ments  made  using  Kulite  transducers,  which  showed  a  strong 
fluctuation  in  pressure  at  the  blade-passing  frequency  [26]. 
Furthermore,  a  recent  cascade  experiment  confirmed  that  large 
vortices  can  be  induced  by  the  passing  of  a  shock  wave  [27]. 

An  improved  quantitative  understanding  of  the  many  unsteady- 
flow  features  involved  in  complex  blade-row  interactions  can  be 
gained  through  analysis  of  the  velocity  field  obtained  with  PIV.  As 
pointed  out  earlier,  because  vortex  shedding  is  phase  locked  to  rotor 
passage,  rotor  phase-locked  averaging  is  possible  without 
destruction  of  the  main  details  of  the  velocity  field  in  this  interaction 
region.  Also,  in  the  instantaneous-PIV  data,  gaps  in  the  velocity 
information  may  be  present  where  seeding  was  not  sufficient  to 
obtain  a  correlation;  thus,  more  reliable  information  can  be  gained  by 
considering  the  average  flowfield  where  data  intermittency  can  be 
minimized.  In  a  phase-locked  flow  with  strong  statistical  central 
tendencies  of  the  events  under  study,  the  median  is  both  an 
advantageous  estimator  of  the  central  value  and  a  robust  statistic  for 
removal  of  outliers,  as  explained  in  the  PIV  section. 

The  velocity  field  provides  evidence  of  the  relationship  among 
vortex  shedding,  shock  position,  wake-shock  interaction,  and 
operating  condition.  Quantitative  information  on  the  actual  location 
of  the  vortices  and  the  shock  with  respect  to  the  WG  and  rotor  blade 
can  be  easily  obtained. 

Figure  7  shows  the  PIV  velocity  field  (median  of  50  files)  overlaid 
with  streamtraces  for  the  choke  (open  throttle,  000)  operating 
condition  at  three  blade  clockings  that  represent  the  rotor  blade 
passage  behind  the  WG.  The  rotor-bow  shock,  clearly  discernible  as 
an  abrupt  change  in  velocity,  is  at  a  constant  distance  from  the  rotor 
but  is  broken  by  the  shed  wake,  which  is  clearly  discernible  as  a  low- 
velocity  region.  A  significant  pitchwise  motion  of  the  wake,  defined 
by  the  shed  vortices,  was  observed  as  it  advected  downstream  (and 
also  as  a  function  of  the  rotor-blade  location). 

The  velocity  field  for  the  blade  clocking  with  the  rotor  LE  aligned 
at  the  WG  TE  is  presented  in  Fig.  8  (median  of  50  files)  for  three 
throttle  conditions.  The  rotor-bow  shock  can  be  easily  identified  for 
each  operating  condition.  Between  open  throttle  (000)  and  peak 
efficiency  (114),  the  bow  shock  begins  to  move  forward  as  the  stage 
becomes  unchoked  and  the  backpressure  increases.  Furthermore, 


a)  000;  120  (is  b>  000:  140  [is  c)  000;  120 

Fig.  7  Velocity  field  and  streamtraces  for  open  throttle  condition  at 
three  blade  clockings. 


until  the  stage  becomes  completely  unchoked,  the  mass  flow  rate  is 
constant,  as  shown  by  the  characteristic  of  Fig.  3.  Thus,  the  velocity 
in  the  PIV  image  of  Fig.  8a  is  similar  to  that  of  Fig.  7b.  At  near  stall 
(where  the  shock  is  farther  upstream  for  a  given  blade  clocking),  the 
vortex  that  is  colliding  with  the  rotor  LE  is  actually  shed  from  a 
previous  rotor-blade-bow  shock.  As  the  throttle  goes  from  open 
(000)  to  near  stall  (140),  the  rotor-bow  shock  becomes  stronger  and 
moves  upstream,  which  causes  the  greatest  changes  in  velocity 
magnitude  and  flow  angle  across  the  shock.  The  PIV  image  shows 
mainly  the  flow  features  upstream  of  the  rotor  blade  and  above  the 
rotor  suction  side,  but  some  figures  (Figs.  7c  and  8c)  provide 
evidence  of  the  pressure-side  LE  shock  just  below  the  rotor  blade.  At 
the  peak-efficiency  operating  condition,  the  pressure-side  shock  is 
more  normal  to  the  rotor  LE  and,  therefore,  can  be  observed  in  the 
image  view. 

An  approximation  of  the  overall  time-averaged  velocity  field  can 
be  obtained  by  averaging  all  seven  blade  delays  of  one  blade  passing 
behind  the  WG.  Figure  9  shows  the  velocity  field  (median  of  the 
seven  blade  clockings  with  50  files  each)  and  the  corresponding 
streamtraces  for  a  blade-passage  period  behind  the  WG  for  three 
throttle  conditions:  a)  peak  efficiency,  1 14;  b)  128;  and  c)  near  stall, 
140.  At  peak  efficiency,  the  magnitude  of  the  velocity  is  high  above 
and  below  the  wake  and  rotor  incidence  is  nearly  zero.  As  the  throttle 
is  closed  to  near  stall,  the  magnitude  of  the  velocity  is  decreased 
significantly,  and  the  flow  enters  the  rotor  at  a  negative  angle.  Further 
analyses  of  the  velocity  field  yield  details  on  the  shock  magnitude 
and  location.  The  abrupt  velocity  change  through  the  shock  can  be 
analyzed  using  line  plots  of  velocity  magnitude  across  the  shock. 
Figure  10  shows  three  axial  profiles  of  average  speed  (median) 
through  the  shock  for  the  peak-efficiency  case  where  the  rotor  LE  is 
located  at  10%  WG  pitch  above  the  WG  center  (corresponding  to  a 
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Fig.  8  Velocity  field  and  streamtraces  for  a  blade  clocking  at  three 
throttle  conditions.  1 1 2o 
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Fig.  9  Velocity  field  and  streamtraces  for  a  blade  period  at  three 
throttle  conditions. 
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Fig.  1 1  W ake  motion  and  wake-shock  interaction  characterizations  at 
peak  efficiency. 


clocking  of  120  /xs).  Here  the  resolution  of  the  PIV  was  32  pixel  cells 
with  75%  overlap  that  produce  an  8  pixel  (0.2925  mm)  grid  (shown 
in  the  figure).  The  shock  is  readily  discernible  far  from  the  wake  at  20 
and  15%  WG  pitch  above  the  WG  center,  but  it  widens  and  weakens 
close  to  the  wake,  such  as  at  10%  pitch.  The  width  of  the  bow  shock  is 
smeared  by  PIV  resolution.  Higher-resolution  measurements  or 
close-up  approaches  [28]  would  be  required  for  more  accurate 
determination  of  the  actual  shock  location  and  velocity  gradient, 
provided  the  seeding  was  appropriate  [4].  However,  the  velocity 
jump  across  the  shock  can  be  readily  estimated,  for  example,  235  — 
181.5  =  53.5  m/s  for  the  case  of  20%  pitch  above  the  WG.  Also  the 
shock  location  can  be  estimated  from  the  curve  where  the  speed 
changes  rapidly.  For  example,  here  the  center  could  be  estimated  to 
be  at  ~  12.5  mm  (12.5  =b  0.5  mm)  or  22.5%  chord  upstream  of  the 
rotor  LE.  The  shock  width  and  sharpness  are  readily  discernible  far 
from  the  wake  at  15  and  25%  WG  pitch  above  the  WG  center  but 
become  smeared  near  the  wake  region  (e.g.,  10%  WG  pitch  above  the 
WG  center)  because  of  the  wake-shock  interaction.  Moreover, 
because  the  velocities  across  the  shock  wave  can  be  calculated  in  the 
rotor  frame  of  reference,  the  Mach  number  of  the  shock  could  be 
calculated  and  compared  with  the  value  from  the  known  blade  and 
flow  velocities  or  shock  angle. 

The  large  vortices  that  appear  in  the  wake  flow  can  significantly 
influence  the  flow  entering  the  rotor.  These  features  are  also 
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Fig.  10  Velocity  axial  profiles  at  20  %  ( — ),  15%  (O),  and  10%  (x)  pitch. 


important  for  validating  time- accurate  CFD  codes.  The  complex 
flowfield  accompanying  the  shock,  vortices,  and  wake  can  be 
investigated  through  additional  processing  of  the  PIV  velocity  data. 
Capturing  higher  levels  of  detail  in  these  areas  was  accomplished 
using  multipass  high-resolution  PIV  with  an  increased  grid 
resolution  of  0.292  mm  and  various  averaging  filters  that  are 
explained  in  the  PIV  section.  Figure  1 1  shows  the  manner  in  which 
these  details  can  be  obtained  by  subtracting  a  constant  axial 
component  (convective)  of  velocity  to  represent  the  motion  from  a 
frame  of  reference  moving  at  that  velocity  [29].  Results  at  blade 
clockings  of  70  /xs  (wake  passing  through  the  center  of  rotor 
passage)  and  140  /xs  (rotor  LE  aligned  with  WG)  for  peak  efficiency 
are  shown  to  emphasize  the  wake  motions.  The  wake  vortices  and  the 
braid  can  be  clearly  seen  in  the  instantaneous  flow  visualizations  in 
Fig.  11a.  Topological  wake  features  can  be  identified  from  the 
streamline  patterns;  the  first  vortex  shed  (spiraling  streamline 
pattern),  the  saddle  points  (outward-pointing  streamline  pattern  from 
a  center),  and  the  strong  down  wash  velocity  between  the  vortices 
through  the  braid  (in  the  70-/xs  clocking)  are  clearly  discernible  from 
the  mean  velocity  field  and  streamtraces  (Fig.  lib).  These  motions 
occur  close  to  the  nearly  quiescent  region  behind  the  WG,  and 
convective  velocity  subtraction  is  not  needed.  Further  insight 
regarding  the  interaction  of  the  rotor-bow  shock  with  the  WG  TE  can 
be  gained  from  PIV  and  flow- visualization  data.  In  Fig.  1  lb,  a  shed 
vortex  appears  on  the  upper  side  (facing  rotor  revolution)  of  the  WG, 
which  suggests  that  the  rotor-bow  shock  influences  the  WG 
boundary  layer  in  a  manner  that  drives  the  shedding  of  a  vortex.  The 
nature  of  the  perturbation  that  drives  vortex  shedding  has  been 
described  in  the  literature  [3]  through  a  comparison  of  the  results  of 
detailed  experimental  measurements  with  time-accurate  CFD 
simulations.  The  second  vortex  and  saddle  point  can  also  be  readily 
identified  when  their  convective  velocity  (obtained  from  the  absolute 
velocity  field,  here  ~110  m/s)  is  subtracted  from  the  mean 
(Fig.  11c).  A  shock-vortex  interaction  is  captured  for  the  second 
vortex  at  140  /xs,  as  shown  in  Fig.  11c,  which  depicts  the  location  of 
the  vortex  in  the  middle  of  the  shock  line. 

Other  details  of  the  flow  can  be  obtained  by  smoothing  (weighted 
average  of  neighboring  points)  the  velocity  field.  This  technique 
emphasizes  flow  patterns  that  can  be  used  for  time-accurate  CFD 
comparisons.  Such  a  wake  characterization  is  shown  for  the  70-/xs 
clocking  in  Fig.  12.  The  first  (Fig.  12a)  and  second  (Fig.  12b)  vortices 
and  the  saddle  points  from  Fig.  1 1  are  readily  discernible  with  their 
characteristic  patterns.  The  wake  profiles  and  wake  centerline 
(Fig.  13)  also  provide  evidence  of  the  wake  motions,  44$ftiess,  and 


ESTEVADEORDAL,  GORRELL,  AND  COPENHAVER 


241 


i-i,  I  xTT  I  1  J  L  I  4  l  i.  1  -b.j.  I  x  1.1  y.J  i  -I- ri,  I  J, . 

10  11  12  13  14  IS 

x(nrai) 


Vel  (in/*): 


&  iD  i  do  iso  aoti  so 


a)  First  vortex 


b  )  Second  vortex 


Fig.  12  Details  of  the  wake  displayed  through  smoothed  vector  field;  WG  axial  centerline  (dash-dotted  lines). 


reduction  in  incidence  at  the  raw  exit.  The  centerline  was  defined  by 
joining  the  minima  of  the  velocity  profiles.  Comparison  of  the 
averaged  wakes  over  a  period  has  proved  to  be  very  useful  [30]. 


Conclusions 

The  flowfield  between  an  upstream  stator  and  a  downstream  rotor 
closely  spaced  in  a  high-speed  highly  loaded  transonic  compressor 
was  investigated  using  flow- visualization  and  PIV  measurements  at 
various  operating  conditions.  A  distinct  vortex-shedding  and  shock 
pattern  was  documented  for  several  throttle  positions  from  choke  to 
stall.  Because  vortex  shedding  from  the  WG  is  strongly  synchronized 
with  the  passage  of  the  rotor-bow  shock  at  close  spacing,  phase- 
locked  measurements  allow  multiple  images  of  any  blade  position  to 
be  averaged,  producing  a  clear  image  of  the  flowfield.  This  study 
demonstrates  that  the  vortex  shedding  is  synchronized  to  the  passage 
of  the  rotor-bow  shock  at  all  operating  conditions  from  choke  to  stall. 
As  the  operating  point  changes  from  choke  to  stall  and  the  rotor-bow 
shock  moves  upstream,  the  spatial  relation  between  the  rotor  blade 
and  shed  vortex  is  modified.  Thus  the  rotor  LE  may  collide  with  a 
vortex  or  chop  the  wake  by  the  braid,  depending  on  the  throttle 
position.  The  velocity  fields  exhibit  the  motion  of  the  wake  including 
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Fig.  13  Wake  profiles  and  centerline  waviness:  wake  characterization 
example  at  70- fis  clocking. 


shed  vortices  as  well  as  the  changes  in  velocity  magnitude  and  flow 
angle  across  the  shock  for  each  compressor  operating  condition.  For 
each  condition,  PIV  images  present  evidence  of  the  shock  location, 
velocity  magnitude,  and  details  of  its  interaction  with  the  wake  and 
vortex  shedding.  An  average  velocity  field  defined  by  seven 
positions  in  one  rotor-blade  period  revealed  that  the  incidence 
increased  as  the  operating  condition  changed  from  peak  efficiency  to 
near  stall. 

Analysis  of  the  PIV  data  has  been  used  to  provide  insight  into 
vortex  shedding,  rotor-bow-shock  location,  and  wake-shock 
interaction.  Through  the  use  of  data-processing  techniques  such  as 
multipass  high-resolution  PIV  with  statistical  data  filtering  and 
averaging,  convective  velocity  subtraction,  and  smooth-weighted 
averaging,  it  has  been  demonstrated  that  the  complex  unsteady 
flowfield  can  be  captured  and  visualized  with  great  detail  and  clarity, 
allowing  previously  undetected  unsteady-flow  phenomena  to  be 
observed.  These  methods  have  proved  useful  for  isolating  specific 
shed  vortices  and  the  shock-vortex  interaction  in  this  advanced 
transonic  compressor.  Additionally,  the  data  presented  allows 
verification  and  validation  of  time-accurate  CFD  codes. 
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The  unsteady  flow  field  produced  during  the  interaction  of  a  shock  wave  with  stator 
blades  is  investigated  in  a  linear  cascade  using  particle  image  velocimetry  (PIV).  The  study 
investigates  the  interaction  that  occurs  when  shock  waves  traveling  with  the  rotor  blades  in 
axial  transonic  compressors  interact  with  upstream  stator  blades.  This  interaction  produces 
unsteady  phenomena  such  as  vortices  and  separation  that  induce  blockage  and  losses.  Flow 
visualization  and  PIV  data,  synchronized  with  shock-wave-passage  locations  provide  details 
of  the  flow  field  in  various  areas  of  the  cascade  passage.  The  experiments  are  conducted  in  a 
transonic  blow-down  wind  tunnel  with  a  nominal  inlet  Mach  number  of  0.65.  A  single  mov¬ 
ing  normal  shock  is  generated  using  a  shock  tube  external  to  the  wind  tunnel,  and  this  shock 
is  introduced  at  the  exit  of  the  stator  cascade  to  simulate  the  bow  shock  from  a  downstream 
rotor.  PIV  instantaneous  measurements  are  made  for  three  different  shock  strengths  at 
various  regions  of  interest  and  are  synchronized  with  various  instants  of  the  shock  passage. 
In  each  case,  the  passing  shock  induces  a  vortex  of  varying  size  and  strength  around  the 
trailing  edge  of  the  stator.  The  flow  pattern  includes  the  disruption  and  recovery  of  the 
transonic  free  stream,  shock  waves,  vortex  flow,  vortex  blockage,  suction-side  separation, 
spiraling  arms,  secondary  vortices,  and  endwall  clearance  flows. 


I.  Introduction 

THE  trend  toward  higher  stage  loadings  in  axial  compressors  is  forcing  designers  to  include  embedded  rotor 
stages  with  leading  edge  (LE)  relative  Mach  numbers  in  excess  of  unity  over  most  of  the  rotor  span.  Under 
these  conditions  the  rotor  will  have  either  an  oblique  bow  shock  or  possibly  a  detached  normal  shock  upstream  of 
the  LE,  depending  on  its  design  and  operating  condition.  The  relatively  small  stagnation  pressure  loss  due  to  these 
shocks  is  generally  acceptable  in  view  of  the  increased  mass  flow  rate  and  pressure  ratio  afforded  by  transonic  rotor 
operation.  At  compressor  operating  points  below  the  design  rotational  speed  or  when  an  elevated  back-pressure  is 
experienced,  the  shock  structure  detaches  and  is  pushed  entirely  upstream  of  the  rotor  LE.  Unlike  the  weak  bow 
shock  present  at  the  design  condition,  the  strong  bow  shock  which  occurs  under  off-design  operation  extends  rela¬ 
tively  far  upstream  from  the  rotor  LE.  If  the  axial  spacing  between  the  upstream  stator  and  the  embedded  transonic 
rotor  is  consistent  with  normal  compressor  design  practice,  the  rotor  bow  shocks  will  impact  the  stator  trailing  edge 
(TE)  [1,  2], 

The  transonic  rotor- stator  interactions  have  been  the  topic  of  both  experimental  and  analytical  research.  The 
general  consensus  among  these  researchers  is  that  the  losses  in  transonic  compressors  increase  rapidly  as  the  axial 
spacing  between  stages  is  reduced.  Gorrell  et  al.  (2003)  [3,  4]  conducted  an  experimental  investigation  of  the  effect 
of  blade-row  spacing  on  the  performance  of  a  transonic  compressor  using  the  Air  Force  Research  Laboratory 
(AFRL)  Stage  Matching  Investigation  (SMI)  rig.  Mass  flow  rate,  pressure  ratio,  and  efficiency  all  decreased  as  the 
axial  spacing  between  the  upstream  wake  generator  (WG)  and  the  transonic  rotor  was  reduced.  At  close  spacing,  an 
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additional  loss  beyond  that  associated  with  mixing  was  present.  Part  2  of  this  paper  [4]  presents  CFD  results  for  the 
same  WG/transonic  rotor  system  used  in  the  experiment.  At  far  axial  spacing  between  the  WG  row  and  the  rotor 
row,  the  rotor  bow  shock  degenerates  into  a  weaker  pressure  wave  when  it  reaches  the  WG  surface.  At  close  axial 
spacing,  however,  the  shock  turns  normal  to  the  WG  surface  as  it  passes  the  TE  and  propagates  upstream  (Fig.  1) 
[1].  The  WG  flow  is  supersonic  relative  to  this  moving  wave  thus,  Gorrell  et  al.  (2003)  [3,  4]  concluded  that  this 
wave  exhibits  the  same  behavior  as  a  normal  shock,  causing  significant  entropy  generation  and  total  pressure  loss. 

Estevadeordal  et  al.  (2002,  2007)  [5,  6]  documented  the  flow  field  within  a  transonic  compressor  using  Particle 
Image  Velocimetry  (PIV).  These  experimental  studies  were  also  conducted  using  the  AFRL  SMI  rig.  Data  were 
gathered  for  two  spanwise  locations,  two  WG  counts,  two  axial  spacings  between  the  WG  and  rotor,  and  various 
operating  conditions.  The  WGs  in  these  tests  had  blunt  TE,  which  led  to  vortex  shedding  in  the  wake.  These  vor¬ 
tices  were  found  to  grow  as  they  convected  downstream.  For  the  largest  axial  spacing  tested,  the  vortices  are  esti¬ 
mated  to  be  30%  larger  than  the  WG  thickness.  The  vortex- shedding  frequency  was  largely  dictated  by  the  rotor- 
blade-passing  frequency.  Flow  patterns  such  as  the  number  and  location  of  the  vortices  were  always  similar  for  a 
given  rotor  blade-passing  frequency.  The  rotor  bow  shocks  provided  a  strong  periodic  pressure  fluctuation  that 
forced  the  synchronization  of  the  vortex  shedding  to  the  shock-passing  frequency.  Gorrell  et  al.  (2006)  [7]  provided 
a  detailed  comparison  of  PIV  data  and  CFD  simulations  for  the  SMI  rig. 

The  current  investigation  represents  a  follow  up  to  the  study  of  Langford  et  al.  (2007)  [1].  In  these  experiments 
the  stator  flow  environment  within  a  close-stage-spacing  embedded  transonic  compressor  was  simulated  by  a  linear 
cascade  of  loaded  stator  blades.  The  steady  performance  of  the  stator  cascade  was  measured  to  provide  a  baseline  to 
which  cases  involving  the  moving  shock  could  be  compared.  Pressure  measurements  indicated  that  the  stator 
matched  its  design  intent  with  regard  to  loading,  turning,  and  loss  under  steady  flow  conditions.  A  moving  shock 
wave  was  then  introduced  into  the  stator  cascade  to  simulate  the  detached  bow  shock  from  a  downstream  transonic 
rotor  operating  at  off-design  conditions.  The  flow  patterns  due  to  the  interaction  of  this  passing  shock  and  the  stator 
flow  field  were  explored  qualitatively  using  flow  visualization  and  quantitatively  using  PIV. 

II.  Experimental  Setup 

The  experiments  were  conducted  at  the  Transonic  Cascade  Wind  Tunnel  at  Virginia  Tech.  This  blow-down-type 
tunnel  provides  up  to  20  sec  of  usable  run  time  for  the  inlet  Mach  number  of  0.65  that  was  used  in  these  tests.  A 
four-stage  Ingersoll-Rand  Type  H  reciprocating  compressor  provides  the  air  supply  for  the  tunnel.  Before  entering 
the  tunnel,  the  air  is  filtered,  cooled,  dried,  and  stored  in  outdoor  tanks.  The  tunnel  is  run  by  a  computer-controlled 
main  valve  and  simple  feedback  electronics,  which  maintain  a  specified  stagnation  pressure  downstream  of  the  con¬ 
trol  valve.  A  turbulence  grid  was  mounted  upstream  of  the  test  section,  generating  a  turbulence  intensity  of  about 
1.6%,  with  a  length  scale  of  1.7  cm.  The  cascade  blades  have  a  0.76-mm  endwall  clearance  from  50%  chord  to  the 
TE.  This  clearance  allows  a  small  amount  of  leakage  flow  from  the  pressure  surface  to  the  suction  surface,  which 
aids  in  preventing  comer  separation  that  would  otherwise  spoil  the  two-dimensional  (2D)  nature  of  the  experiment. 
Table  1  contains  the  main  cascade  parameters,  and  Fig.  2(a)  contains  a  schematic  of  the  cascade  test  section  in  the 
wind  tunnel.  Further  details  of  the  experimental  set  up  and  blade  characteristics  can  be  found  in  Langford  et  al. 
(2007)  [1]. 

The  moving  shock  was  generated  by  mpturing  a  Mylar  diaphragm  within  a  pressurized  shock  tube  and  transfer¬ 
ring  the  resulting  shock  into  the  test  section.  The  shock  tube  consists  of  two  sections  of  3 -in-nominal-diameter  steel 
pipe  separated  by  the  diaphragm.  The  shock  strength,  measured  as  the  static  pressure  ratio  across  the  shock  front,  is 
directly  proportional  to  the  diaphragm  thickness.  To  initiate  the  shock,  the  driver  section  was  rapidly  compressed 
with  helium  until  the  diaphragm  mptured.  Helium  was  used  as  the  driver  gas  because  a  greater  shock  static-pressure 
ratio  can  be  achieved  at  a  lower  driver  pressure  when  the  ratio  of  fluid  acoustic  velocities  between  the  driver  and 
driven  sections  is  increased.  The  acoustic  velocity  of  helium  is  roughly  three  times  greater  than  that  of  air.  After  the 
shock  was  fully  developed  within  the  driven  section  of  the  shock  tube,  it  was  transmitted  through  flexible  reinforced 
tubing  into  the  test  section.  Before  being  introduced  into  the  cascade,  the  shock  was  passed  through  a  shock-shaper 
apparatus  to  expand  it  and  produce  a  purely  cylindrical  rather  than  spherical  wave,  as  it  passes  the  stator  blades. 
Additional  details  on  the  shock  tube  can  be  found  in  Langford  et  al.  (2007)  [1]. 

Data  on  steady  performance  was  gathered  using  various  pressure  probes  to  verify  that  the  stator  cascade  was  op¬ 
erating  at  design-intent  loading  [1].  The  unsteady  measurements  involving  the  moving  shock  were  conducted  at  an 
incidence  angle  of  zero  degrees  for  three  shock  strengths  with  static  pressure  rises  of  t41.42,”  “1.76”  (nominal),  and 
“2.10,”  respectively.  The  static-pressure  rise  across  the  shock  (strength)  was  measured  at  the  TE  of  the  center  blade 
in  the  cascade  using  wall-mounted  Kulite  high-bandwidth  pressure  transducers.  The  pressure  data  were  sampled  at 
1  MHz  using  a  12-bit  LeCroy  6810  A/D  converter.  The  Kulite  were  also  used  for  triggering  the  laser  pulses  for  the 
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PIV  measurements;  the  pressure  transducer  signal  from  the  strong  pressure  fluctuation  of  the  passing  shock  was  sent 
to  the  external  trigger  of  the  electronics  delay  generator  (Stanford  DG535)  that  drives  the  PIV-system  components 
(lasers  and  cameras).  For  every  blow-down  run  a  shock  was  generated;  and  because  of  the  relatively  slow  repetition 
rate  of  the  PIV  system,  only  a  single,  instantaneous,  double  PIV  image  could  be  recorded.  The  shock  location  re¬ 
corded  by  the  PIV  system  was  varied  for  every  run  by  changing  the  triggering  Kulite.  The  Kulites  were  spaced  0.5 
in.  apart  and  formed  a  line  parallel  to  the  stagger  axis  [Fig.  2(a)].  However,  since  the  shock-propagation  speed  (and 
strength)  decreased  as  the  shock  exited  the  shock-shaper  tube,  the  actual  time  delay  between  triggering  locations  was 
not  constant.  The  delay/location  of  each  instant  image  shown  in  the  Results  Section  is  referred  to  by  the  correspond¬ 
ing  triggering  Kulite  number,  e.g.  ‘K5’  indicates  that  Kulite  No.  5  was  used  for  triggering  the  PIV  image-capture 
system. 

The  PIV  experiment  involved  seeding  the  flow  with  small  particles  and  then  illuminating  a  two-dimensional 
slice  of  the  particle  flow  path  using  two  overlapped  Nd:YAG  (New-Wave  Solo  PIV  120)  laser  sheets  in  rapid  suc¬ 
cession  (2  jus  apart  in  the  present  experiments)  to  calculate  the  flow  velocity.  Laser-sheet  delivery  was  accom¬ 
plished  using  a  special  optical  probe  [Fig.  2  (b)]  that  was  inserted  (and  secured  with  a  special  nylon  mount)  in  a 
glass  rod  mounted  across  the  cascade  and  located  sufficiently  far  downstream  to  have  negligible  effect  on  the  flow 
in  the  area  under  study.  The  glass  rod  was  sealed  from  leakage  using  o-rings  and  secured  to  the  endwalls  using 
compression  fittings  with  nylon  ferrules.  The  probe  could  be  inserted  at  any  span  location  by  traversing  it  inside  the 
glass  rod,  and  it  could  be  rotated;  the  distance  of  the  embedded  lenses  from  the  prism  could  be  changed  to  modify 
the  focal  distance  and  the  spread  of  the  laser  sheet.  This  allowed  illumination  of  any  region  of  interest  in  the  flow 
[Fig.  2(c)].  The  majority  of  the  data  was  gathered  at  mid-span  but  data  was  also  gathered  near  the  endwalls.  Several 
ports  were  machined  in  the  cascade  windows  to  facilitate  illumination  of  areas  that  could  be  in  shade  and  to  avoid 
seed  deposition  in  front  of  the  laser-sheet  output.  The  beam  was  split  prior  to  entering  the  optical  probe,  and  one- 
half  was  sent  to  the  top  of  the  tunnel  to  generate  a  second  laser  sheet  that  illuminated  the  inlet  flow  (~  1  in.  view  to 
the  LE  of  the  stators)  through  a  window  and  allowed  collection  of  inlet  conditions  for  each  run.  The  thickness  of  the 
laser  sheets  was  ~  1mm. 

The  acrylic  windows  in  which  the  cascade  blades  are  mounted  facilitate  the  setup  of  the  receiving  optics.  Two 
cameras  [ES1.0  Kodak  CCD  with  lk  x  lk  pixels  (pix)]  were  used  to  provide  inlet  and  passage  views  simultaneously 
with  105 -mm  Nikon  lenses  at  F#4.  Processing  the  image  pair  allowed  calculation  of  the  instantaneous  2D  velocity 
vector  field  for  the  area  of  interest.  The  selection  and  implementation  of  the  proper  seeding  strategy  is  of  major  im¬ 
portance  in  the  successful  performance  of  PIV  measurements.  The  seeding  particles  must  be  extremely  small  and 
have  specific  gravity  that  is  close  to  that  of  air  to  permit  accurate  tracking  of  the  flow  by  avoiding  the  impact  of  vis¬ 
cous  and  inertia  forces  that  can  produce  particle  lag.  The  seeding  particles  must  also  scatter  light  efficiently  to  en¬ 
sure  that  exposure  of  the  recording  media  occurs.  For  minimizing  particle  agglomeration  and  ensuring  uniform 
distribution,  careful  consideration  must  be  given  to  the  choice  of  particles  and  the  mechanism  for  their  introduction 
into  the  fluid  flow.  For  the  present  experiments,  high-purity  submicron-sized  (~0.5  pm)  alumina  (AI2O3)  particles 
were  used;  these  particles  were  introduced  sufficiently  far  upstream  of  the  test  section  to  avoid  perturbations  [Fig. 
2(a)].  The  seeding-system  was  based  on  seeders  of  the  solid-powder  cyclone  type,  and  insertion  of  the  particles  into 
the  tunnel  was  accomplished  using  a  rod  with  a  row  of  holes.  Although  the  specific  gravity  of  the  particles  is  3.06 
and  they  are  non-spherical  (plates),  numerous  studies  have  shown  that  they  can  be  used  for  seeding  low-speed  tran¬ 
sonic  and  some  higher  Mach  number  flows.  A  more  detailed  discussion  of  the  PIV  system  and  associated  uncertain¬ 
ties  can  be  found  in  Langford  et  al.  (2007)  [1]. 


Ill  Results 

Extensive  analysis  of  the  velocity  field  near  the  TE  that  compares  vortex  strength  and  blockage  for  this  cascade 
experiment  can  be  found  in  Langford  et  al.  (2007)  [1]  and  detailed  comparison  and  analysis  with  CFD  simulations 
can  be  found  in  van  de  Wall  et  al.  (2006)  [2].  The  present  study  focuses  on  identifying  and  describing  the  flow  pat¬ 
terns  in  various  regions  as  a  function  of  the  shock,  vortex  strength  and  location.  For  the  three  shock  strengths,  flow 
visualizations  and  PIV  results  are  shown  for  the  TE;  downstream  views  capture  details  of  the  flow  pattern  of  the 
wake,  the  vortex,  the  blockage  region,  and  the  separation  region;  passage  views  capture  details  of  the  shock  location 
and  the  pressure  and  suction  sides  of  the  blade;  finally  near-the-endwall  views  capture  some  three-dimensional  (3D) 
flow  patterns  that  are  typical  of  the  influence  of  the  clearance  flow. 

The  flow- visualization  images  of  Fig.  3  show  the  vortex  location  (unseeded  core)  that  formed  under  the  “1.42” 
strength  shock  in  the  TE  area  of  the  blade  for  various  shock  locations.  The  undisturbed  wake  [baseline  image  of 
Fig.  3(a)]  is  shown  for  comparison  purposes,  and  the  exit  angle  of  the  wake  can  be  seen  for  reference.  The  flow- 
visualization  sample  of  the  wake  was  obtained  by  selecting  a  sample  with  more  seeding  in  the  wake  region.  The 
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wake  seeding  material  can  be  seen  emanating  from  the  unseparated  pressure  side  flow  at  the  TE,  mixing  in  the  wake, 
and  encountering  the  suction  side  (turbulent)  boundary  layer  (with  less  amount  of  seeding).  After  the  shock  wave 
has  interacted  with  the  TE  of  the  cascade  blade,  the  vortex  forms  and  grows  as  it  travels  downstream,  as  shown  in 
the  pictures  of  Fig.  3(b),  3(c),  and  3(d),  which  display  three  instants  of  the  vortex  evolution  corresponding  to  the 
Triggering  Locations  K6,  K7  and  K8,  respectively.  The  vortices  can  be  readily  identified  in  each  image  that  has  a 
dark  core  (caused  by  the  lack  of  seed).  Upstream  of  the  vortex  and  toward  the  suction  side  of  the  blade,  an  area  with 
less  amount  of  seeding  is  visible;  it  changes  for  each  instant,  following  changes  in  the  vortex  size  and  location.  The 
vortex  travels  downstream  with  an  inclination  which  is  different  from  that  of  the  baseline  wake  because  of  the  flow 
induced  by  the  passing  shock  and  the  vortex-induced  flow.  The  actual  flow-field  features  can  be  better  described 
using  the  PIV  data.  The  PIV  data  for  these  images  of  Fig.  3  are  shown  in  Figs.  4  and  5,  including  a  broader  area  of 
the  suction  side.  For  the  velocity  plots  in  Fig.  4,  a  resolution  of  64  pix  grid  cells  was  used  with  75%  overlap,  yield¬ 
ing  0.44-mm  grid  spacing.  This  resolution  was  appropriate  for  purposes  of  displaying  the  general  flow  features. 
The  first  one  [Fig.  4(a)]  corresponds  to  the  baseline  flow  and  shows  typical  cascade  suction  and  pressure-side  flow 
including  the  low-speed  region  defining  the  wake;  there  is  also  evidence  of  a  low-speed  region  corresponding  to  the 
turbulent  boundary  layer  near  the  surface  of  the  suction  side  of  the  blade  (although  the  present  resolution  is  not  in¬ 
tended  to  resolve  it),  shown  by  blue  contours  and  also  evidence  of  back  flow  in  the  small  area  just  behind  the  TE, 
which  is  typical  of  wakes  behind  blunt  bodies.  After  the  shock  has  passed  through  the  TE  and  the  vortex  has 
formed,  the  flow  pattern  is  considerably  changed,  as  first  depicted  in  Fig.  4(b).  As  explained  by  Langford  et  al. 
(2007)  [1],  the  vortex  flow  rotates  in  opposite  direction  to  the  circulation  around  the  stator  and  its  interactions  with 
the  free  stream  yields  a  distinctive  high-speed  area  in  the  lower  side  of  the  vortex  (red  contours)  and  a  low-speed 
area  on  the  upper  side  (blue  contours).  These  two  areas  can  be  seen  contacting  each  other  around  coordinates  (288, 
715)  pix  in  Fig.  4(b),  and  they  define  a  point  of  maximum  gradients  and  a  signature  of  the  vortex  core  center.  The 
exact  location  cannot  be  found  from  the  data  because  of  the  lack  of  seeding  in  the  vortex  core  and  strong  gradients  in 
the  region  that  lead  to  noise  and  inaccuracies.  This  also  hampers  determination  of  the  exact  shape  of  the  vortex  core 
[1].  In  the  frame  of  reference  of  the  stator  TE  (which  is  the  camera  frame  of  reference  also),  the  streamlines  split  to 
pass  around  the  vortex.  The  streamlines  from  the  low-speed  area  above  the  vortex  appear  to  be  deflecting  down¬ 
ward  and  those  lower  than  a  splitting  point  go  around  and  meet  the  high-speed  region  of  the  vortex.  In  the  frame  of 
reference  traveling  with  the  vortex,  the  spiraling  streamline  pattern  results  [Fig.  4(c)].  An  approximate  convective 
velocity  of  the  region  was  subtracted  for  drawing  these  streamlines  [8].  This  pattern  has  been  overlaid  on  the  vortic- 
ity  contours  (invariant  from  the  frame  of  reference)  in  Fig.  4(d)  to  show  vortex  location  and  compare  it  with  the 
streamline  pattern.  A  section  of  high  vorticity  is  observed  from  the  TE  to  the  high-speed  region  of  the  vortex  that  is 
consistent  with  the  flow  visualization  line  emanating  from  the  pressure  side  of  the  TE  and  is  connected  to  the  vortex 
[Fig.  3(b)];  this  is  an  indication  of  the  location  of  the  vortex-sheet  discontinuity  that  is  produced  in  the  interaction  of 
the  shock  with  the  TE.  As  noted  by  Langford  et  al.  (2007),  traces  of  the  shock  can  still  be  discerned  in  the  upper 
right  corner  of  this  image  as  a  distinctive  velocity-magnitude  discontinuity,  and  its  shape  is  consistent  with  the 
shadowgraphs  shown  in  Ref.  [1].  The  views  over  the  passage  will  offer  further  details  of  the  shape  of  shock  as  it 
propagates  upstream.  The  evolution  of  the  flow,  showing  the  vortex  growth,  is  depicted  in  Fig.  5  at  four  instants 
using  a  higher  resolution  grid  (32  pix  grid  cells  with  75%  overlap,  yielding  0.22-mm  grid  spacing).  The  core  region 
and  other  areas  without  seeding  or  noise  are  blanked  out.  The  streamlines,  contours,  and  vectors  show  the  motions 
around  the  core  in  greater  detail.  The  initial  vortex  position  nearest  the  TE  (a  and  b)  still  exhibits  the  vortex-sheet 
characteristics  from  the  TE  to  the  vortex.  In  this  stage  two  separate  low-speed  regions,  one  in  the  suction  side  of  the 
blade  and  another  downstream  of  the  vortex,  can  be  seen  (blue  contours).  Subsequent  to  this  stage,  when  the  vortex 
initially  grows  and  travels  downstream  (c  and  d),  the  flow  pattern  changes  and  includes  a  larger  low-speed  region 
(blue  contours)  that  extends  from  the  suction  side  to  the  far- downstream  area  of  the  vortex  low-speed  region.  A 
recirculation  region  is  obvious  at  this  stage  within  the  suction  side  of  the  TE  area.  The  last  location  (e  and  f)  shows 
a  larger  vortex,  with  the  low-speed  area  having  spread  in  the  pitch  direction  while  diminishing  in  magnitude;  the 
area  upstream  of  the  vortex  begins  to  recover  from  the  shock  passage,  as  signaled  by  the  lack  of  strong  low-speed 
regions  (blue  contours)  upstream  of  the  vortex  and  with  streamlines  oriented  toward  the  free-stream  pattern  that  ex¬ 
isted  before  the  shock  interaction. 

The  characteristics  of  the  velocity  field  when  the  shock  strength  is  increased  to  the  “1.76”  (nominal)  setting  are 
displayed  first  in  the  flow  visualizations  of  Fig.  6,  for  the  same  view  of  the  TE  as  in  the  previous  figures.  With  a 
shock  of  this  strength,  the  vortex  formation  and  the  deviation  of  the  wake  region  are  even  more  apparent  in  the  visu¬ 
alizations.  The  wake  changes  its  overall  inclination  [Fig.  6(a,  b)],  as  compared  to  the  baseline  [Fig.  3(a)]  (also  noted 
in  the  shadowgraph  analyses  in  Ref.  [1]);  there  is  evidence  of  a  strong  bending  of  the  wake  at  the  TE  from  the  pres¬ 
sure  side  [especially  evident  in  Fig.  6(b)]  induced  by  the  passing  shock.  This  sharply  bent  line  that  joins  the  TE  and 
the  wake  is  marked  by  the  seeding  that  emanates  from  the  pressure  side  and  is  the  first  indication  of  vortex  roll-up. 
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After  this,  the  vortex  forms  and  appears  to  be  clearly  attached  to  the  TE  tip  in  Fig.  6(c)  before  moving  downstream 
[Figs.  6(d-f)].  In  its  travel,  the  vortex  grows  in  size  and  exhibits  new  features  such  as  secondary  motions  and  spiral¬ 
ing  arms  [9]  in  the  periphery  around  the  core.  The  quantitative  PIV  data  (Fig.  7)  offer  further  insight  into  the  events 
taking  place  (using  only  the  coarser  grid  resolution  for  general  features).  First,  the  shock  passage  can  be  followed  in 
Fig.  7(a-d)  as  a  strong  velocity  discontinuity.  In  the  first  location  [Fig.  7(a)],  a  sharp  discontinuity  or  change  in  flow 
direction  has  still  not  occurred,  and  only  a  change  in  velocity  magnitude  which  is  different  from  that  of  the  baseline 
[Fig.  4(a)]  is  noticeable,  indicating  that  the  shock  (the  nature  of  which  was  shown  also  in  shadowgraphs  in  Ref.  [1]) 
is  just  entering  the  region.  In  the  second  location  [Fig.  7(b)],  it  is  clear  that  the  shock  has  just  passed  the  TE  and  that 
the  flow  pattern  has  been  affected  consequently  with  changes  in  the  flow  direction  and  generation  of  low-speed  re¬ 
gions  and  a  vortex  region.  The  sequence  of  events  is  similar  to  that  for  the  weaker  shock  but  with  stronger  features 
and  more  distinct  details.  In  this  case,  details  of  the  formation  and  evolution  of  the  low- speed  region  are  clearer.  As 
the  flow  evolves,  the  large  low-speed  band  dominates  a  large  region  of  the  flow  after  the  vortex  has  formed  at  the 
TE  [Fig.  7(c)],  with  the  wake  deviating  over  the  vortex.  In  the  next  instant  [Fig.  7(d)]  after  the  vortex  has  detached 
from  the  TE,  the  low-speed  band  begins  to  give  way  while  the  vortex  flow  gains  strength  and  dominates  the  flow; 
the  farther-downstream  wake  trace  is  rolled  into  the  vortex  downstream-spiraling  arm  [shown  in  blue  contours  for  x 
<  200  pix  and  also  very  obvious  in  the  flow  visualization  shown  in  Fig.  6(d)].  The  suction  side  exhibits  recircula¬ 
tions  throughout  the  process  [e.g.  Fig.  7(e)],  and  its  thickness  decreases  as  the  free  stream  re-enters  the  area  [Fig. 
7(f)].  Details  with  a  higher  resolution  grid  for  this  case  were  presented  in  Ref.  [1],  with  analysis  of  the  vortex  shape, 
size,  strength,  and  blockage.  Details  of  streamlines  overlaid  on  the  velocity  contours  and  vectors  overlaid  on  the 
vorticity  contours  are  shown  in  Fig.  8  with  a  higher  resolution  processing  grid  (32  pix  cells  —0.89  mm—  with  75% 
overlap,  yielding  a  resolution  grid  of  0.22  mm)  for  the  case  of  the  nominal  shock  triggered  on  Kulite  8.  The  velocity 
contours  show  the  typical  high-  and  low-speed  areas  that  accompany  the  vortex.  At  this  stage  these  two  regions 
appear  to  be  connected  to  the  upstream  TE  region  in  two  different  ways.  The  low- speed  region  no  longer  extends 
from  the  wake  to  the  suction  side  separation  region  [which  exhibits  strong  recirculations,  e.g.  at  ~  (450,  600)  pix] 
but  only  exists  as  patches  of  low-speed  areas  upstream  of  the  vortex  (sparse  light-blue  contours),  signaling  that  the 
free  stream  is  entering  the  region  as  it  recovers  from  the  vortex  event.  The  high-speed  region,  on  the  other  hand, 
continues  to  be  connected  to  the  TE  by  the  remains  of  the  vortex  sheet,  which  continues  to  roll  up  into  smaller  struc¬ 
tures,  as  can  be  seen  in  the  small  vorticity  traces  all  the  way  to  the  TE.  The  case  with  a  stronger  shock  will  next 
provide  more  details  of  the  nature  of  this  tail  of  the  vortex  as  it  leaves  the  TE,  and  an  additional  view  will  show  the 
farther-downstream  evolution  of  the  vortex  flow.  Good  comparisons  of  velocity  field  between  unsteady  CFD  and 
the  PIV  experiment  showing  these  details  of  the  vortex  roll-up  process  as  the  shock  wave  crosses  the  TE  and  of  its 
growth  and  evolution  can  be  found  in  Ref.  [2]. 

As  the  shock  strength  is  increased  to  the  “2.10”  setting,  the  events  accompanying  the  vortex  have  sharper  fea¬ 
tures.  This  can  be  readily  seen  in  the  flow- visualization  pictures  in  Fig.  9.  At  the  instant  triggered  on  K5  [Fig.  9(a)], 
the  vortex  has  formed,  is  attached  to  the  TE,  and  is  apparently  blocking  the  passage  from  the  TE  to  one  vortex  di¬ 
ameter.  As  it  becomes  detached,  it  begins  to  grow  in  size  [Fig.  9(b-e)],  and  its  periphery  exhibits  spiraling  arms  and 
secondary  vortices.  These  observations  indicate  a  laminar  core  (with  a  shape  such  as  those  analyzed  in  Refs.  [1,2]) 
with  a  turbulent  periphery.  The  suction  side  of  the  blade  also  exhibits  a  growing  separation  region  with  backflow 
and  recirculations  (these  can  be  inferred  from  the  direction  of  individual  particles  in  the  PIV  image).  PIV  quantifies 
these  features,  as  shown  in  Fig.  10  with  the  use  of  the  coarser  grid.  The  initial  vortex  formation  is  shown  in  Fig. 
10(a),  which  provides  evidence  that  the  vortex  enters  the  area  upstream  of  the  TE  as  it  rolls  up  sharply  (dark-blue 
contours  at  TE,  with  streamlines  deflecting  downward);  the  shock  has  just  passed,  and  it  can  be  seen  in  the  upper 
right  corner.  The  suction  side  exhibits  strong  recirculation  as  a  consequence  of  the  blockage.  A  remarkable  differ¬ 
ence  with  respect  to  weaker  shocks  is  that  the  flow  in  the  pressure  side  and  in  the  high-speed  side  of  the  vortex  flow 
is  turning  much  more  sharply.  This  is  shown,  for  example,  by  the  streamline  patterns  in  the  figure,  which  exhibit 
noticeable  bending,  which  is  a  consequence  of  the  stronger  and  larger  area  of  influence  of  the  vortex  in  this  case. 
The  features  are  much  more  accentuated  than  in  previous  cases  and  allow  sketching  of  the  main  flow  patterns.  A 
juncture  ‘saddle’  point  in  the  low-speed  region  (blue  contours)  where  the  streamlines  are  deflected  downward  can  be 
seen  clearly  in  each  instant  [e.g.,  centered  at  (200,  400)  pix  in  Fig.  10(d)].  It  defines  a  center  around  which  the  pat¬ 
tern  of  the  flow  can  be  sketched:  above  it,  the  free- stream  flow  moves  downstream  with  a  slight  bend;  below  it,  the 
free-stream  flow  is  blocked  by  the  vortex.  There  are  two  other  main  areas— one  below  the  vortex  with  high-speed 
region  and  another  with  the  free-stream  bending.  Finally,  there  is  the  separation  region  on  the  suction  surface  with 
recirculations  and  backflows.  Smaller  details  exist,  such  as  the  spiraling  arms  and  secondary  vortices.  The  evolu¬ 
tion  of  these  phenomena  will  be  analyzed  in  greater  detail  in  the  next  farther  downstream  view,  obtained  by  trigger¬ 
ing  the  PIV  capture  at  later  instants  (farther  Kulite  locations). 
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In  the  new  view  that  captures  these  farther-downstream  events,  following  the  passage  of  the  stronger  shock,  the 
camera  was  tilted  at  an  angle  approximately  perpendicular  to  the  pitch.  For  reference,  Fig.  11(a)  shows  a  flow- 
visualization  picture  for  the  baseline  with  a  wake.  Then  Figs.  1  l(b-e)  display  the  instantaneous  pictures  obtained  at 
four  triggering  locations  beyond  the  initial  vortex  formation  that  capture  the  downstream  evolution  of  the  flow.  It  is 
clear  that  the  main  vortex  has  persisted  downstream  and  moved  pitchwise,  dragging  a  series  of  smaller  secondary 
vortices  in  its  upstream  spiraling  arm.  As  noted  in  Langford  et  al.  (2007)  [1],  this  phenomenon  bears  a  striking  re¬ 
semblance  to  the  flow  fields  observed  in  impulsive  or  accelerating  separation  around  sharp  bodies,  starting  vortex 
separation  occurring  through  acceleration  and  deceleration  of  a  body,  and  in  flows  induced  when  shock  waves  en¬ 
counter  a  comer  asymmetrically  [10-13].  The  phenomenon  can  be  clearly  observed  in  the  present  investigation  as 
first  shown  in  the  flow  visualizations.  The  row  of  vortices  can  be  clearly  identified  through  their  dark  cores  (result¬ 
ing  from  lack  of  seeding).  In  the  instants  shown  in  Figs.  1 1  (b  and  d),  a  new  small  secondary  vortex  is  being  gener¬ 
ated  as  the  vortex  sheet  rolls  up  from  the  pressure  side  to  the  suction  side;  and  in  the  instants  shown  in  Figs.  ll(c 
and  e),  a  newly  rolled  up  secondary  vortex  has  formed.  The  PIV  will  again  serve  to  provide  quantitative  insight  into 
the  phenomenon.  Figure  12  shows  the  coarser  grid  results  for  a  baseline  wake  [Fig.  12(a)]  for  reference  and  for  the 
four  vortex-flow  instants  shown  in  Fig.  11.  As  in  the  flow  visualizations,  the  four  velocity  plots  corresponding  to 
the  shock  cases  are  similar  due  to  the  fact  that  they  where  all  triggered  at  a  late  stage  of  the  shock  passage  though  the 
TE.  Again,  it  is  obvious  that  several  flow  regions  can  be  distinguished— the  high-  and  low-speed  areas  of  the  vortex 
region,  the  blockage  area  defined  by  the  vortex  area,  and  the  free  stream  (with  tendency  to  recovery  upstream  of  the 
vortex  at  this  stage).  The  new  details  in  this  view  involve  the  existence  of  the  vortex  sheet  defined  by  the  disconti¬ 
nuity  in  velocity  between  the  flows  from  the  suction  and  the  pressure  sides.  This  is  defined  by  a  line  (separating 
green  and  blue  contours)  that  can  be  followed  from  the  TE  to  the  vortex  area,  which  has  several  traces  of  high-  and 
low-speed  spots  defining  the  secondary  vortices  [e.g.,  at  ~  (650,  650)  pix  in  Fig.  12(b),  ~  (600,  700)  pix  in  Fig.  12(d 
and  e)].  The  blue  area  near  the  TE  is  indicative  of  the  separation  region  and  is  disconnecting  from  the  vortex  low- 
speed  area  as  the  vortex  travels  downstream.  The  vorticity  plots  for  the  last  two  instants  shown  in  Fig.  13  (baseline 
wake  showing  two  vorticity  signs  is  added  for  reference)  using  the  finer  grid  further  clearly  reveal  the  existence  of 
the  secondary  vortices.  They  have  the  same  sign  of  vorticity  (as  in  shear  layers),  confirming  that  the  phenomenon  is 
similar  to  that  of  impulsively  starting  vortex  from  sharp  bodies  [10-13],  and  their  locations  can  be  precisely  tracked 
and  traced  back  to  the  points  connecting  a  high-speed  with  a  low-speed  velocity  areas  (Fig.  12)  and  also  to  the  un¬ 
seeded  cores  of  the  flow  visualizations  (Fig.  11).  Even  though  these  later  stages  of  vortex  evolution  are  of  great 
fluid  mechanics  interest,  they  cannot  be  taken  as  representing  realistically  the  flow  in  a  transonic  compressor  be¬ 
cause,  for  example,  the  effects  of  the  subsequent  passing  blade,  shock,  and  expansion  wave  are  missing  in  the  cas¬ 
cade  experiment  [1]. 

Finally,  the  passage  and  the  near- wall  views  offered  complementary  interest.  The  passage  views  revealed  the 
changes  that  the  shock  wave  imparts  inside  the  passage  and  its  location  and  shape;  it  also  shows  a  view  with  more 
than  one  blade  simultaneously.  The  views  near  the  endwall  revealed  the  clearance  flow  pattern.  Figure  14(a-c)  dis¬ 
plays  flow  visualizations  for  the  normal  shock  in  the  passage  views  for  three  different  instants.  The  most  important 
feature  in  these  figures  is  that  the  vortex  formation  is  different  at  each  of  the  TEs  shown;  this  is  because  of  the  obvi¬ 
ous  delay  of  the  shock  wave  in  reaching  each  TE.  Otherwise,  the  vortex  in  the  lower  blade  TE  is  similar  to  previous 
visualizations  for  that  instant.  An  instant  for  the  stronger  shock  has  been  added  [Fig.  14(d)]  to  aid  realization  that 
the  large  vortical  region  appears  in  all  TEs  and  provides  strong  blockage  in  all  passages.  Another  feature  observed 
in  all  of  these  visualizations  is  the  appearance  of  the  spiraling  arms  in  the  periphery  of  the  vortical  region  discussed 
in  the  previous  sections.  These  arms  are  the  connecting  “braids”  [9]  between  several  vortices  in  vortex-sheet  roll-up 
phenomena  (such  as  those  occurring  in  wakes  and  shear  layers)  and  the  onset  of  streamwise  vorticity  [14]— a  3D 
phenomenon  beyond  the  scope  of  this  investigation.  Blurry  areas  observed  in  the  pictures  are  caused  by  the  seed 
deposition  in  the  glass  rod  that  blocked  the  laser-sheet  light.  The  PIV  data  for  the  passage  is  shown  in  Fig.  15,  which 
includes  the  baseline  at  two  contour  levels  for  reference  (a,  b).  For  the  instant  depicted  in  Fig.  15(c),  which  corre¬ 
sponds  to  the  initial  vortex  formation  at  the  TE,  the  shock  can  be  discerned  by  a  disruption  of  the  velocity  field  in 
the  lower  left  area  of  the  figure.  The  flow  direction  has  begun  to  be  influenced  by  the  shock,  as  shown  by  the  turn¬ 
ing  of  the  streamlines  in  that  area.  In  the  next  two  instants  [Fig.  15(d,  f)],  the  shock  has  evolved  to  become  normal 
to  the  blade  surface,  consistent  with  observations  by  Langford  et  al.  (2007)  [1]  and  Gorrell  et  al.  (2003)  [3].  Details 
of  the  pressure  side  at  the  TE  area  could  be  captured  in  these  views,  and  a  sample  is  displayed  in  Fig.  15(f)  (obtained 
at  higher  resolution  of  16  pix),  showing  the  flow  attachment  and  velocity  magnitude  and  direction. 

The  near-endwall  (0.25  in.  from  endwall)  flow  visualizations  provide  evidence  of  the  strong  turbulence  and  un¬ 
steadiness  in  the  clearance  (leakage)  flow  region;  however,  the  vortex  formation  is  similar  to  that  of  the  mid-span, 
indicating  a  reasonable  2D  spanwise  vortex  extending  to  the  endwalls.  In  Fig.  16(a)  the  lack  of  seeding  area  shows 
some  surface  flow-visualization  traces  at  the  wall,  indicative  of  the  interaction  of  the  clearance  (leakage)  flow  and 
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the  blockage  by  the  vortex  region.  This  is  quantified  in  the  samples  of  Fig.  17,  which  show  the  complex  motions  in 
the  area.  Three-dimensionality  is  evident  from  the  various  sink  and  source  patterns  shown  in  the  higher  resolution 
velocity  field  shown  in  Fig.  17  (b). 


IV.  Summary 

The  unsteady  flow  field  produced  during  the  interaction  of  shock  waves  with  stator  blades  was  investigated  in  a 
linear  cascade  using  PIV.  The  study  investigates  the  phenomena  that  occur  when  shock  waves  traveling  with  the 
rotor  blades  in  axial  transonic  compressors  interact  with  upstream  stator  blades.  This  interaction  produces  unsteady 
phenomena  such  as  vortex  and  separation  that  induce  blockage  and  losses.  The  present  study  focused  on  identifying 
and  describing  the  flow  patterns  in  various  regions  of  the  stator  blade  as  a  function  of  the  shock  and  vortex  strength 
and  location.  Flow- visualization  and  PIV  data  synchronized  with  shock-wave  passage  locations  provided  details  of 
the  flow  field  in  various  areas  of  the  cascade  passage.  For  three  shock  strengths,  results  were  shown  for  the  TE; 
downstream  views  captured  details  of  the  flow  pattern  of  the  wake,  the  vortex,  the  blockage  region,  and  the  separa¬ 
tion  region;  passage  views  captured  details  of  the  shock  location  and  the  pressure  and  suction  sides  of  the  blade; 
finally  near- the- endwall  views  captured  some  three-dimensional  (3D)  flow  patterns  that  are  typical  of  the  influence 
of  the  clearance  flow.  In  each  case  studied,  the  passing  shock  induced  a  vortex  of  varying  size  and  strength  around 
the  TE  of  the  stator.  The  flow  pattern  includes  the  disruption  and  recovery  of  the  transonic  free  stream,  shock  waves, 
vortex  flow,  vortex  blockage,  suction-side  separation,  spiraling  arms,  secondary  vortices,  and  endwall  leakage  flows. 
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Table  1  Cascade  parameters 


Blade  Chord 

7.62  cm 

Blade  Span 

15.24  cm 

Blade  Pitch 

5.04  cm 

Blade  turning  angle 

35° 

Solidity 

1.512 

Stagger  angle 

23.5° 

Inlet  flow  angle 

45° 

Inlet  Mach  number 

0.65 

Blade  count 

7 

Blade  Trailing  Edge  Thickness 

0.89  mm 

Stator  Reynolds  number 

1.05  x  106 

Shock  at  time  t+At 


Shock  at  time  t 


Figure  1.  Schematic  of  the  shock-turning  phenomenon  at  the  stator 
TE  at  two  time  (t)  instants  separated  by  a  time  delay  (At). 
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a) 


b) 


Figure  2.  a)  Drawing  of  the  cascade  test  section  in  the  Virginia  Tech  Transonic  Cascade  Wind  Tunnel  and 
PIV  setup  view  schematics:  (1)  seed,  (2)  PIV  camera,  (3)  turbulence  grid,  (4)  main  flow,  (5)  shock-tube  exit, 
(6)  shock  shaper  and  angular  adjustment,  (7)  transducer  locations  for  shadowgraphy  and  PIV  trigger,  (8) 
optical  probe  glass  port,  (9)  blade  laser  sheet  and  camera  views,  (10)  optical  probe,  (11)  inlet  laser  sheet;  b) 
Optical  probe  schematic  with  prism,  spherical  and  cylindrical  lenses  in  separate  tubing;  c)  PIV  view  schemat¬ 
ics  and  orientation  (with  inlet  main  flow  from  right  to  left)  with  sample  field-of-view  (green). 
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Figure  3.  Flow  visualization  images  of  the  wake  and  the  trailing  vortex  for  various  locations  of  the  “1.42” 
shock-strength  passage:  baseline  (a),  K6  (b),  K7  (c),  K8  (d).  SS:  Suction  Side,  PS:  Pressure  Side,  TE:  Trailing 
Edge. 
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Figure  4.  PIV  of  the  wake  and  the  trailing  vortex  for  baseline  and  triggering  location  K6  of  the  66 1.42”  shock- 
strength  passage  :  a)  baseline,  b-d)  K6;  c)  and  d)  are  details  of  velocity  and  vorticity  contours  at  the  TE,  re¬ 
spectively,  with  streamlines  with  convective  velocity  subtracted;  PIV  cell  sizes  are  1.8  mm  with  75%  overlap 
yielding  a  resolution  grid  of  0.44  mm;  axes  units  are  pix  (35.64  pix/mm). 
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Figure  5.  PIV  details  of  the  wake  and  the  trailing  vortex  for  various  locations  of  the  “1.42”  shock-strength 
passage:  a)  and  b)  K6,  c)  and  d)  K7,  e)  and  f)  K8.  Vortex  core  and  other  areas  without  data  or  noise  are 
blanked  out.  PIV  cell  sizes  are  0.9  mm  with  75%  overlap  yielding  a  resolution  grid  of  0.22  mm;  axes  units  are 
pix  (35.64  pix/mm).  Vectors  are  only  shown  for  every  other  grid  point  for  clarity. 
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Figure  6.  Flow  visualization  images  of  the  trailing  vortex  for  various  phases  of  the  “1.76”  shock-strength  pas¬ 
sage:  a)  Kl,  b)  K4,  c)  K5,  d)  K6,  e)  K7,  f)  K8. 
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V el  (m/s):  50  75  100  125  150  175  200  Vel  (m/s):  50  75  100  125  150  175  200 


Figure  7.  PIV  of  the  trailing  vortex  for  various  phases  of  the  “1.76”  shock-strength  passage:  a)  Kl,  b)  K4,  c) 
K5,  d)  K6,  e)  K7,  f)  K8);  PIV  cell  sizes  are  1.8  mm  with  75%  overlap  yielding  a  resolution  grid  of  0.44  mm; 
axes  units  are  pix  (35.64  pix/mm). 
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a)  b) 


Vel  fm/sY  50  75  100  125  150  175  200  Vort:  -0.3  -0.09  0.12  0.33  0.54 


Figure  8.  Details  of  streamlines  overlaid  on  velocity  contours  (a)  and  vector  field  overlaid  on  vorticity  con¬ 
tours  (b)  from  the  66 1.76”  shock-strength  passage  case  (K8);  PIV  cell  sizes  are  0.9  mm  with  75%  overlap  yield¬ 
ing  a  resolution  grid  of  0.22  mm;  axes  units  are  pix  (35.64  pix/mm).  Vectors  are  only  shown  for  every  other 
grid  point  for  clarity. 
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b)  K6 


Figure  9.  Flow  visualization  images  of  the  trailing  vortex  for  various  phases  of  the  “2.10”  shock-strength  pas¬ 
sage:  a)  K5,  b)  K6,  c)  K7,  d)  K8,  e)  K9. 
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Figure  10.  PIV  of  the  trailing  vortex  for  various  phases  of  the  “2.10”  shock-strength  passage:  a)  K5,  b)  K6,  c) 
K7,  d)  K8,  e)  K9;  PIV  cell  sizes  are  1.8  mm  with  75%  overlap  yielding  a  resolution  grid  of  0.44  mm;  axes 
units  are  pix  (35.64  pix/mm). 
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a)  Baseline 


Figure  11.  Flow  visualization  images  of  the  trailing  vortex  for  various  phases  of  the  “2.10”  shock-strength 
passage:  a)  baseline,  b)  Kll,  c)  K13,  d)  K14,  e)  K15. 
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Figure  12.  PIV  of  the  trailing  vortex  for  various  phases  of  the  “2.10”  shock-strength  passage  in  the  down¬ 
stream  view:  a)  baseline,  b)  Kll,  c)  K13,  d)  K14,  e)  K15.  PIV  cell  sizes  are  2.28  mm  with  75%  overlap  yield¬ 
ing  a  resolution  grid  of  0.57  mm;  axes  units  are  pix  (28.1  pix/mm). 
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a)  baseline 


500 


/orticity :  -0.3  -0.17  -0.04  0.09  0.22 


Vort:  -0.3  -0.17  -0.04  0.09  0.22 


Figure  13.  Vorticity  plots  of  the  trailing  vortex  for  various  phases  of  the  “2.10”  shock-strength  passage  in  the 
downstream  view:  a)  baseline,  b)  K14,  c)  K15.  PIV  cell  sizes  are  2.28  mm  with  75%  overlap  yielding  a  resolu¬ 
tion  grid  of  0.57  mm;  axes  units  are  pix  (28.1  pix/mm). 
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Figure  14.  Flow  visualization  images  of  the  trailing  vortex  for  various  phases  of  the  “1.76”  (a-c)  and  “2.10” 
(d)  shock-strength  passage:  a)  k5,  b)  K7,  c)  K9,  d)  K13. 
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Figure  15.  PIV  of  the  passage  for  various  phases  of  the  “1.76”  shock-strength  passage:  a)  and  b)  baseline 
(two  contour  levels),  c)  K5,  d)  K7,  e)  K9  1)  K9  TE-PS  detail. 
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Figure  16.  Flow  visualization  images  near  endwall  span  (0.25”)  for  various  phases  of  the  “1.76”  shock- 
strength  passage:  a)  K5,  b)  K5,  c)  K7,  d)  K9. 
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Figure  17.  PIV  near  endwall  span  (0.25”)  for  a  phase  of  the  “1.76”  shock-strength  passage  (K9)  with  two 
resolutions:  PIV  cell  sizes  are  2.7  mm  (a)  and  1.35  mm  (b)  with  75%  overlap  yielding  a  resolution  grid  of  0.67 
mm  (a)  and  0.34  mm  (b)  mm;  axes  units  are  pix  (23.71  pix/mm).  Vectors  (b)  are  only  shown  for  every  other 
grid  point  for  clarity. 
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Details  of  the  unsteady  flow  field  between  an  upstream  stator  and  a  downstream  rotor  in 
a  transonic  compressor  are  obtained  using  Particle  Image  Velocimetry  (PIV).  Flow- 
visualization  images  and  PIV  data  that  facilitate  analysis  of  vortex  shedding,  wake  motion, 
wake  deviation,  rotor  incidence,  and  wake-shock-interaction  phenomena  are  presented. 
Such  analysis  not  only  aids  the  understanding  of  the  effect  of  blade-row  interactions  on 
compressor  performance  but  also  allows  verification  of  time-accurate  CFD  codes  that  are 
used  to  characterize  transonic  compressors.  The  present  investigation  introduces  new 
methods  for  PIV  implementation  in  complex  turbomachinery  environments.  The  PIV 
measurements  are  synchronized  with  various  rotor-blade  locations,  and  the  instantaneous 
and  averaged  velocity  fields  of  the  flow  are  calculated.  Stator  wake  and  rotor-bow-shock 
flow  interactions  in  the  blade  row  are  identified  for  various  stator/rotor  axial  spacings  and 
operating  conditions.  Using  various  post-processing  methods,  specific  shed  vortices  and 
wake  topological  features  are  isolated  and  details  of  the  shock-wake  interaction  captured. 
At  far  spacing,  the  vortices  shed  from  the  stator  are  phase-locked  and  shed  as  counter¬ 
rotating  pairs  in  the  wake.  Rotor-bow-shock  strength  varied,  depending  on  the  axial  gap 
between  the  stator  and  rotor  and  the  operating  condition.  Results  show  that  as  the  rotor- 
bow-shock  is  chopped  by  the  stator  TE,  it  turns  more  normal  to  the  stator  pressure  surface 
and  propagates  upstream,  validating  a  prior  significant  observation  made  with  time- 
accurate  CFD. 


I.  Introduction 

BLADE-row  interactions  are  a  significant  source  of  unsteady  flow  in  advanced  high-performance  turbomachines 
because  they  incorporate  closely  spaced  and  heavily  loaded  blade  rows  to  increase  thrust/weight.  Frequently 
observed  unsteady  phenomena  such  as  the  interaction  of  a  shock  with  a  shed  vortex  and  of  a  shock  with  a  blade 
surface  produce  non-uniformities  and  irregular  flow  patterns  that  influence  compressor  performance  and  result  in 
blade-row  vibrations  and  high-cycle  fatigue.  A  better  understanding  of  such  phenomena  is  needed  to  identify  the 
impact  of  unsteady  aerodynamics  on  compressor  performance,  to  develop  and  validate  tools  for  measuring  and 
modeling  unsteady  flows,  and  to  develop  design  tools  based  on  improved  understanding  of  unsteady  aerodynamics. 

The  Air  Force  Research  Laboratory  (AFRL)  Compressor  Aero  Research  Lab  (CARL)  has  been  conducting 
experimental  and  computational  research  on  transonic-compressor  blade-row  interactions  for  several  years  [1-4]. 
Experience  has  shown  that  both  high-fidelity  experiments  and  simulations  are  essential  for  understanding  the 
physics  of  blade-row  interactions.  As  reported  in  Ref.  [1],  the  Stage  Matching  Investigation  (SMI)  rig  test 
confirmed  that  the  axial  spacing  between  an  upstream  stator  and  a  downstream  transonic  rotor  has  a  significant 
effect  on  stage  performance.  Mass  flow  rate,  pressure  ratio,  and  efficiency  all  decreased  as  the  axial  spacing 
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between  the  wake  generator  (WG)  and  the  transonic  rotor  was  reduced.  This  additional  loss  production  occurs  as  a 
result  of  the  interaction  between  the  upstream  WG  and  the  downstream  transonic  rotor. 

Time-accurate  simulations  using  the  3D,  unsteady,  Navier-Stokes  CFD  solver  known  as  TURBO  combined  with 
PIV  data  from  the  SMI  experiment  [2-3]  revealed  some  important  aspects  of  the  production  of  this  additional  loss. 
At  close  spacing  as  compared  to  far  spacing,  the  rotor  bow  shock  is  stronger  at  the  location  where  it  interacts  with 
the  WG  trailing  edge  (TE).  Two  observations  were  made.  The  first  was  that  the  rotor  bow  shock  formed  a  pressure 
wave  on  the  upper  surface  of  the  WG  that  propagated  upstream  until  it  weakened.  The  magnitude  of  loss  production 
was  affected  by  the  strength  of  the  bow  shock  and  to  what  degree  it  turned  from  oblique  to  normal  as  it  interacted 
with  the  TE  of  the  WG.  The  second  observation  was  that  at  close  spacing,  vortices  are  shed  from  the  TE  of  the 
upstream  stationary  blade  row  in  response  to  the  unsteady,  discontinuous  pressure  field  that  is  generated  by  the 
downstream  rotor  bow  shock.  These  shed  vortices  increase  in  size  and  strength  and  generate  loss  as  the  spacing 
decreases— a  consequence  of  the  effective  increase  in  rotor-bow-shock  strength  at  the  stationary  blade-row  TE.  A 
relationship  for  the  change  in  shed  vorticity  as  a  function  of  rotor-bow-shock  strength  was  also  presented  that 
predicts  the  difference  between  close-  and  far- spacing  TURBO  simulations. 

Time-accurate  CFD  codes  are  now  used  to  simulate  compressor  operation  and  investigate  complex  unsteady- 
flow  phenomena.  Experimental  results  that  reveal  unsteady-flow  effects  are  essential  for  validating  these  design 
tools  and  providing  additional  understanding  of  the  physical  phenomena  and  interaction  processes  involved  in 
turbomachinery  flows  that  are  associated  with  closely  spaced  and  heavily  loaded  compressor  stages. 

Use  of  the  planar,  non-intrusive  measurement  technique  Particle  Image  Velocimetry  (PIV)  for  complex 
geometries  and  unsteady  applications  has  allowed  researchers  to  make  accurate  measurements  of  instantaneous  and 
averaged  turbomachinery  velocity  fields  [3,  4].  In  the  present  investigation,  a  system  was  developed  for  obtaining 
high-resolution  velocity  data  from  a  new  swirler/deswirler  stator  configuration  in  an  axial-flow  transonic  compressor 
at  CARL  (Figs.  1,  2),  and  the  system  was  used  to  study  blade-row  interactions  at  various  conditions.  Most 
successful  PIV  approaches  have  relied  on  optical  probes  that  are  inserted  in  modified  stator  blades  or  in  the  flow 
field  to  deliver  the  laser  sheet  inside  the  various  internal  regions  of  the  blade  rows.  These  approaches  have  certain 
drawbacks,  such  as  probe  intrusiveness,  shadows  in  areas  of  interest,  and  expensive  glass  windows.  Presented  here 
are  various  approaches  that  focus  on  minimum  intrusiveness,  effective  laser  delivery  inside  all  regions  of  interest, 
and  economical  receiving  windows.  Introduced  is  a  new  design  for  PIV  blades  (that  allows  small  optics  to  be 
embedded  inside),  with  location,  size,  and  shape  determined  through  analysis  of  the  flow  path  and  CFD  techniques. 
Also  presented  is  an  economical  and  fast  technique  based  on  the  machining  of  transparent  acrylic  material  for  the 
receiving  windows. 

The  present  study  introduces  the  new  PIV  design  and  implementation  in  a  new  compressor  configuration  and 
presents  some  illustrative  PIV  results.  The  PIV  system  allows  the  collection  of  data  for  studies  of  various  parametric 
and  operating-point  conditions.  It  also  aids  the  establishment  of  comparisons  with  other  WG  wakes  such  as  those  of 
the  blade  row  of  the  SMI  [5]  and  determination  of  the  details  of  the  shape  of  the  shock  as  it  travels  through  the 
pressure  side  of  the  vane  and  the  angle  of  the  flow  entering  the  rotor  passage  for  any  condition. 

II.  Experimental  Setup 


A.  Blade-Row-Interaction  (BRI)  Rig 

The  Blade-Row-Interaction  (BRI)  rig  is  a  high-speed,  highly  loaded  compressor  that  consists  of  an  upstream 
swirler  and  deswirler  (stator)  combination,  followed  by  a  transonic  fan  stage  (Fig.  2).  The  BRI  rig  is  a  variation  of 
the  AFRL  SMI  rig  described  by  Gorrell  et  al.  [5].  The  blunt  WG  of  the  SMI  rig  was  replaced  with  the 
swirler/deswirler  combination.  The  objective  of  the  new  hardware  was  to  simulate  an  embedded  transonic  fan  stage 
while  producing  a  wake  through  diffusion  with  realistic  geometry  (thin  TE)  rather  than  base  drag.  The  rotors  used 
in  the  SMI  and  BRI  rigs  were  designed  for  axial  inlet  flow  and,  thus,  required  a  swirler  and  deswirler  to  create  a 
wake  through  diffusion  while  maintaining  axial  inlet  flow  to  the  rotor. 

The  rig  was  designed  to  permit  the  stator-to-rotor  axial  spacing  to  be  set  to  three  values— “close,”  “mid,”  and 
“far”— as  shown  in  Fig.  2.  The  swirler/deswirler  combination  (Fig.  3)  creates  a  wake  through  diffusion  rather  than 
base  drag  from  the  thick  trailing-edge  designs  of  previous  WGs  [1-5].  The  BRI  rig  also  incorporates  variable 
stagger  of  the  swirler  vanes  to  alter  the  loading  on  the  deswirler  vanes  and  adjustable  clocking  between  the  swirler 
and  deswirler  blade  rows  to  optimize  the  position  of  the  swirler  wake  in  the  deswirler  blade  row  and  the  amount  of 
total  pressure  loss  produced  by  the  swirler  and  deswirler. 

One  of  the  objectives  of  the  BRI  investigation  was  to  analyze  the  effect  of  changing  the  stagger  angle,  the 
stator/rotor  axial  spacing,  and  the  operating  condition  (Fig.  4).  The  design  parameters  of  the  BRI  rig  stage  are 
summarized  in  Table  1.  The  rotor  and  stator  in  the  BRI  rig  are  different  from  those  used  in  the  SMI  rig.  The  SMI 
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simulated  an  embedded  transonic  core  stage,  while  the  BRI  rig  simulates  an  embedded- fan  stage.  The  major 
differences  between  the  fan  and  core  stages  are  fewer  rotor  blades  (28  in  the  fan  versus  33  in  the  core)  and  higher  tip 
speed  (414.53  m/s  in  the  fan  versus  341.37  m/s  in  the  core),  resulting  in  the  tip  relative  Mach  number  being 
increased  (1.389  versus  1.191)  and  the  hub  relative  Mach  number  being  transonic  (1.100  versus  0.963). 


B.  PIV  System 

The  PIV  system  used  in  the  SMI  rig  [3-4]  was  further  developed  for  this  investigation.  The  basic  system  includes 
two  lasers  (Spectra  Physics  Nd:YAG,  532  nm)  for  double-instantaneous  marking  of  the  sub-micron  seed  particles  in 
the  flow  field.  The  combined  beams  are  directed  through  sheet-forming  optics  using  various  approaches  and 
illuminate  the  test  section  with  a  2D  plane  of  thickness  of  ~  1  mm.  The  seeding-system  design  is  based  on  seeders 
of  the  solid  powder  cyclone  type  and  includes  a  valve  system  for  seeding,  stirring,  and  purging.  The  timing  of  these 
various  valves  can  be  controlled  and  synchronized  to  the  rest  of  the  PIV  system  though  a  series  of  BNC  connectors. 
The  seeding  ports  are  located  at  the  beginning  of  the  contraction  (the  area  of  maximum  diameter  and  minimum 
speed)  to  exert  negligible  perturbation  on  the  flow;  they  are  positioned  in  the  flow  path  of  the  laser  sheet.  The 
seeder  tube  is  located  sufficiently  far  upstream  of  the  PIV  window  area  and  injects  negligible  amounts  of  air  and 
seed  to  avoid  exerting  any  significant  aerodynamics  perturbation  in  the  flow  under  study.  The  seeding  uniformity 
was  enhanced  by  adding  a  series  of  holes  in  the  tube  and  a  honeycomb  in  front  of  them.  The  light  scattering  from  the 
seed  particles  (submicron  high-purity  alumina— AI2O3)  is  recorded  on  a  cross-correlation  CCD  camera  with  1 600  x 
1200  pixels  (Model  PCO  1600);  this  camera  is  capable  of  acquiring  double  exposures  with  an  interframe  time  of  150 
nsec.  Although  the  camera  repetition  rate  can  be  set  as  high  as  15  Hz,  it  is  set  at  10  Hz  for  synchronization  with  the 
laser  repetition  rate.  A  105 -mm  Nikon  lens  is  used  at  an  F  stop  of  5.6.  The  rotor  one-per-revolution  signal  is  used 
for  triggering  the  synchronization  system.  A  customized  interface  and  a  digital  pulse  generator  (Stanford  DG535) 
are  employed  for  synchronization  and  remote  control  of  the  system.  The  horizontal  viewing  area  ranges  from  -  46 
to  67  mm,  and  the  time  delay  between  the  two  frames  of  the  double  exposure  is  adjusted  for  each  of  the  viewing 
areas  and  its  flow  speed  to  provide  sufficient  resolution  and  accuracy.  In  most  experiments,  this  time  was  set  at 
1.5  psec  to  yield  free-stream  displacements  around  10  pixels.  Once  the  PIV  images  have  been  captured  and 
digitized,  the  velocity  field  is  obtained  using  cross-correlation  techniques  over  interrogation  domains  of  the  images 
and  PIV  software  [4].  The  uncertainty  that  results  from  various  PIV  algorithms  (e.g.,  single  pass,  multi-pass)  and 
data- filtering  techniques  (e.g.,  standard-deviation  trimming,  median)  has  been  described  in  the  literature  [4]. 

Figure  5  contains  schematics  of  the  PIV  swirler/deswirler  assembly  and  the  housing  optical  viewing  area.  The 
viewing  windows  used  in  SMI  rig  were  made  of  chemically  strengthened  glass  and,  thus,  could  not  be  cut  to  the  new 
dimensions  of  the  BRI  viewing  areas;  since  manufacturing  special  curved-glass  windows  is  an  expensive  and  time- 
consuming  process  [e.g.,  Ref.  6],  more  economical  and  faster  alternatives  for  manufacturing  the  viewing  windows 
were  investigated.  Transparent  acrylic  material  (commercial  Plexiglas  plastic)  was  considered  since  it  can  be 
machined  and  polished  to  optical-quality  levels  for  curved  wind-tunnel  sections  [7]  and  since  the  mechanical  and 
thermal  characteristics  in  the  PIV  window  area  can  be  maintained  under  the  acrylic  damage  threshold  for  most  of  the 
present  experiments. 

For  each  spacing,  a  viewing  window  was  machined  on  one  side  to  have  the  same  curvature  as  the  rotor  inner 
housing  (radius  of  241.3  mm)  and  on  the  other  side  to  be  flat  (Fig.  6).  This  produced  a  small  variable  magnification 
across  the  field  of  view,  which  must  be  used  for  inferring  the  velocity  field.  The  PIV  windows  were  held  in  position 
with  specially  designed  frames  made  of  anodized  aluminum  (Fig.  6).  Thermocouples  were  installed  in  the  windows 
and  monitored  to  ensure  that  temperatures  did  not  reach  the  acrylic  damage  threshold  in  continuous  operation  (~ 
200°F)  during  the  experiments.  The  pressure  differential  across  the  window  was  negligible  compared  to  the  acrylic 
yield  strength  and  would  not  produce  acrylic  deformation  at  the  temperature  of  the  experiments.  The  PIV 
surrounding  viewing  areas  were  painted  flat  black  to  minimize  reflections. 

From  the  computational  and  experimental  results  from  the  SMI  rig,  it  was  determined  that  taking  PIV 
measurements  on  both  the  pressure  and  the  suction  surfaces  of  the  deswirler  over  the  last  30%  chord  would  be  very 
desirable.  Several  laser-sheet  delivery  systems  were  designed  to  accomplish  this.  One  approach  involves  delivery 
of  the  laser  from  upstream  in  the  settling  chamber  through  the  use  of  a  mirror  [Fig.  7(a)].  The  laser  sheet  is  formed 
outside  the  tunnel  and  is  sent  to  the  mirror  through  a  port  with  a  window  in  the  settling  chamber.  Another  involves 
the  use  of  small  (<  6-mm-diam)  cylindrical  lenses  mounted  in  an  optical  probe  that  is  inserted  and  secured  in  the 
case  just  forward  of  the  rotor  [Fig.  7(b)].  Finally,  two  specially  designed  neighboring  deswirler  vanes  are  embedded 
with  small  optics  (<  4-mm-diam  cylindrical  lens  and  mirror)  [Fig.  7(c)]  and  with  a  thin  bent  acrylic  window  to 
illuminate  the  pressure  and  suction  sides  of  the  central  vane  of  interest  (Figs.  5  and  8).  Fiber-optics  PIV  [8]  and 
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borescopes  can  also  be  implemented  using  these  ports,  if  desired.  The  laser-sheet  plane  can  be  set  perpendicular  to 
the  vane  of  interest  at  any  span  in  all  of  these  approaches. 

III.  Results 

The  PIV  system  allows  acquisition  of  a  significant  amount  of  PIV  data  in  the  new  BRI  configuration.  In  this 
section,  samples  from  the  acquired  data  will  be  presented  as  well  as  illustrative  flow  analyses  using  flow 
visualization,  instantaneous  and  averaged  velocity  fields,  streamline  patterns,  and  vorticity. 

At  99%  corrected  speed,  where  most  of  the  experiments  were  performed,  consecutive  rotor  blades  are  separated 
in  time  by  ~  140  psec  (-11  degrees  in  angle,  the  blade-row  pitch).  Seven  blade  locations  (delays/clockings), 
separated  by  20  psec,  were  typically  chosen  to  characterize  the  flow  field  in  a  blade-row  pitch.  Analyses  were 
performed  using  data  from  both  qualitative  flow-visualization  and  quantitative  velocity- field  measurements.  Data 
analysis  included  inspection  of  selected  flow-visualization  images  (obtained  by  increasing  the  amount  of  seeding) 
and  analysis  of  instantaneous  and  averaged  velocity- field  data  obtained  using  various  PIV  algorithms.  Other 
property  derivatives  of  the  velocity  field  such  as  vorticity  and  streamlines  were  also  used.  The  data  reported  in  the 
present  study  were  obtained  using  the  upstream  laser-sheet  delivery  method  on  the  deswirler  pressure  side  at  50% 
span. 

Flow- visualization  images  displaying  sample  wakes  from  a  far-spacing  configuration  (peak  efficiency,  0° 
stagger)  are  shown  in  Fig.  9  (field  of  view  is  66.67  mm).  Figure  9(a)  contains  a  picture  combining  the  two  cross¬ 
correlation  PIV  frames  (separated  in  time  by  1.5  psec),  which  are  colored  red  and  green.  The  rotor-blade  position 
(or  blade  clocking  or  blade  delay  “B1D1”)  was  synchronized  in  these  samples  such  that  the  deswirler  TE  was  aligned 
at  mid-pitch  between  two  rotor  leading-edge  (LE)  blades  (“B1D10”).  Although  shadows  from  the  upstream  stator 
blades  prevent  visualization  of  the  lower  section  of  the  wakes,  typical  coherent  structures  of  wake  vortex  shedding 
can  be  seen  clearly;  the  approximate  axial  location  of  the  centers  of  the  structures  (center  of  unseeded  cores)  are 
indicated  by  dashed  lines,  numbers  and  characters  (a  for  top  or  pressure  side,  b  for  bottom  or  suction  side)  for 
reference.  These  labeling  will  be  used  throughout  to  identify  the  structure  locations.  Figure  9  (b)  contains  a  sample 
picture  that  combines  two  independent  frames  (one  colored  red  and  the  other,  green)  from  the  same  relative  rotor 
position,  and  it  provides  qualitative  visualization  of  the  wake  motion  or  unsteadiness  over  time.  Many  other  pairs 
compared  similarly,  with  relative  movement  increasing  with  downstream  distance  and  mainly  in  the  pitchwise 
direction.  As  with  free-wake  phenomena,  when  the  wake  travels  downstream,  naturally  more  wake  motion  occurs 
due  to  the  turbulent  random  nature  of  the  wake  vortices.  At  far  spacing,  the  wake  mixes  out  more  as  it  travels 
farther  downstream,  and  naturally  more  randomness  occurs.  Nevertheless,  when  studying  the  characteristics  of  a 
wake  in  a  blade  row  of  a  transonic  compressor,  one  must  take  into  account  a  variety  of  complex  interactions  well 
beyond  free-wake  properties— interactions  such  as  particular  unsteadiness  under  the  rotor  passage  and  shocks, 
adverse  pressure  gradients,  complex  geometry,  and  three-dimensionality.  While  the  above  simple  comparison 
provides  qualitative  insight  into  the  unsteadiness  of  the  location  of  the  wake,  quantitative  information  is  essential  for 
assessing  the  actual  degree  of  variability  between  any  two  realizations  and  within  the  average  flow.  Statistical 
analysis  can  be  used  to  determine  the  degree  of  similarity  between  flow  events,  and  techniques  such  as  phase¬ 
averaging  have  been  successfully  used  in  the  past  [4].  Quantitative  analyses  of  the  flow  using  instantaneous  and 
averaged  velocity  fields  will  now  be  discussed  for  the  same  far-spacing-wake  case  of  Fig.  9. 

The  corresponding  PIV  velocity  field  for  the  instantaneous  wake  of  Fig.  9(a)  is  shown  in  Fig.  10.  Lack  of 
seeding  in  some  areas  precludes  full  velocity  information.  A  low- speed  region  that  defines  the  wake  can  be  seen  in 
the  figure.  The  individual  vortices  observed  in  the  flow  visualization  can  be  readily  traced  in  the  velocity  field  by 
subtracting  their  convective  velocity;  Figs.  10  and  11  employ  subtraction  of  near-field  and  far-field  convective 
velocities,  respectively,  to  visualize  vortices  near  and  far  from  the  deswirler  TE.  The  mushroom  structure  of  the 
wake  and  its  topological  features  are  obvious  in  these  patterns,  like  those  observed  previously  in  the  SMI  PIV  results 
[4].  These  instantaneous  velocity  fields  are,  thus,  very  useful  for  analysis  of  individual  realizations  and 
instantaneous  flow  events  and  complement  the  averaged  features  of  the  flow  field,  which  are  of  great  interest  in 
providing  insight  into  the  overall  performance  of  the  compressor  at  each  condition.  Average  velocity-field 
characteristics  for  the  far-spacing  conditions  of  Figs.  9  to  11  are  shown  in  Figs.  12  to  14  using  the  median  (for 
robustness  [4])  of  50  realizations.  In  Figure  12,  the  contour  maps  of  the  velocity  are  shown  for  two  PIV  grids,  with 
two  resolutions  and  interrogation  cells  overlapped  by  75%  [4];  this  yields  64-pixel  (2.67-mm)  and  32-pixel  (1.33- 
mm)  grid  sizes  in  Figs.  12(a)  and  12(b),  respectively.  While  both  maps  show  the  main  features  of  the  compressor 
flow  (such  as  the  low-velocity  region  of  the  wake,  the  abrupt  changes  in  velocity  across  the  shock,  and  the 
accelerating  flow  region  into  the  rotor  passage),  the  higher  resolution  displays  more  details  and  defines  these 
features  in  greater  detail.  For  example,  the  low-speed  areas  with  blue  contours  at  axial  location  x-500  pix  and  the 
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high-speed  areas  with  orange  contours  at  axial  location  x~825  pix  (both  indicative  of  vortex  locations  as  in  Figs.  10 
and  11)  appear  in  Fig.  12(b)  but  not  in  Fig.  12(a).  The  plots  are  shown  both  with  velocity  magnitude  alone  to 
emphasize  the  contours  and  with  some  vectors  overlaid  to  emphasize  the  flow  direction  in  the  deswirler  frame  of 
reference.  Flow  direction  can  be  also  readily  observed  from  the  orientation  of  the  streamlines  (Fig.  13)  in  various 
frames  of  reference.  It  is  noteworthy  that  the  vortices  do  not  become  washed  out  in  the  averaged  velocity  field. 
This  is  an  indication  that  for  a  fixed  blade  clocking,  these  vortices  are  “locked”  at  a  spatial  location,  which  is  similar 
to  the  “phase-locked”  phenomena  observed  in  the  SMI  rig  [3-4].  Analysis  of  the  wake-location  repeatability  and 
variability  in  all  directions  can  be  performed  using  quantitative  statistical  information  (such  as  standard  deviation), 
and  analysis  of  the  vortices  path  and  its  synchronization  with  the  blade  location  can  be  performed  through 
examination  of  the  various  blade  clockings;  these  will  be  studied  in  future  efforts.  The  phenomenon  is  consistent 
with  flow- visualization  observations  [e.g.,  Fig.  9(b)]  that  reveal  certain  repeatability  in  the  axial  location  of  the 
vortices  and  some  meandering  in  the  pitch  direction.  The  averaged  vorticity  field  [Fig.  14(a)],  which  is  invariant 
with  respect  to  frame  of  reference,  further  strengthens  the  identification  of  the  vortices  of  the  wake  and  reveals  the 
typical  counter-rotating  vortex  pairs;  their  underlying  location  relative  to  the  averaged-velocity-field  regions  is 
revealed  in  Fig.  14(b).  This  underlying  structure  of  the  wake  in  the  averaged  quantities  for  a  fixed  blade  clocking 
(phase-locking  effect)  was  observed  in  the  SMI  rig  [4]  with  different  WGs.  The  effect  (observed  here  at  far  spacing 
with  the  cambered  stator  geometry)  will  allow  the  use  of  “phase-averaging”  analysis  techniques  [4].  In  all  of  these 
instantaneous  and  averaged  plots,  the  centers  of  the  vortices  can  be  precisely  found  and  traced  back  to  the  centers  of 
the  flow-visualization  vortices  as  well,  except  that  the  quantitative  information  yields  their  exact  location;  for 
example,  the  coordinates  of  the  centers  of  the  structures  numbered  from  2  to  6  [seen  in  the  vorticity  plot  of  Fig. 
14(a)]  match  the  axial  location  of  the  flow- visualization  cores  (numbered  in  Figs.  9)  within  2  pixels.  The 
quantitative  information  allows  calculation  of  fundamental  instantaneous  and  averaged  properties  such  as  size, 
strength,  and  blockage  via  properties  such  as  circulation  [9].  The  information  can  also  be  used  to  gain  insight  into 
the  relation  between  the  passing  shock  and  the  impulsive  vortex  shedding.  Data  from  the  suction  side  would  also  be 
very  valuable  for  identifying  other  mechanisms  that  can  contribute  to  vortex  shedding  such  as  suction-side 
separation. 

Analyzing  specific  flow  features  such  as  individual  vortices  and  the  rotor  bow  shock  aids  the  investigation  of  any 
unsteady  mechanisms  that  may  produce  additional  loss  as  the  spacing  is  reduced  from  close  to  far.  An  initial 
assessment  of  the  flow  for  various  axial  spacings  is  presented  by  instantaneous  velocity  field  plots.  Since  a  phase¬ 
locking  or  synchronization  effect  was  shown  to  occur,  even  at  a  far-spacing  condition,  it  is  considered  that  the 
instantaneous  flow  field,  albeit  with  some  limitations,  can  yield  a  good  representation  of  the  flow  field.  A  more 
thorough  analysis  will  be  completed  in  the  future  as  averaged  data  become  available.  Some  preliminary 
observations  and  comparisons  of  axial  spacings  at  -3°  stagger  will  now  be  presented  for  some  representative  blade 
clockings.  These  clockings  represent  the  flow  during  the  collision  of  the  wake  with  the  rotor  LE  (“B1D160”: 
deswirler-TE  aligned  to  rotor-LE)  and  the  route  of  the  wake  toward  the  rotor  passage  (“B1D10”:  deswirler-TE 
aligned  with  the  mid-pitch  between  two  consecutive  rotor-LEs).  The  location  of  the  deswirler  vane  and  the  TE  of 
the  rotor  blade  (for  “B1D160”)  are  schematically  drawn  in  the  plots  for  reference.  A  “B1D1100”  was  also  selected  in 
a  close-spacing  case  to  show  some  specific  observations  of  the  shock  as  it  is  captured  on  the  pressure  side  of  the 
deswirler.  The  magnifications  are  24,  34,  and  35  pix/mm  for  far,  mid,  and  close  spacings,  respectively.  Only  results 
for  the  coarser  grid  (64  pix  with  75%  overlap)  are  presented.  Some  areas  are  blanked  out  due  to  lack  of  seeding 
which  precludes  full  velocity  information. 

In  Fig.  15  instantaneous  velocity  fields  are  presented  for  far  spacing  at  peak  efficiency.  The  lowest  speed  area 
(marked  by  green  contour  levels  downstream  of  the  deswirler  TE),  corresponding  to  the  wake  region  and  the  abrupt 
change  in  velocity  (contour  colors  change  from  red  to  green  in  very  short  distance)  due  to  the  shocks  in  each  blade 
clocking  position,  can  be  readily  observed  in  each  plot.  In  addition  to  the  bow  shock  accompanying  the  rotor  blade, 
there  is  evidence  of  a  second,  weaker  bow  shock,  corresponding  to  the  previous  rotor  blade,  interacting  with  the 
deswirler  pressure  side  at  “B1D10”.  When  axial  spacing  is  reduced  to  “mid”  (Fig.  16),  the  magnitude  of  the  velocity 
change  across  the  shock  and  in  the  wake  is  greater  as  a  consequence  of  the  reduced  spacing.  The  rotor  bow-shock 
strength  increases  even  more  at  the  near-stall  (Fig.  17)  operating  condition,  and  the  bow  shock  is  detached  farther 
upstream  of  the  rotor  LE.  The  “B1D10”  clockings  of  Figs.  16  and  17  show  the  shock  position  and  strength  near  the 
deswirler  TE.  An  important  observation  is  that  the  shock  is  clearly  perpendicular  to  the  deswirler  pressure  surface. 
This  validates  conclusions  drawn  from  time-accurate  CFD  analysis  of  the  SMI  configuration  [2-3]  that  the  bow 
shock  was  oblique  as  it  interacted  with  the  WG  TE  but  that  the  resulting  pressure  wave  which  formed  was  turned 
more  normal  to  the  WG  blade  surface.  The  resulting  moving  shock  produced  an  entropy  rise.  The  magnitude  of 
loss  production  was  affected  by  the  strength  of  the  bow  shock  and  how  much  it  turned  as  it  interacted  with  the  TE  of 
the  WG.  The  interaction  is  even  stronger  for  close  spacing  (Fig.  18),  where  the  bow  shock  collides  with  the  stronger 
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part  of  the  wake  that  exists  close  to  the  deswirler-TE.  In  this  case  a  blade  clocking  has  been  added  (“B1D1100”)  for 
visualizing  the  shape  of  the  shock  as  it  interacts  with  the  pressure  side  of  the  deswirler  vane,  which  is  clearly 
stronger  than  in  the  mid-spacing  peak-efficiency  operating  condition  (Fig.  16).  These  observations  were  not 
observed  experimentally  in  the  SMI  rig  [4]  because  the  PIV  viewing  window  did  not  extend  upstream  enough  of  the 
WG  TE.  These  results  are  the  first  experimental  validation  of  the  numerical  observation. 

Analysis  continues,  such  as  that  shown  in  Figs.  9-14,  for  the  purpose  of  establishing  more  comparisons  between 
different  parameters  and  conditions  such  as  stagger  angles,  axial  spacings,  and  operating  point  and  drawing 
conclusions  of  their  effects  on  compressor  performance.  Higher  resolution  data  will  also  provide  more  details  on  the 
velocity  field  in  various  areas  and  will,  for  example,  permit  analysis  of  the  interaction  of  the  shock  with  the 
deswirler  pressure  side  and  its  relation  with  vortex  shedding  and  synchronization  between  events. 

IV.  Summary 

Preliminary  analysis  of  the  AFRL  BRI  rig  has  been  performed  using  PIV.  New  methods  for  adapting  PIV 
techniques  for  complex  turbomachinery  environments,  including  the  use  of  receiving  windows  made  by  economical 
and  rapid  prototyping  techniques,  were  successfully  implemented  and  evaluated.  The  effectiveness  of  these 
techniques  has  been  demonstrated  through  full  characterization  of  the  interaction  between  a  stator  wake  and  rotor 
bow  shock.  Flow  visualization— along  with  analysis  of  instantaneous  and  averaged  velocity- field  data,  vorticity,  and 
streamlines— was  shown  to  permit  identification  of  important  details  of  the  unsteady  flow  field. 

Analysis  was  focused  on  wake  shedding  and  rotor-bow-shock  strength  and  position.  At  far  spacing,  the  vortices 
shed  from  the  deswirler  (stator)  are  phase-locked  and  shed  in  counter-rotating  pairs.  Rotor-bow-shock  strength 
varied,  depending  on  the  axial  gap  between  the  stator  and  rotor  (close,  mid,  and  far)  and  the  operating  condition 
(peak  efficiency  and  near  stall).  The  closer  the  spacing,  the  stronger  the  interaction  between  the  rotor  bow  shock 
and  the  stator,  a  consequence  of  the  higher  shock  strength.  Through  observation  of  various  blade  delays,  it  has  been 
shown  that  as  the  rotor  bow  shock  is  chopped  by  the  stator  TE,  it  turns  more  normal  to  the  stator  pressure  surface 
and  propagates  upstream.  This  validates  with  experimental  data  the  suggestion  that  was  made  in  Refs.  [2-3],  based 
on  time-accurate  CFD  simulations.  Extensive  analysis  using  averages  and  other  techniques  was  introduced  and  will 
be  completed  in  future  work  for  various  parameters  and  conditions. 
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Table  1.  BRI  Aerodynamic  Design  Parameters 


PARAMETER 

ROTOR 

STATOR 

Number  of  Airfoils 

28 

49 

Aspect  Ratio  -  Average 

0.916 

0.824 

Inlet  Flub/Tip  Ratio 

0.750 

0.833 

Flow/ Annulus  Area,  kg/s/m2 

195.30 

— 

Tip  Speed,  Corrected  m/s 

414.53 

— 

Mrel  LE  Hub 

1.100 

0.830 

Mrel  LE  Tip 

1.389 

0.700 

Max  D  Factor 

0.545 

0.506 

LE  Tip  Diam.,  m 

0.4825 

0.4825 
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Figure  1.  Flow  path  of  2000-hp  Compressor  Aerodynamic  Research  Laboratory  facility. 


Swirler/ 

Des  wirier  R°t01  Stator 


Figure  2.  Blade-row-interaction  (BRI)  rig  cross  section  in  its  general  configuration. 
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Peak  Efficiency 


Mass  Flow  Rate  (Ibm/s) 


Figure  3.  SMI  swirler/des wirier  stator- 
configuration  schematic. 


Figure  4.  Overall  stage  pressure  ratio  (PR)  for 
mid-spacing  configuration  (80%  clocking, 

-3°  stagger). 


Figure  5.  PIV  deswirler-assembly  schematic  and  typical  PIV  laser-sheet  and  window. 


Figure  6.  PIV  acrylic  machined  optical  window  picture  and  aluminum-window-frame  schematic. 
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(a) 


(b)  (c) 

Figure  7.  Laser-sheet  delivery  methods:  upstream  optics  (a),  optical-probe  case  insertion  (b),  and  vane 

embedded  (c). 


Swirler  |  Deswirler  |  Rotor  | 


Figure  8.  Photograph  of  vane  of  interest  in  BRI  rig. 
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la  2a  3a  4a  5a 


Figure  9.  Deswirler-wake  flow  visualizations  for  far  spacing,  0°  stagger,  “B1D10”,  at  peak  efficiency:  PIV 
double  exposure  (red-green  colored)  (a)  and  independent  frames  (red  and  green  colored)  (b).  View  width  is 
66.67  mm.  Dashed  lines,  numbers  and  characters  (a  for  top  or  pressure  side,  b  for  bottom  or  suction  side) 
indicate  an  approximate  axial  location  of  wake  structures. 
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a) 


Vel  (m/s}: 
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Figure  10.  Deswirler-wake  instantaneous  velocity  corresponding  to  Fig.  9(a):  vector  field  (a)  and  streamlines 
with  subtraction  of  convective  velocity  of  vortices  near  field  of  deswirler  TE  (b).  Dashed  lines,  numbers  and 
characters  (a  for  top  or  pressure  side,  b  for  bottom  or  suction  side)  indicate  approximate  axial  location  of 
wake  structures. 


X  (Pixels) 


Vel  (m/s):  0  25  50  75  100  125  150  175  200  225 

Figure  11.  Deswirler-wake  velocity  detail  of  far-field  wake  from  Fig.  10(b)  close  to  rotor  LE  with  subtraction 
of  its  convective  velocity.  Dashed  lines  and  numbers  indicate  approximate  axial  location  of  wake  structures. 
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Figure  12.  Average  velocity  contours  and  vectors  for  far  spacing,  0°  stagger,  80°  clocking,  “B1D10”,  at  peak 
efficiency:  (a)  64/75%  overlap  pixel  (2.67  mm)  resolution  grid,  and  (b)  32/75%  overlap  pixel  (1.33  mm) 
resolution  grid.  Vectors  in  the  x  direction  are  shown  only  every  other  grid  point  for  clarity. 
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Figure  13.  Streamline  pattern  of  average  velocity  field  of  Fig.  12(a)  (a,  b)  and  Fig.  12(b)  (c);  convective 
velocity  of  far-field  wake  has  been  subtracted  in  (b)  and  (c).  Dashed  lines,  numbers  and  characters  (a  for  top 
or  pressure  side,  b  for  bottom  or  suction  side)  indicate  approximate  axial  location  of  wake  structures. 
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Figure  14.  Vorticity  contours  from  averaged  velocity  field  of  Fig.l2(a)  (x  1.5  x  10"6  sec"1)  (a)  and  vorticity 
contours  on  velocity  field  (b).  Dashed  lines,  numbers  and  characters  (a  for  top  or  pressure  side,  b  for  bottom 
or  suction  side)  indicate  approximate  axial  location  of  wake  structures. 
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Figure  15.  Instantaneous  velocity  for  far  spacing,  -3°  stagger,  and  peak  efficiency  for  two  blade  clockings: 
“B1D10”  (a)  and  “B1D160”  (b). 
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Figure  16.  Instantaneous  velocity  for  mid  spacing,  -3°  stagger,  and  peak  efficiency  for  two  blade  clockings: 
“B1D10”  (a)  and  “B1D160”  (b). 
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Figure  17.  Instantaneous  velocity  for  mid  spacing,  -3°  stagger,  and  near  stall  for  two  blade  clockings: 
“B1D10”  (a)  and  “B1D160”  (b). 
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Figure  18.  Instantaneous  velocity  for  close  spacing,  0°  stagger,  and  peak  efficiency  for  two  blade  clockings: 
“B1D10”  (a)  and  “B1D160”  (b).  Dotted  lines  indicate  rotor  LE  axial  position. 
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Detailed  PIV  measurements  of  the  unsteady  flow  field  between  an  upstream  swirler/deswirler  stator 
configuration  and  a  downstream  rotor  in  a  transonic  compressor  are  presented.  Flow-visualization 
images  and  PIV  data  provide  details  of  vortex  shedding,  wake  motion,  and  shock  interaction  phenomena 
for  various  operating  conditions.  The  observations  and  analysis  help  understand  the  effects  of  blade-row 
interactions  on  compressor  performance  and  allow  verification  of  time-accurate  CFD  codes  that  are  used 
to  analyze  transonic  compressors.  Synchronized  measurements  with  various  rotor-blade  locations  allow 
calculation  of  phase-averaged  velocity  fields  of  the  flow  and  comparison  with  instantaneous  realizations. 
Vortex  shedding  and  wake  topological  features  are  isolated  and  details  of  the  shock  interactions  captured. 
The  results  reveal  details  of  the  vortex  shedding  phenomena  in  the  new  configurations.  Data  obtained  in 
the  suction  side  of  the  deswirler  using  special  optical  probe  approaches  are  also  presented  and 
comparisons  with  a  previous  SMI  stator  configuration  are  introduced.  Different  vortex  shapes  are 
produced  due  to  different  bow  shock  strength  at  near  stall  and  peak  efficiency.  At  close  spacing,  peak 
efficiency,  it  was  observed  that  the  wake  is  flatter  than  at  far  spacing.  Reducing  the  loading  on  the  BRI 
stator  also  produced  thinner  wakes. 


I.  Introduction 

Blade-row  interactions  are  a  significant  source  of  unsteady  flow  in  advanced  high-performance  turbomachines 
due  to  closely  spaced  and  heavily  loaded  blade  rows.  Frequently  observed  unsteady  phenomena  such  as  the 
interaction  of  a  shock  with  a  shed  vortex  and  of  a  shock  with  a  blade  surface  produce  non-uniformities  and  irregular 
flow  patterns  that  influence  compressor  performance  and  result  in  blade-row  vibrations  and  high-cycle  fatigue.  A 
better  understanding  of  such  phenomena  is  needed  to  identify  the  impact  of  unsteady  aerodynamics  on  compressor 
performance,  to  develop  and  validate  tools  for  measuring  and  modeling  unsteady  flows,  and  to  develop  design  tools 
based  on  improved  understanding  of  unsteady  aerodynamics. 

The  Air  Force  Research  Laboratory  (AFRL)  Compressor  Aero  Research  Lab  (CARL)  has  been  conducting 
experimental  and  computational  research  on  transonic-compressor  blade-row  interactions  for  several  years  [1-5]. 
Experience  has  shown  that  both  high-fidelity  experiments  and  simulations  are  essential  for  understanding  the 
physics  of  blade-row  interactions.  As  reported  in  Ref.  [1],  the  Stage  Matching  Investigation  (SMI)  rig  test  showed 
that  the  axial  spacing  between  an  upstream  stator  and  a  downstream  transonic  rotor  has  a  significant  effect  on  stage 
performance.  Mass  flow  rate,  pressure  ratio,  and  efficiency  all  decreased  as  the  axial  spacing  between  the  wake 
generator  (WG)  and  the  transonic  rotor  was  reduced.  Performance  was  affected  by  additional  loss  production  that 
occurred  as  a  result  of  the  interaction  between  the  upstream  WG  and  the  downstream  transonic  rotor. 
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Time-accurate  simulations  using  the  3D,  unsteady,  Navier-Stokes  CFD  solver  known  as  TURBO  combined  with 
PIV  data  from  the  SMI  experiment  [2-3]  revealed  some  important  aspects  of  the  production  of  this  additional  loss. 
At  close  spacing  as  compared  to  far  spacing,  the  rotor  bow  shock  was  stronger  at  the  location  where  it  interacted 
with  the  WG  trailing  edge  (TE).  It  was  observed  that  the  rotor  bow  shock  formed  a  pressure  wave  on  the  upper 
surface  of  the  WG  that  propagated  upstream  until  it  weakened.  The  magnitude  of  loss  production  was  affected  by 
the  strength  of  the  bow  shock  and  to  what  degree  it  turned  from  oblique  to  normal  as  it  interacted  with  the  TE  of  the 
WG.  It  was  also  observed  that  at  close  spacing,  vortices  were  shed  from  the  TE  of  the  upstream  stationary  blade 
row  in  response  to  the  unsteady,  discontinuous  pressure  field  that  is  generated  by  the  downstream  rotor  bow  shock. 
These  shed  vortices  increased  in  size  and  strength  and  generated  more  loss  as  the  spacing  decreased— a  consequence 
of  the  effective  increase  in  rotor-bow- shock  strength  at  the  stationary  blade-row  TE.  A  relationship  for  the  change 
in  shed  vorticity  as  a  function  of  rotor-bow-shock  strength  was  presented  that  captured  the  change  in  vorticity 
between  close-  and  far- spacing  TURBO  simulations. 

The  Blade-Row  Interaction  (BRI)  rig  at  CARL  (Fig.  1)  is  a  continuation  of  the  SMI  studies  with  the  WG 
replaced  by  a  swirler  row  to  turn  the  flow  and  a  deswirler  row  to  create  a  wake  by  diffusion.  Preliminary  PIV  results 
of  the  BRI  experiments  were  presented  in  Ref.  [5]  and  high-fidelity,  time-accurate  CFD  simulations  of  the  BRI  rig 
have  been  presented  in  Ref.  [6,  7]. 

Time-accurate  CFD  codes  are  now  used  to  simulate  compressor  operation  and  investigate  complex  unsteady- 
flow  phenomena.  Experimental  results  that  reveal  unsteady-flow  effects  are  essential  for  validating  these  design 
tools  and  providing  additional  understanding  of  the  physical  phenomena  and  interaction  processes  involved  in 
turbomachinery  flows  that  are  associated  with  closely  spaced  and  heavily  loaded  compressor  stages. 

Use  of  the  planar,  non-intrusive  measurement  technique  Particle  Image  Velocimetry  (PIV)  for  complex 
geometries  and  unsteady  applications  has  allowed  researchers  to  make  accurate  measurements  of  instantaneous  and 
averaged  turbomachinery  velocity  fields  [3-5].  In  the  present  investigation,  a  system  developed  for  obtaining  high- 
resolution  velocity  data  from  the  BRI  rig  [5]  was  used  to  obtain  data  for  various  configurations  and  operating 
conditions.  The  PIV  system  focused  on  minimum  intrusiveness,  effective  laser  delivery  inside  all  regions  of 
interest,  and  economical  receiving  windows. 

The  system  allows  the  collection  of  data  for  studies  of  various  parametric  and  operating-point  conditions  and  the 
present  investigation  introduces  results  comparing  two  stagger  angles,  two  spacings,  and  two  operating  conditions. 
New  data  obtained  in  the  suction  side  of  the  deswirler  blade  is  also  introduced.  Data  analyses  reveal  new  insight  in 
the  vortex  shedding  characteristics  and  aid  the  establishment  of  comparisons  with  other  WG  wakes  such  as  those  of 
the  blade  row  of  the  SMI  [4]. 

A.  Blade-Row-Interaction  (BRI)  Rig 

The  Blade-Row-Interaction  (BRI)  rig  is  a  high-speed,  highly  loaded  compressor  that  consists  of  an  upstream 
swirler  and  deswirler  (stator)  combination,  followed  by  a  transonic  fan  stage  (Fig.  1).  The  BRI  rig  is  a  variation  of 
the  AFRL  SMI  rig  described  in  Ref.  [8].  The  blunt  WG  of  the  SMI  rig  was  replaced  with  the  swirler/deswirler 
combination.  The  objective  of  the  new  hardware  was  to  simulate  an  embedded  transonic  fan  stage  while  producing 
a  wake  through  diffusion  with  realistic  geometry  (thin  TE)  rather  than  base  drag.  The  rotors  used  in  the  SMI  and 
BRI  rigs  were  designed  for  axial  inlet  flow  and,  thus,  required  a  swirler  and  deswirler  to  create  a  wake  through 
diffusion  while  maintaining  axial  inlet  flow  to  the  rotor. 

The  rig  was  designed  to  permit  the  stator-to-rotor  axial  spacing  to  be  set  to  three  values— “close,”  “mid,”  and 
“far”— as  shown  in  Fig.  1.  The  swirler/deswirler  combination  creates  a  wake  through  diffusion  rather  than  base  drag 
from  the  thick  TE  designs  of  previous  WGs  [1-3].  The  BRI  rig  also  incorporates  variable  stagger  of  the  swirler 
vanes  to  alter  the  loading  on  the  deswirler  vanes  and  adjustable  clocking  between  the  swirler  and  deswirler  blade 
rows  to  optimize  the  position  of  the  swirler  wake  in  the  deswirler  blade  row  and  the  amount  of  total  pressure  loss 
produced  by  the  swirler  and  deswirler. 

One  of  the  objectives  of  the  BRI  investigation  was  to  analyze  the  effect  of  changing  the  stagger  angle,  the 
stator/rotor  axial  spacing,  and  the  operating  condition.  The  design  parameters  of  the  BRI  rig  stage  are  summarized 
in  Table  1  and  a  map  of  efficiency  in  Fig.  2.  The  rotor  and  stator  in  the  BRI  rig  are  different  from  those  used  in  the 
SMI  rig.  The  SMI  simulated  an  embedded  transonic  core  stage,  while  the  BRI  rig  simulates  an  embedded- fan  stage. 
The  major  differences  between  the  fan  and  core  stages  are  fewer  rotor  blades  (28  in  the  fan  versus  33  in  the  core) 
and  higher  tip  speed  (414.53  m/s  in  the  fan  versus  341.37  m/s  in  the  core),  resulting  in  the  tip  relative  Mach  number 
being  increased  (1.389  versus  1.191)  and  the  hub  relative  Mach  number  being  transonic  (1.100  versus  0.963). 
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B.  PIV  System 

The  PIV  system  developed  for  the  BRI  rig  [5]  was  used  for  this  investigation.  The  basic  system  includes  two 
lasers  (Spectra  Physics  Nd:YAG,  532  nm)  for  double-instantaneous  marking  of  the  sub-micron  seed  particles  in  the 
flow  field.  The  combined  beams  are  directed  through  sheet-forming  optics  using  various  approaches  and  illuminate 
the  test  section  with  a  2D  plane  of  thickness  of  ~  1  mm.  The  seeding-system  design  is  based  on  seeders  of  the  solid 
powder  cyclone  type  and  includes  a  valve  system  for  seeding,  stirring,  and  purging.  The  timing  of  these  various 
valves  can  be  controlled  and  synchronized  to  the  rest  of  the  PIV  system.  The  seeding  ports  are  located  at  the 
beginning  of  the  contraction  (the  area  of  maximum  diameter  and  minimum  speed)  to  exert  negligible  perturbation  on 
the  flow;  they  are  positioned  in  the  flow  path  of  the  laser  sheet.  The  seeder  tube  is  located  sufficiently  far  upstream 
of  the  PIV  window  area  and  injects  negligible  amounts  of  air  and  seed  to  avoid  exerting  any  significant 
aerodynamics  perturbation  in  the  flow  under  study.  The  seeding  uniformity  was  enhanced  by  adding  a  series  of 
holes  in  the  tube  and  a  honeycomb  in  front  of  them.  The  light  scattering  from  the  seed  particles  (submicron  high- 
purity  alumina— AI2O3)  is  recorded  on  a  cross-correlation  CCD  camera  with  1600  x  1200  pixels  (Model  PCO  1600); 
this  camera  is  capable  of  acquiring  double  exposures  with  an  interframe  time  of  150  nsec.  Although  the  camera 
repetition  rate  can  be  set  as  high  as  15  Hz,  it  is  set  at  10  Hz  for  synchronization  with  the  laser  repetition  rate.  A  105- 
mm  Nikon  lens  is  used  at  an  F  stop  of  5.6.  The  rotor  one-per-revolution  signal  is  used  for  triggering  the 
synchronization  system.  A  customized  interface  and  a  digital  pulse  generator  (Stanford  DG535)  are  employed  for 
synchronization  and  remote  control  of  the  system.  The  horizontal  viewing  area  ranges  from  -  46  to  67  mm,  and  the 
time  delay  between  the  two  frames  of  the  double  exposure  is  adjusted  for  each  of  the  viewing  areas  and  its  flow 
speed  to  provide  sufficient  resolution  and  accuracy.  In  most  experiments,  this  time  was  set  at  1.5  psec  to  yield  free- 
stream  displacements  around  10  pixels.  Once  the  PIV  images  have  been  captured  and  digitized,  the  velocity  field  is 
obtained  using  cross-correlation  techniques  over  interrogation  domains  of  the  images  and  PIV  software.  The 
uncertainty  that  results  from  various  PIV  algorithms  (e.g.,  single  pass,  multi-pass)  and  data- filtering  techniques  (e.g., 
standard-deviation  trimming,  median)  is  between  one  and  10%  as  has  been  described  in  the  literature  [4]. 

Machined  and  polished  to  optical-quality  curved  acrylic  windows  were  used  for  image  receiving  optics.  For  each 
spacing,  a  viewing  window  was  machined  on  one  side  to  have  the  same  curvature  as  the  rotor  inner  housing  (radius 
of  241.3  mm)  and  on  the  other  side  to  be  flat.  This  produced  a  small  variable  magnification  across  the  field  of  view, 
which  must  be  used  for  inferring  the  velocity  field.  The  PIV  windows  were  held  in  position  with  specially  designed 
frames  made  of  anodized  aluminum.  Thermocouples  were  installed  in  the  windows  and  monitored  to  ensure  that 
temperatures  did  not  reach  the  acrylic  damage  threshold  in  continuous  operation  (~  200°F)  during  the  experiments. 
The  pressure  differential  across  the  window  was  negligible  compared  to  the  acrylic  yield  strength  and  would  not 
produce  acrylic  deformation  at  the  temperature  of  the  experiments.  The  PIV  surrounding  viewing  areas  were 
painted  flat  black  to  minimize  reflections. 

From  the  computational  and  experimental  results  from  the  SMI  rig,  it  was  determined  that  taking  PIV 
measurements  on  both  the  pressure  and  the  suction  surfaces  of  the  des wirier  over  the  last  30%  chord  would  be  very 
desirable.  Several  laser-sheet  delivery  systems  were  designed  to  accomplish  this  [5].  Figure  3  contains  schematics 
of  the  optical  approaches  used  in  the  present  investigation.  One  approach  involves  delivery  of  the  laser  from 
upstream  in  the  settling  chamber  through  the  use  of  a  mirror  [Fig.  3(a)].  The  laser  sheet  is  formed  outside  the  tunnel 
and  is  sent  to  the  mirror  through  a  port  with  a  window  in  the  settling  chamber.  Another  involves  the  use  of  small  (< 
6-mm-diam)  cylindrical  lenses  mounted  in  an  optical  probe  that  is  inserted  and  secured  in  the  case  just  forward  of 
the  rotor  [Fig.  3(b)].  The  laser-sheet  plane  can  be  set  perpendicular  to  the  vane  of  interest  [Fig.  4]  at  any  span  in 
both  of  these  approaches.  A  new  design  that  implements  a  curved  laser-sheet  that  can  follow  any  three-dimensional 
shape  [9,  10]  will  allow  obtain  PIV  data  in  circumpherential  planes. 

II.  Results 

The  PIV  system  allows  acquisition  of  PIV  data  in  the  various  BRI  configurations.  In  a  previous  study  [5], 
samples  from  the  acquired  data  at  far  spacing  for  peak  efficiency  operating  condition  were  presented  as  well  as 
illustrative  observations  using  flow  visualization,  instantaneous  and  averaged  velocity  fields,  streamline  patterns, 
and  vorticity.  This  investigation  continues  that  effort  and  includes  new  observations  from  data  processed  from  far 
and  close  spacings,  two  stagger  configurations  (0  and  -3  degrees)  and  peak  efficiency  and  near  stall  operating 
conditions,  all  at  80%  clocking.  Another  focus  of  this  research  is  to  compare  the  BRI  flowfield  with  the  previously 
tested  SMI  rig;  this  flow  field  comparison  is  introduced  in  the  present  study  through  preliminary  analyses  of  vortex 
shedding  characteristics.  Most  of  the  present  data  were  obtained  using  the  upstream  laser-sheet  delivery  method  on 
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the  deswirler  pressure  side  at  50%  span.  Data  is  also  presented  from  the  suction  side  acquired  at  72%  span  using  the 
optical  probe  approach. 

At  99%  corrected  speed,  where  most  of  the  BRI  experiments  were  performed,  consecutive  rotor  blades  are 
separated  in  time  by  -  140  jasec  (blade  period)  corresponding  to  -  11  degrees  in  angle  (blade-row  pitch).  Seven 
blade  locations  (delays/clockings),  separated  by  20  jasec,  were  typically  chosen  to  characterize  the  flow  field  in  a 
blade-row  pitch.  Observations  are  made  from  both  qualitative  flow-visualization  and  quantitative  velocity-field 
measurements.  Data  analysis  included  inspection  of  selected  flow- visualization  images  (obtained  by  increasing  the 
amount  of  seeding)  and  analysis  of  instantaneous  and  averaged  velocity-field  data  obtained  using  various 
algorithms.  Other  property  derivatives  of  the  velocity  field  such  as  vorticity  and  streamlines  were  also  used. 
Overlaying  quantitative  properties  on  flow  visualization  images  is  also  used  to  highlight  important  features.  Most 
averages  consist  of  ~  50  realizations,  use  the  median,  and  the  processing  was  performed  using  parallel  computing  in 
Linux  clusters  [11]. 

A.  Vortex  Shedding 

One  significant  observation  from  the  SMI  and  BRI  experiments  has  been  the  synchronization  between  the  wake 
vortex  shedding  and  the  rotor  passing  frequency  [3-5].  This  was  attributed  to  the  rotor  bow  shock  impacting  the  TE 
of  the  upstream  stator  blade  producing  a  change  in  circulation.  On  the  SMI  rig  the  influence  and  synchronization 
between  the  blade  passage  and  the  vortex  shedding  decreased  with  increasing  axial  spacing.  This  was  attributed  to  a 
weakened  rotor  bow  shock  impacting  the  stator  TE  at  larger  axial  spacing.  It  was  also  observed  that  the  vortex 
location  repeatability  with  respect  to  the  rotor  location  (or  ‘phase’)  decreased  with  downstream  distance  (other 
names  for  the  rotor  locations  or  phases  are  blade  clockings  or  delays  and  are  denoted  as  ‘B1D1’).  This  was  attributed 
to  natural  downstream  wake  evolution.  At  closer  spacing,  both,  the  impacting  shock  was  stronger  and  the 
downstream  distance  lower  so  most  vortex  shedding  observed  appeared  ‘strongly  forced’  and  ‘phase-locked’  [12]  by 
the  rotor  passage.  Natural  (or  ‘unforced’)  wakes  (and  shear  layers)  come  about  through  small  perturbations  (‘linear 
theory’  regime)  but  can  also  be  driven  though  artificial  forcing  such  as  acoustic  waves  from  a  loudspeaker  [12].  The 
relation  between  the  natural  frequency  and  the  forcing  wave  shape,  frequency  and  amplitude  determines  the  vortex 
dynamics  [12].  In  the  compressor  stator  wakes  the  rotor  potential  field  represents  the  hydrodynamic  forcing  with  a 
frequency  and  amplitude  that  influences  the  vortex  shedding. 

In  this  section,  new  qualitative  observations  related  to  the  strength  of  the  synchronization  and  to  the  size  and 
frequency  of  the  vortex  shedding  is  presented.  One  observation  relates  to  the  relative  synchronization  when  the 
potential  field  accompanying  the  rotor  does  not  include  a  shock  and  another  relates  to  the  different  vortex  shedding 
properties  (vortex  sizes  and  shedding  frequencies)  for  the  wakes  of  SMI  and  BRI.  Quantitative  analysis  of  the 
synchronization  strength  (through  determination  of  phase-coherent  and  phase-random  quantities  [12])  and  of  the 
vortex  shedding  frequency  and  vortex  strength  will  be  performed  in  the  future. 

When  the  rotor  speed  was  not  transonic  and  did  not  produce  a  bow  shock,  for  example,  experiments  at  85% 
speed  at  far  spacing  performed  in  the  SMI  rig,  vortex  shedding  appeared  only  weakly  ‘locked’  to  the  blade  passage 
[Fig.  5  a,b]  .  This  was  first  determined  from  examination  of  various  instantaneous  flow  visualizations  showing 
vortex  shedding  variations  for  a  given  B1D1.  Lack  of  data  near  the  TE  of  the  stator  however  hindered  determining 
the  origin  of  the  vortex  shedding.  Figure  5  (a,  b)  also  shows  the  averaged  vector  field  overlaid  in  a  sample 
visualization  image  and  the  contours  for  two  spans.  In  both  cases  the  average  field  appears  mostly  washed  out  of 
special  features  like  the  obvious  vortex  seen  in  the  visualizations;  the  low  speed  region  (shown  in  green  contours) 
corresponds  to  the  wake  area  and  appears  approximately  uniform,  especially  with  downstream  distance.  As  a 
consequence,  the  averaged  vorticity  appeared  with  constant  positive  and  negative  bands  at  the  edges  of  the  wake 
with  the  free  stream.  This  is  different  from  the  transonic  speed  wakes  where  vortices  are  locked  in  a  fixed  position 
with  respect  to  the  blade  delay  and  thus  turn  out  in  the  averaged  properties  [5].  Close  spacing  samples  are  shown  in 
Fig.  5  (c)  to  reveal  that  at  85%  speed  the  close  spacing  potential  field  is  sufficient  to  phase-lock  the  vortex  in 
position.  The  averaged  field  shows  that  dependence  in  the  vectors  direction  and  in  the  contours,  where  low  speed 
regions  corresponding  to  the  vortices  are  not  washed  out.  Examination  of  various  instantaneous  flow  visualizations 
indeed  revealed  that  vortex  locking  for  each  blade  delay  at  close  spacing  was  consistent. 

Flow-visualization  images  and  PIV  averages  from  a  far-spacing  configuration  (peak  efficiency,  0°  stagger) 
already  displayed  the  vortex  shedding  synchronization  with  the  rotor  for  the  BRI  rig  in  Ref.  [5].  In  that 
investigation,  although  shadows  from  the  upstream  stator  blades  prevented  visualization  of  the  suction  side  of  the 
deswirler  TE,  typical  coherent  structures  of  wake  vortex  shedding  could  be  seen  clearly;  the  approximate  axial 
location  of  the  centers  of  the  structures  (center  of  unseeded  cores)  were  indicated  by  dashed  lines,  numbers  and 
characters  (a  for  top  or  pressure  side,  b  for  bottom  or  suction  side)  for  reference.  The  vortex  location  consistency 
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persisted  in  the  averaged  velocity  and  vorticity  for  each  rotor  ‘BIDE.  Again,  as  with  free-wake  phenomena,  when 
the  wake  travels  downstream,  naturally  more  wake  motion  occurs  due  to  the  turbulent  random  nature  of  the  wake 
vortices.  At  far  spacing,  the  wake  mixes  out  more  as  it  travels  farther  downstream,  and  naturally  more  randomness 
occurs.  Nevertheless,  when  studying  the  characteristics  of  a  wake  in  a  blade  row  of  a  transonic  compressor,  one 
must  take  into  account  a  variety  of  complex  interactions  well  beyond  free-wake  properties— interactions  such  as 
particular  unsteadiness  under  the  rotor  passage  and  shocks,  adverse  pressure  gradients,  complex  geometry,  and 
three-dimensionality.  Like  in  SMI,  this  ‘phase-locking’  was  attributed  to  the  synchronization  between  the  rotor 
passage  and  the  vortex  shedding  in  which  the  transonic  rotor  blade  passage  produced  a  strong  perturbation  at  the  TE 
of  the  stator  blade  that  forced  the  vortex  shedding.  It  was  found  in  SMI  [3,  4]  and  BRI  [5]  that  this  effect  is  stronger 
as  the  spacing  is  reduced  and  also  when  the  operating  condition  is  changed  toward  near  stall  (due  to  the  stronger 
potential  field  reaching  the  stator).  The  distinct  features  observed  from  data  obtained  in  the  SMI  rig  were  the  thicker 
wake  with  larger  vortices  (qualitatively  about  twice  as  large  and  scaled  by  the  blunt  TE)  compared  to  those 
observed  in  BRI  and  that  the  number  of  vortices  in  SMI  is  about  half  that  from  BRI.  This  is  consistent  with  both 
rigs  having  similar  free  stream  and  blade  period  conditions  (-7  kHz,  or  140  psec)  at  100%  speed  that  yield  a 
constant  non-dimensional  frequency  (Strouhal  number)  -0.2  in  both  cases  based  on  measurements  of  vortex 
shedding  wavelength,  TE  wake  thickness  and  an  appropriate  free  stream  velocity.  Quantitative  studies  are  under 
way  to  determine  the  exact  vortex  size  and  frequency  for  each  rig  and  the  sequence  of  events  at  the  TE  that 
determine  the  wake  characteristics  for  a  given  Reynolds  number.  The  study  in  Ref.  [13]  reproduced  a  sequence  of 
events  (shock,  vortex,  blockage,  and  separation)  that  occur  after  the  shock  interacts  with  the  TE  and  the  study  in  Ref. 
[14]  showed  that  the  passage  of  the  strong  shock  by  the  TE  wake  can  produce  strong  separation  that  momentarily 
generates  a  shear  layer  (co-rotating  vortices)  prior  to  the  wake  (counter-rotating  vortex  pairs)  recovery.  These 
sequences  provide  insight  in  how  strong  forcing  events  (such  as  shock)  can  yield  large  vortices  and  with  laminar 
cores  even  at  high  Reynolds  numbers,  consistent  with  present  observations  of  large  vortices  in  the  transonic  flow.  In 
the  case  of  far  spacing  the  final  shaping  of  the  vortex  shedding  is  more  susceptible  to  an  interaction  of  the  rotor 
forcing  with  the  natural  wake  evolution,  a  key  of  the  blade-row  interaction. 

B.  BRI  Averaged  Fields  (Far  and  Close) 

The  BRI  data  for  far  spacing  at  50%  span  presented  in  Ref.  [5]  was  completed  for  one  blade  period  in  the  present 
investigation  for  peak  efficiency  and  near  stall  conditions.  Figure  6  presents  the  velocity  field  for  these  two 
operating  conditions  using  a  coarse  grid  (two  iterations,  64  pixel  cell  resolution,  75%  cell  overlap)  to  introduce  the 
general  flow  field  evolution  in  one  blade  period.  Of  interest  is  the  distinct  synchronization  or  phase-locking  for  each 
case.  The  near  stall  condition,  having  stronger  shocks,  shows  different  wake  structure  than  the  peak  efficiency. 
Both  cases  display  phase-locking  but  with  distinct  vortex  configurations.  These  velocity  maps  show  the  main 
features  of  the  compressor  flow  (such  as  the  low-velocity  region  of  the  wake,  the  abrupt  changes  in  velocity  across 
the  shock,  and  the  accelerating  flow  region  into  the  rotor  passage)  but  higher  resolution  displays  more  details  and 
defines  these  features  in  greater  detail.  The  data  was  thus  analyzed  using  higher  resolution  processing  techniques  [4] 
with  a  finer  grid  obtained  from  three  iterations,  32  pixel  cell  resolution  (1.33  mm)  and  75%  overlap  that  yielded  grid 
points  with  separation  of  8  pixels  (0.33  mm).  This  produces  noisier  vorticity  maps  but  provides  kinematic  details 
not  possible  at  coarser  resolutions.  This  was  pointed  out  in  Ref.  [5]  for  example  in  the  wake  regions,  where  spots  of 
lower  velocity  where  captured.  This  finer  grid  also  allowed  tracking  more  vortices  in  the  wake  near  the  stator  TE. 
In  the  velocity  contour  maps  the  vortex  locations  are  in  the  regions  with  high  velocity  gradients  which  are  readily 
seen  by  the  areas  of  contact  of  a  high  and  a  low  velocity  in  this  absolute  frame.  An  example  of  the  averaged 
velocity  field  in  the  finer  grid  for  one  rotor  blade  period  is  shown  in  Fig.  7  with  the  seven  blade  delays 
corresponding  to  the  peak  efficiency,  0-deg,  and  50%  span  configuration  shown  in  Fig.  6  (a).  The  contours  of 
velocity  show  more  details  of  the  flow  field  accompanying  the  rotor  passage,  more  detailed  structure  of  the  wake, 
and  more  details  of  the  vortices  at  each  rotor  blade  delay.  The  averaged  streamline  patterns  shown  in  Figure  8  (a,  b) 
colored  by  averaged  velocity  for  two  blade  delays  used  the  subtraction  of  convective  velocity  for  tracking  the 
vortices;  overlaying  them  on  the  flow  visualization  image  reveals  the  consistency  of  their  location.  Figure  8  (c)  adds 
a  vorticity  plot  to  further  corroborate  this  fact.  Further  analyses  will  allow  important  properties  and  flow 
phenomena  related  to  the  performance  be  calculated  [13,  14]  and  they  are  currently  under  study.  It  will  also  allow 
important  verification  of  numerical  simulations. 

Some  data  has  also  been  analyzed  for  close  spacing,  peak  efficiency  at  50%  span  and  preliminary  observations 
are  presented  in  Fig.  9  for  0-degree  stagger  and  three  blade  delays.  A  distinctive  feature  not  observed  before  is  the 
shape  of  the  wake  after  the  first  vortex  in  the  B1D10.  This  flattening  shape  in  that  region  was  observed  in  all  images 
and  it  is  consistent  with  the  averaged  velocity  field  at  this  condition,  which  displays  a  high  speed  region  upstream  of 
the  rotor  that  extends  to  the  stator  TE.  This  rotor  potential  field  has  thus  a  strong  wake  interaction  at  close  spacing. 
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The  other  two  B1D1  reveal  the  characteristics  of  the  shock  interaction  with  the  stator  blade  and  confirms  the  CFD 
prediction  that  the  shock  turns  normal  at  the  stator  pressure  side  [3]. 

Preliminary  results  from  -3  degree  stagger  experiments  are  presented  for  far  spacing  in  Fig.  10  for  two  blade 
delays.  The  trend  of  the  wake  is  to  be  thinner  compared  to  the  0  degree  stagger  (Figs.  6-8).  This  is  in  agreement 
with  the  deswirler  configuration  having  less  separation  (or  boundary  layer  thickness)  under  lower  loading  and 
producing  a  thinner  wake.  Flow  visualization  for  the  -3  degree  stagger  at  close  spacing  is  shown  in  Fig.  11  and 
displays  the  interesting  wake  waviness  in  this  case.  Future  analysis  will  concentrate  in  quantification  of  these  wake 
characteristics  for  each  configuration. 

C.  BRI  Deswirler  Suction  Side 

Using  the  current  upstream  laser- sheet  delivery  method  the  suction  side  is  in  a  shadow.  The  view  shows  that  the 
pressure  side  has  a  small  thin  (turbulent)  boundary  layer  consistent  with  earlier  studies  [13,  14]  and  it  can  be  inferred 
from  that  view  that  vortex  shedding  is  emanating  from  the  suction  side  in  counter-rotating  vortex  pairs.  These 
vortices  can  produce  blockage  and  induce  separation  [13,  14].  The  research  continues  with  data  being  acquired  in 
the  suction  side  of  the  stator  deswirler  blade.  In  the  present  study  some  instantaneous  results  illuminating  the 
suction  side  with  the  optical  probe  at  72%  span  about  25%  chord  upstream  of  the  TE  for  the  far  spacing  and  -3 
degree  stagger  at  peak  efficiency  were  obtained.  They  give  some  preliminary  insight  in  the  suction  side  flow. 
Figure  12  shows  flow  visualizations  for  two  blade  delays  and  display  a  clear  region  without  seeding  which  can 
correspond  to  a  thick  boundary  layer  or  a  separation  region.  Lack  of  seeding  in  this  area  is  most  probably  due  to 
lack  of  mixing  from  the  free  stream  into  a  separated  region;  this  is  similar  to  difficulties  encountered  when 
attempting  to  seed  separated  areas  and  inside  of  vortices.  In  the  case  of  a  vortex,  for  example,  the  center  remains 
unseeded  typically  due  to  lack  of  mixing  from  the  free  stream  [14];  the  (laminar)  viscous  core  of  a  vortex  can  often 
be  modeled  having  similar  properties  to  Rankine  (solid  body  rotation  core)  vortex  where  the  centrifugal  forces  are 
balanced  by  the  pressure  gradient.  In  this  scenario,  only  particle  lag  can  account  for  seeding  being  moved  towards 
the  center  (negative  lag)  or  outwards  to  the  periphery  (positive  lag).  In  the  present  experiments  it  is  clear  that  at 
higher  spans  (e.g.  90  %)  and  at  increasing  downstream  distances,  the  mixing  into  the  wake  has  occurred  and  seeding 
is  present.  The  suction  side  unseeded  area  is  of  the  same  size  of  the  wake  emanating  from  the  TE.  Special  design 
techniques  would  be  required  to  allow  seeding  these  areas.  The  data  presented  for  the  suction  side  view  provide 
velocity  maps  using  the  finer  grid  as  those  shown  in  Fig.  13.  The  shock  passage  can  be  readily  seen  as  well  as  the 
various  counter-rotating  vortices  of  the  wake.  Although  this  is  evidence  of  the  wake  emanating  from  the  suction 
side  the  lack  of  data  in  the  surface  prevents  from  finding  the  actual  flow  characteristics  such  as  the  finding  in  Ref. 
[6]  simulations  that  have  shown  that  a  separation  bubble  periodically  forms  and  collapses  on  the  suction  side  of  the 
deswirler  aft  of  50%  chord.  Designs  to  seed  these  areas  are  under  investigation. 

III.  Summary 

Further  analysis  of  the  AFRL  SMI  and  BRI  rigs  has  been  performed  using  PIV.  Flow  visualizations, 
instantaneous  and  averaged  PIV  was  presented  for  various  configurations.  Information  from  the  data  was  used  to 
gain  insight  into  the  relation  between  the  passing  shock  and  the  impulsive  vortex  shedding.  At  100%  speed  the  BRI 
vortices  were  synchronized  to  the  rotor  passing  at  both  close  and  far  spacing.  Analysis  of  SMI  data  at  85%  speed 
showed  that  at  close  blade  row  axial  spacing  the  rotor  potential  field  may  induce  vortex  shedding  synchronization 
even  when  a  rotor  bow  shock  is  not  present.  Comparing  BRI  far  spacing  data  at  different  operating  points  showed 
that  different  vortex  shapes  are  produced  due  to  different  bow  shock  strength  at  near  stall  and  peak  efficiency.  At 
close  spacing,  peak  efficiency,  it  was  observed  that  the  wake  is  flatter  than  at  far  spacing.  Reducing  the  loading  on 
the  BRI  stator  also  produced  thinner  wakes.  Data  from  the  suction  side  was  introduced  also  and  proved  very 
valuable  for  identifying  other  mechanisms  that  can  contribute  to  vortex  shedding  such  as  suction-side  separation. 
Vortex  shedding  analyses  and  comparison  with  previous  SMI  rig  was  also  introduced.  It  was  observed  that  SMI  had 
about  twice  as  thick  wake  as  the  BRI  and  about  half  the  vortex  shedding  frequency. 

The  methods  for  adapting  PIV  techniques  for  complex  turbomachinery  environments,  including  the  use  of 
receiving  windows  made  by  economical  and  rapid  prototyping  techniques  and  optical  probes  for  illumination  of 
areas  with  difficult  optical  access  were  successfully  used.  The  effectiveness  of  these  techniques  has  been 
demonstrated  through  full  characterization  of  the  interaction  between  a  deswirler  stator  wake  under  various  loadings 
and  operating  conditions  and  a  rotor  bow  shock.  Flow  visualization— along  with  analysis  of  instantaneous  and 
averaged  velocity-field  data,  vorticity,  and  streamlines— was  shown  to  permit  identification  of  important  details  of 
the  unsteady  flow  field. 

Future  work  will  include  comparison  of  the  aerodynamics  effects  on  performance  and  analysis  of  other  spacings. 
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Table  1.  BRI  Aerodynamic  Design  Parameters 


PARAMETER 

ROTOR 

STATOR 

Number  of  Airfoils 

28 

49 

Aspect  Ratio  -  Average 

0.916 

0.824 

Inlet  Hub/Tip  Ratio 

0.750 

0.833 

Flow/ Annulus  Area,  kg/s/m2 

195.30 

— 

Tip  Speed,  Corrected  m/s 

414.53 

— 

Mrel  EE  Hub 

1.100 

0.830 

Mrel  EE  Tip 

1.389 

0.700 

Max  D  Factor 

0.545 

0.506 

LE  Tip  Diam.,  m 

0.4825 

0.4825 

Figure  1.  Blade-row-interaction  (BRI)  rig  cross  section  in  its  general  configuration. 


Mass  Flow  Rate  (Ibm/s) 


Figure  2.  Overall  stage  pressure  ratio  (PR)  for  mid-spacing  configuration  (80%  clocking,  -3°  stagger). 
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Swirler  |  Deswirler  |  Rotor  | 


Figure  4.  Photograph  of  vane  of  interest  in  BRI  rig. 
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FIG  5  SMI  samples  visualizations  and  averaged  velocity  filed  at  85%  speed  (B1D1  20):  far  spacing  [a)  75% 
span,  b)  90%  span];  close  spacing  [c)  85%  span]. 
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FIG  6  Far  Spacing,  50%  span,  0  deg,  Peak  Eff.  and  Near  Stall):  Averaged  velocity  with  vorticity  contours  for 
one  blade  period  (coarser  grid). 
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FIG  7  Far  Spacing  (Peak  Eff.,  0-deg,  50%  span):  details  of  the  averaged  velocity  field  for  blade  period 
(finer  grid). 
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FIG  8  Far  Spacing  (Peak  Eff.,  0-deg.  50%  span):  details  of  the  averaged  velocity  and  vorticity  field  for  two 
blade  period  overlaid  on  instantaneous  flow  visualizations. 


13 

American  Institute  of  Aeronautics  and  Astronautics 


1192 


a)  Close  -  80-0-Peak-BlD10  -  162AB  -  50%span 


b)  Close  -  80-0-Peak-BlD160  -  105AB  - 


■T:  I  I  !■ 

Vel  Median  (Ws):  0  25  50  75  100  125  150  175  200  225 


50%span 


■n  i  ~rrTT 

Vel  Median  (nv's):  0  25  50  75  100  125  150  175  200  225 

c)  Close  -  80-0-Peak-BlD180  -  176AB  -  50%span 

13 


500  1000 

X  (Pixels) 


WKZ:  1  .HLDH 

Vel  Median  fin's):  0  25  50  75  100  125  150  1  75  200  225 


FIG  9  Close  spacing  (Peak  Eff,  50%  span,  0  deg)  Flow  visualizations  and  averaged  velocity  fields. 


14 

American  Institute  of  Aeronautics  and  Astronautics 


1193 


Vd  Median  (nv$); 


■  i \m\  i 


0  25  SO  75  100  1 25  1 50  1 75  200  225  Vel  Median  (mte): 

FarPeak  BID  10-60;  -3  deg 


0  25  50  75  100125  150  175  200  225 
FarNear  Stall 


FIG  10  Far  spacing,  50%  span,  stagger  -  3  degrees  and  operating  point  comparison. 


FIG  11  Close  spacing  (Peak  Eff,  50%  span,  -3  deg)  flow  visualization  (B1D10) 
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Fig.  13  Suction  Side  Instantaneous  Velocity  fields. 
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Abstract 

One  of  the  important  design  criteria  in  the  development  of 
Pulse  Detonation  Engines  (PDEs)  is  to  stabilize  detonation 
in  a  large-diameter  tube  in  the  shortest  possible  distance. 
The  initial  shock  train  emanating  from  the  ignition  source 
plays  an  important  role  in  transitioning  the  deflagration 
wave  into  a  detonation.  To  sustain  such  transition  in  a  large- 
diameter  tube,  innovative  methods  and  strategies  are 
required.  An  experimental-numerical  investigation  is 
conducted  to  understand  the  role  of  a  contoured  body 
suspended  within  the  tube  for  enhancing  detonation 
transition.  A  computational  fluid  dynamics  (CFD)  code 
based  on  flux  corrected  transport  is  used  for  the  simulation 
of  the  fate  of  the  two-dimensional  detonation  wave  formed 
from  the  ignition  source  and  expanded  through  the  gap 
between  the  centerbody  and  the  channel  walls.  It  is  found 
that  the  reflection  of  transverse  waves  at  the  walls  and  their 
collision  near  the  leading  shock  front  are  critical  in 
sustaining  a  detonation  wave  during  expansion.  The  shock- 
wall  and  shock- shock  interactions  are  enhanced  by  the 
centerbody.  Simulations  further  suggested  that  the 
effectiveness  of  the  inserted  centerbody  strongly  depends  on 
its  length. 

Introduction 

Pulse  Detonation  Engines  (PDEs)  operate  with  a  higher 
thermal  efficiency  than  the  conventional,  constant-pressure 
combustion  engines.  PDEs  also  provide  a  very  high  specific 
impulse  thrust  at  different  operating  frequencies.  They  can 
be  designed  without  the  use  of  any  rotating  machinery  or 
valves  in  the  flow  path.  However,  the  design  and  operation 
of  the  PDEs  are  complicated  by  the  unsteady,  high-speed, 
pulsed  combustion.  To  reduce  the  deflagration-to- 
detonation  transition  (DDT)  time  several  conceptual 
procedures  have  been  proposed.  The  combustible  mixture  in 
the  main  chamber  can  be  ignited  using  a  detonation  wave 
that  was  generated  in  a  much-smaller,  pre-detonation 
chamber.  The  primary  concern  in  such  approach  is  the 
success  of  the  transmission  of  detonation  wave  from  pre¬ 
detonation  chamber  to  main  chamber.  Previous  studies  have 
indicated  that  the  maximum  expansion  a  detonation  can 
successfully  go  through  is  of  the  order  of  100%— placing  a 
severe  restriction  on  the  detonation-tube  diameter  [1].  In 


order  to  achieve  detonation  in  large-size  tubes,  alternative 
techniques  need  to  be  developed  either  with  or  without 
using  the  pre-detonation  tubes.  This  problem  of  initiating 
and  sustaining  detonation  in  large-diameter  tubes  is 
investigated  in  the  present  paper  using  experimental  and 
numerical  techniques. 

The  detailed  cellular  structures  of  gaseous  detonations 
have  been  studied  using  experimental  techniques  since 
1960’s.  However,  only  in  the  late  1970’s  Taki  and  Fujiwara 
[2]  and  later  Oran  et  al.  [3]  were  able  to  numerically 
simulate  the  cellular  detonation  structure  for  the  two- 
dimensional  case.  Both  the  experiments  and  simulations 
have  identified  that  the  number  of  cells  in  a  cellular 
detonation  wave  is  a  consequence  of  the  chemistry  of  the 
problem,  which  is  characterized  by  the  reaction-zone  length 
scale.  The  cell  size  was  also  found  to  be  independent  of  the 
channel  width. 

An  important  concern  in  using  cellular  detonation  wave 
as  a  source  for  burning  the  reactants  comes  from  the 
stability  of  the  cellular  detonation  wave.  Experimentally  it 
was  found  that  the  stability  of  the  detonation  wave  increases 
with  tube  diameter.  For  example,  a  sudden  increase  in  the 
tube  diameter  may  not  quench  the  detonation  if  the  diameter 
is  greater  than  thirteen  cell  widths.  As  shown  by  St-Cloud  et 
al.  [4]  and  Moen  et  al.  [5],  a  finite  perturbation  may  lead  to 
complete  destruction  of  one-cell- width  detonations. 
Therefore,  a  small  but  sudden  expansion  of  detonation  (or 
ignition)  hotspot  may  result  in  a  deflagration  wave.  In  the 
present  paper,  growth  of  the  ignition  spot  is  controlled  via 
constraining  it  between  the  walls  of  a  small  tube.  Subjecting 
the  resulting  localized  detonation  wave  to  a  weak  expansion 
over  the  centerbody,  the  growth  of  it  is  controlled. 

Experimental  Setup: 

The  photograph  of  the  in-house  research  PDE  used  for 
testing  the  centerbody  concepts  is  shown  in  Fig.  1.  The 
engine  was  equipped  with  a  5.23-cm-diameter,  71-cm-long 
ignition  tube  and  a  9.05-cm-diameter,  92.71-cm-long 
detonator  tube.  A  contoured  conical  body  was  mounted 
inside  the  detonation  tube  in  such  away  that  its  base  faces 
the  ignition  tube.  Hydrogen  mixed  with  air  at  stoichiometric 
ratio  is  detonated  at  10  Hz.  The  detonation  tube  was 
instrumented  with  high-frequency  (2MHz)  pressure 
transducers  and  ion  sensors  as  shown  in  Fig.  2.  The  latter 
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sensors  were  used  to  detect  the  wave  velocity  when  the 
detonation  front  is  passing  over.  Details  of  the  PDE 
assembly  and  the  incorporated  instrumentation  are  provided 
in  Ref.  6. 

Mathematical  Model: 

The  conservation  equations  for  mass,  momentum,  energy 
and  the  two  progress  variables  are  solved  in  Cartesian 
coordinate  system.  The  gas  mixture  considered  in  the 
numerical  investigations  is  a  stoichiometric  hydrogen- 
oxygen  fuel  diluted  with  Ar/He  by  70%.  This  mixture  is 
known  to  generate  a  well-behaving  detonation.  The 
hydrogen-oxygen  reactions  are  represented  by  the  two-step 
reaction  mechanism  of  Korobeinikov  [7].  This  model  has 
been  successfully  applied  in  the  past  for  addressing  various 
two-dimensional  unsteady  detonation  problems  [2,8].  The 
Chapman-Jouguet  (C-J)  Mach  number  of  the  premixed  gas 
mixture  considered  is  4.8. 

The  present  simulations  used  an  explicit  2nd-order 
MacCormack  predictor-corrector  technique  with  4th-order 
FCT  (Flux  Corrected  Transport)  scheme  for  capturing  the 
shock  waves  accurately.  A  1501x151  grid  system  is 
constructed  with  Ax=Ay=L  /9.  Here,  L  is  the  induction 
length— a  characteristic  distance  related  to  the  unburned  gas 
mixture.  All  the  calculations  are  started  by  filling  the 
channel  with  combustible  mixture  and  then  by  igniting  it  in 
a  specified  region.  For  the  ignition  purpose,  a  circular  area 
of  9-grid-points  radius  is  selected  near  the  closed  end  of  the 
channel  and  then  replaced  the  fuel  mixture  within  this 
region  with  the  combustion  products.  In  constant- width 
channels,  a  stably  propagating  multi-dimensional  detonation 
wave  establishes  as  the  combustion  products  push  the  flame 
front. 

Results  and  Discussion 

Experiments  were  conducted  by  suspending  a  conical 
centerbody  at  2.79  cm  downstream  of  the  reference  point  in 
the  detonation  tube  (Fig.  2).  Ignition  was  provided  with 
spark  plugs  placed  in  the  ignition  tube.  A  weak  deflagration 
combustion  wave  was  established  in  the  ignition  tube  and 
was  expanded  in  the  detonation  tube.  Typically,  such 
expansion  further  weakens  the  combustion  wave.  In  the 
absence  of  the  centerbody,  the  responses  from  the  pressure 
transducers  4  and  7  as  the  combustion  wave  passes  over 
them  are  shown  in  Fig.  3.  The  relative  pressure  increased 
only  to  ~  0.6  at  the  leading  edge  of  the  combustion  wave. 
The  measured  wave  speeds  are  ~  650  m/s. 

Placement  of  centerbody  in  the  detonation  tube  helped 
the  deflagration  combustion  wave  to  transition  into  a 
detonation  wave.  The  pressure  waves  obtained  from  sensors 
4  and  7  are  shown  in  Fig.  4(a)  and  the  voltages  recorded  by 
the  ion  sensors  8  and  10  are  shown  in  Fig.  4(b).  The 
measurement  of  wave  speed  varies  from  1800  to  2200  m/s, 
depending  on  the  sensor  location.  This  wave  speed 
compares  favorably  with  the  C-J  velocity  of  1966  m/s  for 
the  stoichiometric  H2/Air  mixture  at  1  atm  pressure. 


To  verify  the  DDT  process  assisted  by  the  centerbody, 
simulations  were  made  using  the  two-dimensional  code 
described  earlier.  Calculations  were  made  initially  for  a 
channel  width  of  9L  without  using  a  centerbody.  A  stably 
propagating  detonation  wave  having  two  transverse  waves 
was  established  after  -1000  time  steps  starting  from  a  single 
ignition  spot.  The  interaction  between  the  transverse  and 
detonation  waves  results  in  a  triple-shock  structure  and 
thereby  a  cellular  detonation  front.  As  the  detonation 
propagates,  these  transverse  waves  travel  toward  the  walls 
and  reflect  back  when  they  interact  with  the  walls.  The 
structure  of  the  detonation  front  propagating  in  the  9L 
channel  is  shown  in  Fig.  5  at  three  instants.  The  iso-pressure 
plots  shown  in  Figs.  5(a),  5(b),  and  5(c)  visualize  the 
motion  of  the  two  triple  shock  structures  between  the  lower 
and  upper  walls.  The  wave  velocities  obtained  at  upper  and 
lower  walls  and  at  the  mid  section  showed  that  the 
reflection  of  a  triple  shock  from  the  wall  and  the  interaction 
between  two  triple  shocks  result  in  enhanced  combustion 
(increased  propagation  velocity)  locally.  However,  the 
average  non-dimensional  propagation  velocity  was  4.96, 
which  is  close  to  the  Chapman-Jouguet  (C-J)  velocity  for 
the  mixture  considered. 

Calculations  were  then  repeated  for  a  channel  having  a 
width  of  18L  and  without  placing  a  centerbody.  A  single 
ignition  spot  failed  to  yield  a  stably  propagating  detonation 
wave.  Placing  an  additional  ignition  spot  did  not  help  much 
in  detonating  the  gas  all  across  the  channel.  The  ignition 
spots  are  also  partially  enclosed  in  small  chambers  to 
enhance  shock  reflections  off  the  walls.  The  failure  of 
detonation  initiation  for  this  case  is  shown  in  Fig.  6(a). 
Here,  the  bottom  image  shows  the  deflagration  wave  that 
reached  the  channel  exit  58  jlis  after  the  ignition  and  the  top 
image  shows  the  changes  in  pressure  at  the  upper  wall  with 
time.  However,  detonations  were  successfully  initiated 
when  the  ignition  energy  was  doubled  as  shown  in  Fig. 
6(b).  This  demonstrates  that  a  stable  detonation  can  be 
obtained,  even  though  difficult,  in  the  18L*-wide  channel. 

The  possibility  of  achieving  a  stable  detonation  from  the 
normal  ignition  energies  is  investigated  by  placing  various 
centerbodies  in  the  18L  -wide  channel.  Due  to  the 
orthogonal  grid  system  used  in  the  code,  each  centerbody  is 
constructed  with  different-size  blocks  as  shown  in  Figs.  7-9. 
Detonation  could  not  be  established  with  the  32L  -long 
centerbody.  A  comparison  of  detonation  developments 
shown  in  Figs.  6(a)  and  7  suggests  that  the  initial  shock 
waves  established  from  the  ignition  source  have  dissipated 
more  rapidly  in  the  presence  of  the  centerbody.  However, 
when  the  centerbody  length  was  increased  to  39L  ,  a  stable 
detonation  was  established  (Fig.  8).  Interestingly, 
detonation  could  not  be  sustained  when  the  centerbody 
length  was  further  increased  to  46L  .  The  three  calculations 
with  different  centerbody  lengths  suggest  that  1)  placing  a 
centerbody  can  help  establishing  detonation  in  a  large- 
diameter  tubes  and  2)  the  effectiveness  of  the  centerbody 
depends  on  its  length,  probably  in  relationship  with  the  cell 
width.  The  variation  in  wall  pressure  at  100L  downstream 
of  the  back  plate  are  shown  in  Fig.  10  for  different 
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centerbody  cases.  It  clearly  shows  the  establishment  of 
detonation  in  the  case  of  the  medium-length  (39L  ) 
centerbody  and  failure  in  the  other  cases. 
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Fig.  1.  Experimental  facility  used  for  the  studies  of 
fundamental  concepts  in  detonation  initiation  and 
propagation. 


Fig.  2.  Schematic  diagram  of  the  detonation  tube  assembly 
and  locations  of  centerbody  and  sensors.  3-7  are  pressure 
transducers  and  1,2,  8-11  are  ion  detectors. 


0  0.5  1.0  1.5 


time  (ms) 

Fig.  3.  Deflagration  wave  propagation  detected  by  pressure 
transducers  4  and  5  in  the  absence  of  centerbody. 


Fig.  4.  Responses  of  (a)  pressure  transducers  4  and  7  and 
(b)  ion  detectors  8  and  10  during  a  successful  detonation 
initiation  achieved  by  placing  centerbody. 


(a)  (b)  (c)# 

Fig.  5.  Stably  propagating  detonation  wave  in  a  9L  channel 
at  (a)  t0  jits,  (b)  t0+1.6  jlis,  and  (c)  t0+3.2  jus. 
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(b) 

Fig.  6.  Detonation  propagation  in  18L  wide  channel  with 
(a)  specified  and  (b)  100%  more  ignition  energies. 


Fig.  8.  Effect  of  placing  39L*  long  centerbody.  Upper  image 
shows  wall  pressure  at  different  times. 


Fig.  9.  Effect  of  placing  46L  long  centerbody.  Upper  image 
shows  wall  pressure  at  different  times. 


Fig.  7.  Effect  of  placing  32L*  long  centerbody.  Upper  image  Fig.  10.  Variation  of  wall  pressure  at  a  location  100L 
shows  wall  pressure  at  different  times.  downstream  of  back  plate. 
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Abstract 

In  recent  research,1,2  liquid  fuel  droplets 
were  found  to  hinder  the  detonation  process  in  a 
pulse  detonation  engine  (PDE).  In  the  current 
work,  multi-phase  effects  are  eliminated  with  a 
flash  vaporization  system  that  vaporizes  the 
liquid  fuels  prior  to  mixing  with  air. 
Hydrocarbon  and  air  mixtures  have  been 
transitioned  from  deflagration  to  detonations 
previously,1  but  exhibited  long  ignition  and 
deflagration  to  detonation  transition  (DDT) 
times.  Here,  two  liquid  hydrocarbon  fuels,  with 
different  octane  numbers  (ON),  are  detonated 
with  air  in  a  PDE  to  determine  the  effect  of 
octane  number  on  the  ignition  time  and  the  DDT 
time.  The  premixed,  combustible  mixture  fills 
the  PDE  tubes  via  an  automotive  valve  and  cam 
system  described  in  detail  elsewhere.3  N-heptane 
(ON-O)  and  isooctane  (ON- 100)  are  evaluated 
individually  to  determine  the  effects  of 
automotive  octane  number  on  pulse  detonation 
engine  combustion  performance.  The  ON  has 
been  considered  previously4  as  an  acceptable 
criterion  in  determining  the  detonability  for 
PDEs,  and  it  is  derived  based  on  the  tendency  to 
“knock”  or  detonate  relative  to  isooctane  in  an 
automotive  engine  application. 


Correspondence  can  be  addressed  to: 
kelly.tucker@wpafb.af.mil.  The  views  expressed  in 
this  paper  are  those  of  the  authors  and  do  not  reflect 
the  official  policy  or  position  of  the  United  States  Air 
Force,  the  Department  of  Defense  or  the  US 
Government. 

fThis  paper  is  declared  a  work  of  the  U.S. 
Government  and  is  not  subject  to  copyright  protection 
in  the  United  States. 


The  goal  of  this  research  is  to  show  that 
a  flash  vaporized  liquid  hydrocarbon  fuel  system 
can  provide  the  fuel  and  air  homogeneity 
required  to  achieve  detonations.  The  octane 
number  is  studied  to  determine  its  influence  on 
the  ignition  and  DDT  time  for  hydrocarbon  fuels. 

The  flash  vaporization  system  provided 
an  outstanding  method  for  achieving  the  desired 
mixing  and  vaporization,  and  the  systems 
operating  points  matched  well  with  the  liquid 
vapor  equilibrium  model  results.  The  ignition 
times  showed  little  dependence  on  fuel  injection 
temperatures  or  octane  number  and  no  droplet 
effects  were  noted.  The  DDT  trends  were  octane 
number  dependent  and  the  isooctane  was 
difficult  to  detonate  with  wave  speeds  below  the 
stable  Chapman- Jouget  (CJ)  wave  speeds.  The 
heptane  readily  detonated  and  produced  wave 
speeds  at  or  above  CJ. 

Background 

Combustion  performance  of  a  liquid 
hydrocarbon  fueled  pulse  detonation  engine  is 
hindered  by  the  presence  of  fuel  droplets  and 
long  ignition  times5,6.  The  presence  of  droplets 
indicates  that  locally  fuel  rich  and  fuel  lean 
regions  exist,  and  that  the  overall  mixture  lacks 
the  required  homogeneity  for  ideal  combustion 
performance.  The  presence  of  droplets  increases 
ignition  time  because  the  initial  energy  deposit 
(spark)  must  evaporate  any  surrounding  fuel 
droplets  to  create  an  explosive  mixture.  A  high- 
pressure  fuel  flash  vaporization  system  was 
designed  and  built  to  eliminate  the  time  required 
to  evaporate  liquid  fuel  droplets. 
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Spark  initiated 
Ahead  of  TDC 


Figure  2.  Automotive  knock  event. 


To  remove  the  evaporation  times,  the 
fuel  is  injected  into  air  at  a  temperature  above  the 
boiling  temperature  at  the  highest  pressure  the 
fuel  air  mixture  will  encounter  before 
combustion.  When  the  high  pressure,  high 
temperature  fuel  is  injected  into  a  lower  pressure 
air  stream  via  a  pressure  atomizing  nozzle,  the 
fuel  will  immediately  vaporize  and  thereby 
remove  the  time  required  to  evaporate  the  fuel. 
The  phase  change  process  is  shown  in  Fig.  1  for 
a  simple  (single  component)  substance.  As  the 
pressure  applied  to  the  fuel  goes  higher,  the 
saturation  temperature  also  rises  until  both 
converge  at  the  critical  point.  The  pressure  used 
during  the  tests  is  well  above  the  critical  pressure 
of  each  fuel  and  allows  the  fuel  to  be  heated 
without  boiling  until  reaching  the  supercritical 
temperature  of  the  fuel.  An  added  benefit  is 
improved  mixing  of  the  fuel  and  air  mixture. 
Since  the  flash  vaporization  system  injects 
gaseous  fuel,  it  will  more  readily  achieve  the 
desired  fuel  air  homogeneity  required  to  ignite 
and  transition  a  detonation. 

Octane  number 

In  a  spark  initiated  (SI)  automobile 
engine,  knock  is  noted  by  the  noise  emitted  when 
the  fuel  air  mixture  inside  the  engine  ignites 
prematurely  relative  to  the  desired  burn  rate 
initiated  by  the  spark  advance  on  the  engine. 
However,  compression  heating  of  the  unbumed 
mixture  from  both  the  advancing  piston  and  the 
evolving  confined  flame  front  can  auto  ignite  the 
fuel  air  mixture  (Fig.  2).  The  premature  ignition 
event  releases  the  stored  chemical  energy  in  the 
fuel  at  a  rate  between  5  and  25  times  faster  than 
the  spark  initiated  rate8.  A  susceptibility  to  knock 
may  represent  a  sensitively  to  more  quickly 
allow  detonations  to  transition  when  a 
deflagration  is  channeled  through  an  obstacle 
such  as  a  Schelkin  spiral. 


The  fuel’s  octane  number  relates  the 
mixture’s  resistance  to  knock  relative  to  a 
mixture  of  isooctane  (ON=100)  and  n-heptane 
(ON=0).  The  higher  the  number,  the  more 
resistant  the  fuel  is  to  exhibit  the  phenomena. 
Two  methods  are  commonly  used  to  determine 
the  fuel  octane  number.  The  Research  Method9 
tests  fuels  at  representative  low  speed  city 
driving  conditions,  and  the  Motor  Method10  tests 
fuels  at  representative  high  speed  highway 
driving.  The  resulting  research  octane  number 
(RON)  and  motor  octane  number  (MON)  are 
used  to  determine  an  antiknock  index  or  AI.  The 
historical  standard  ASTM  Specification  D  439  is 
used  for  determining  the  antiknock  index  by 
simply  averaging  the  RON  and  MON11. 


Fuel 

Formula 

RON 

MON 

AI 

n-heptane 

c7h16 

0 

0 

0 

isooctane 

QHl8 

100 

100 

100 

Table  1.  Octane  numbers11. 


Experimental  Setup 

This  research  was  performed  in  the  Air 
Force  Research  Laboratory  (AFRL)  Pulse 
Detonation  Research  Facility  at  Wright  Patterson 
AFB,  Ohio.  The  facility  incorporates  two 
electrically  driven  camshafts  situated  in  a 
General  Motors  Quad  4  head.  Four  thrust  tubes 
are  attached  where  pistons  would  normally 
interact  with  the  head  and  valves.  A  single  thrust 
tube  with  a  5.2  cm  diameter,  182.9  cm  long  steel 
pipe  is  fired  at  a  frequency  of  15  Hz.  The 
rotating  cams  provide  a  three-part  cycle  with 
equal  time  (120  degrees)  to  fill,  fire,  and  purge 
the  tube.  The  manifold  pressure  behind  the 
valves  is  adjusted  to  provide  the  correct  fill 
volume  at  the  desired  operating  frequency.  The 
fill  volume  is  defined  as  the  volume  of  the  thrust 
tube  when  the  fuel  air  mixture  expands  to 
atmospheric  pressure  at  the  open  end  of  the  tube. 
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Figure  3.  Flash  vaporization  system. 

The  flash  vaporization  system  stores 
high  pressure,  high  temperature  fuel  in  the 
furnace  and  when  a  pneumatically  operated  ball 
valve  opens,  the  fuel  flows  to  three  pressure 
atomizing  fuel  nozzles  which  are  situated  to 
inject  the  fuel  tangentially  into  the  main  air  flow 
(Fig.  3).  The  fuel  air  mixture  has  a  mixing  length 
of  1.52  meters  before  being  fed  into  the  thrust 
tube  for  combustion.  The  air  is  heated  to  31  IK 
(+/-1K)  prior  to  entering  the  manifold  and 
mixing  with  fuel.  In  Fig.  4,  pressure 
measurements  during  the  filling  process  are 
recorded  in  the  manifold  (location  1  in  Fig.  3) 
and  at  the  closed  end  of  the  thrust  tube  (location 
2  in  Fig.  3).  The  ignition  delay  from  the  time  the 
valve  closes  until  the  time  the  spark  is  deposited 
is  10  milliseconds.  The  delay  enhances  the 
ignition  and  DDT  performance  by  utilizing  the 
returning  compression  wave  seen  in  the  blue 
head  pressure  trace  in  Fig.  4.  The  zero  time  is 
denoted  at  the  point  the  intake  valves  close. 


Figure  4.  Premixed  manifold  and  head  pressure 
traces  (absolute)  for  15  Hz  test  conditions. 

Fuel  Air  Premix  Conditions 

The  fuel  and  air  are  premixed  in  the 
manifold  (Fig.  3)  prior  to  being  feed  into  the 
PDE  thrust  tube.  The  pressure  conditions  in  the 


intake  manifold  are  critical  to  understanding 
whether  or  not  the  fuel  vapor  will  condense  back 
into  liquid  due  to  any  heat  transfer  or  pressure 
effects. 

The  National  Institutes  of  Standards  and 
Technology  (NIST)  program  SUPERTRAPP 
version  3.1  was  used  to  determine  how  much 
liquid  was  in  the  premixed  fuel  air  mixture  in  the 
manifold  if  left  at  the  specified  pressure  and 
temperature  until  it  reached  equilibrium.  The 
program  uses  the  thermo  physical  properties  of 
hydrocarbon  mixtures  database  and  computes  the 
vapor-liquid  equilibrium  using  the  Peng- 
Robinson  model12. 

The  stoichiometric  fuel  air  mixture 
was  input  into  the  program  at  a  pressure  of  2.0 
bar  which  is  slightly  above  the  maximum 
pressure  observed  in  Fig.  4.  The  mixture 
temperature  was  varied  to  determine  the 
percentage  of  liquid  fuel  present  at  equilibrium. 


Manifold  Temperature  (K) 


Figure  5.  Equilibrium  liquid  vapor  state  for  a 
stoichiometric  fuel  Air  mixture  at  2.0  bar. 

Since  both  fuel  and  air  are  mixed  as 
gases,  they  should  reach  equilibrium  quickly  and 
remain  gaseous  as  long  as  the  mixture 
temperatures  do  not  drop  below  those  shown  in 
Fig.  5.  If  the  temperatures  in  the  manifold  drops 
below  285  K,  the  fuel  vapor  may  condense  back 
into  liquid. 

Fuel  Conditioning 

Heating  fuel  above  450  K  can  cause 
particulate  formation  and  carbon  deposits  on 
metal  surfaces13,14.  To  prevent  the  fuel  from 
reacting  with  any  dissolved  oxygen,  the 
dissolved  oxygen  was  removed  by  sparging  the 
fuel  with  nitrogen  prior  to  pressurization  and 
heating.  In  sparging,  nitrogen  is  bubbled  through 
the  liquid  fuel  to  agitate  and  replace  any 
dissolved  oxygen.  In  the  ullage  region  above  the 
liquid,  the  nitrogen  leans  out  the  oxygen  and 
eventually  replaces  all  the  oxygen  in  the  fuel 
tank. 
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Figure  6.  Fuel  tank  sparge  spiral. 


The  photo  in  Fig.  6  shows  the  sparging 
spiral  with  drilled  holes  that  nitrogen  was  fed 
through  to  agitate  the  fuel.  Tests  were  performed 
with  air  saturated  fuel  to  determine  the  amount 
of  nitrogen  to  fully  deoxygenate  the  fuels.  The 
fuels  were  sampled  at  different  times  with  a  gas 
chromatography  machine  until  no  oxygen  could 
be  measured.  To  prevent  the  reaction  with 
metals,  silicon  based  coatings  were  applied  to  all 
hot  section  components  including  the  fuel 
nozzles.  The  coating  provides  a  very  thin  non¬ 
reactive  surface  which  prevents  any  contact 
between  the  fuel  and  the  metals. 

Constant  Ignition  Energy 

A  12  volt  DC  automotive  digital 
ignition  system  supplied  power  to  the  spark  plug. 
The  system  provided  a  series  of  105  -  1 15  milli- 
Joule  sparks15  into  the  hydrocarbon  fuel  air 
mixture  via  a  capacitance  discharge.  The 
number  of  sparks  per  cycle  was  verified  using  a 
27,000  frame  per  second  camera  and  noted  a  250 
jus  duration  pulse  every  1.1  milliseconds  (+/- 
37ps).  A  total  of  four  sparks  are  deposited  during 
each  ignition  event  at  the  operating  frequency  of 
15  Hz. 


Results 


Flash  Vaporization  System  Validation 

The  flash  vaporization  system  worked 
well  in  providing  a  gaseous  fuel  air  mixture. 
This  was  verified  from  the  manifold  temperature 
changes  as  the  fuel  injection  temperature  was 
increased.  For  both  heptane  and  isooctane,  the 
required  temperature  to  be  fully  flash  vaporized 
was  above  395  K  (Fig.  7).  Below  the  395  K 
injection  temperature,  the  air  temperature  in  the 
manifold  drops  due  to  the  enthalpy  of 
evaporation  from  the  evaporating  liquid  droplets. 
Above  395  K,  no  energy  is  required  to  evaporate 


the  droplet  and  excess  fuel  enthalpy  is  used  to 
raise  the  manifold  air  temperature  slightly. 


Figure  7.  Manifold  air  temperature  change  after 
fuel  injection. 


The  heptane  and  isooctane  showed 
similar  temperature  changes  after  injection  in  the 
manifold.  This  is  expected  since  the  two  fuels 
have  nearly  the  same  boiling  point  at  the 
maximum  pressure  in  the  manifold  of  1.85  bar 
listed  in  Tab.  2  below.  The  boiling  point  also 
denotes  exactly  the  crossing  point  for  which  the 
fuel  increases  or  decreases  the  mixture 
temperature  in  the  manifold.  Since  the  fuel  air 
mixture  was  above  285  K  (Fig. 5),  the  mixture  is 
assumed  to  be  completely  vaporized  for  all  test 
points. 


Fuel 

Boiling 
Temperature 
(K)  @  1.85 
bar 

CJ  Detonation 
Wave  Speed 
(m/s) 

n-heptane 

393.4 

1793.7 

isooctane 

395.0 

1791.8 

Table  2.  Fuel  boiling  point  and  CJ  detonation 
wave  speeds19 


Tests  were  performed  to  note  any 
changes  in  the  nozzle  flow  patterns  at  liquid 
injection  temperatures  below  and  above  the 
boiling  temperature.  In  Fig.  8,  water  is  injected 
at  room  temperature,  and  the  spray  is  very  wide 
with  individual  droplets  still  discernible.  In  Fig. 
9,  the  spray  is  more  tightly  confined  and  has 
features  consistent  with  a  supersonic  jet,  thus 
denoting  a  gaseous  injection.  The  phase  change 
occurs  from  the  static  pressure  drop  while 
accelerating  to  the  throat  of  the  constant  area 
nozzle. 
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Figure  8.  High  pressure  atomized  water  at  20C 
and  43  bar. 


Figure  9.  Flash  vaporized  water  at  200C  and  43 
bar. 


Likewise,  the  OH  trace  drops  sharply  when  the 
PMT  senses  light  in  the  correct  wavelength. 


OH  Sensor  Access 


Press  Transducer 
Access 

Figure  10.  Sensor  locations  in  PDE  head. 
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Figure  11.  Ignition  event  after  spark  deposit  at 
10  milliseconds. 


Ignition  times 

Two  methods  are  used  to  determine  the 
ignition  time  from  when  the  initial  spark  energy 
is  deposited.  The  first  is  a  dynamic  pressure 
transducer  (Fig  10).  The  transducer  records 
pressures  in  the  PDE  head  and  corresponds  to  the 
pressure  rise  due  to  the  constrained  heated  gases 
in  the  closed  end  of  the  PDE  tube.  Opposite  the 
pressure  transducer  is  a  photo  multiplier  tube 
(PMT)  with  a  307  nanometer  filter.  The  sensor 
reacts  to  the  radiative  energy  associated  with  OH 
production.  The  OH  radical  is  in  abundance 
during  hydrocarbon  combustion  and  gives  a 
second  method  to  determine  the  ignition  time. 
The  combination  of  these  two  techniques  to 
determine  ignition  time  has  been  used 
elsewhere16. 

The  combustion  data  from  the  pressure 
and  OH  sensors  is  shown  in  Fig.  11.  The 
ignition  event  is  said  to  have  occurred  at  the 
initial  point  when  the  pressure  rises  sharply, 
which  for  this  data  occurs  around  9  milliseconds 
after  the  spark  energy  has  been  deposited  into  the 
fuel  air  mixture  in  the  head  of  the  thrust  tube. 


The  ignition  times  for  both  sources  are 
determined  using  an  in-house  program  which 
filters  the  noise  from  the  signal  and  looks  for  a 
slope  change  above  or  below  a  manually 
designated  threshold. 


Figure  12.  Measured  ignition  times  for  heptane. 

The  measured  heptane  ignition  times 
from  both  the  pressure  trace  and  OH  sensor  were 
within  10  to  20  percent  of  one  another  with  the 
OH  sensor  lagging.  The  ignition  times  did  not 
show  the  expected  dependency  on  injection 


1204 


AIAA  2004-0868 


temperature.  Lower  fuel  injection  temperatures 
and  a  shorter  mixing  length  in  the  manifold  may 
allow  a  droplet  effect  on  ignition  time.  Similar 
ignition  times  were  seen  for  the  isooctane  data  in 
Fig.  13.  The  octane  number  did  not  strongly 
influence  the  ignition  times. 


Figure  13.  Measured  ignition  times  for  isooctane 

The  DDT  time  was  determined  as  a 
time  of  flight  through  the  DDT  obstacle,  a  1.22 
meter  Schelkin  like  spiral.  The  faster  the  DDT 
occurs,  the  shorter  the  time  to  travel  through  the 
spiral.  The  DDT  time  was  computed  from  the 
time  ignition  was  first  observed  to  the  time  a 
detonation  wave  exited  the  spiral  and  was 
detected  by  an  ion  sensor.  The  results  are  shown 
in  Fig.  14  below  and  show  the  influence  of 
octane  number. 


Fuel  Injection  Temperature  (K) 


Figure  14.  DDT  Time  for  each  Fuel 

The  isooctane  took  roughly  500 
microseconds  longer  to  traverse  the  spiral  than 
the  heptane.  The  wave  speeds  also  reflect  the 
difficulty  in  detonating  the  isooctane. 
Combustion  performance  of  a  PDE  is  primarily 
based  on  whether  or  not  a  detonation  occurs 
within  the  thrust  tube.  The  detonation  is  said  to 
have  occurred  if  the  combustion  wave  speed  is  at 
the  Chapman-Jouguet  (CJ)  point  (Tab.  2).  The 
CJ  point  is  based  on  the  Hugoniot  curve,  which 
relates  continuity,  energy,  momentum,  and  the 
perfect  gas  law  for  a  one  dimensional,  steady, 


planar  detonation  wave.  The  CJ  point  denotes 
the  conditions  of  maximum  heat  transfer  rate 
from  the  energy  stored  in  the  fuel  and  converting 
it  to  a  hypersonic  detonation  wave.  This  occurs 
at  the  point  of  minimum  entropy  for  the  process 
mathematically,  and  additionally,  it  is  the 
equilibrium  point  for  the  process18. 


Figure  15.  Detonation  wave  speeds  observed  for 
each  fuel. 

The  detonation  wave  speeds  are 
measured  using  ion  probes  downstream  of  the 
DDT  spiral.  No  influence  was  seen  in  injecting 
the  fuel  at  a  higher  temperature  (Fig.  15).  The 
heptane  wave  speeds  were  at  or  above  the  CJ 
wave  speeds.  Several  super  CJ  speeds  were 
observed  at  the  385  K  injection  temperature. 
These  were  transverse  waves  formed  as  the 
detonation  transitioned  through  the  spiral.  The 
wave  speeds  after  the  spiral  settled  out  to 
roughly  10  percent  above  CJ.  The  450  K 
injection  data  were  observed  with  a  lower  fill 
ratio  and  the  mixture  was  more  lean  at  the  end  of 
the  tube,  though  a  near  CJ  (-  9  percent)  was  still 
achieved.  The  isooctane  was  difficult  to  detonate 
and  showed  wave  speeds  below  than  the  stable 
CJ  wave  speed. 

Conclusions 

The  liquid  hydrocarbon  fueled  flash 
vaporization  system  worked  well  to  provide  a 
fully  vaporized,  homogenous  mixture  that  is 
required  for  a  detonation  wave.  The  fuel 
injection  temperature  raised  or  lowered  the 
mixture  temperature  downstream  of  injection 
with  the  fuel’s  boiling  temperature  as  the 
crossing  point. 

The  correlation  between  octane  number 
and  ignition  and  DDT  times  was  also  studied. 
The  ignition  times  did  not  show  octane  number 
dependence.  The  DDT  trends  and  magnitudes 
did  follow  the  expected  octane  number  influence. 
The  isooctane  (ON=100)  was  more  difficult  to 
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detonate  with  wave  speeds  below  the  stable  CJ 
wave  speeds.  The  heptane  (ON=0)  readily 
detonated  and  saw  wave  speeds  at  or  above  CJ. 

Future  work  will  be  performed  at  a 
wider  range  of  injection  temperatures  and  with 
lower  vapor  pressure  fuels. 
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The  performance  of  a  Solar  PJ32  pulsejet  engine,  which  is  a  1/5-scale  model  of  the  Argus 
V-l  pulsejet  engine  developed  for  the  Navy  in  1951,  is  evaluated  under  static  conditions  and 
compared  with  that  of  a  pulsed-detonation  engine  (PDE)  firing  at  similar  inlet  and  operating 
conditions.  The  pulsejet  has  a  fuel-flow  operating  range  of  2.5-4.5  lbm/min,  which 
corresponds  to  a  thrust  range  of  40  lbf  (at  lean  out)  to  102  lbf  (at  flood  out).  Thrust  is 
calculated  from  combustion-chamber  pressure  histories  and  agrees  with  measured  thrust 
within  5-10%.  Peak  combustion-chamber  head  pressures  range  from  8  to  20  psig,  while 
significantly  higher  pressures  (80-120  psig)  are  attained  in  PDEs.  Airflow  at  the  inlet  of  the 
pulsejet  is  measured  and  used  to  calculate  specific  thrust  and  equivalence  ratio.  Specific 
thrust  ranges  from  40-100  lbf-s/lbm  over  the  range  of  fuel  flows  from  lean  to  rich  conditions. 
A  similarly  operating  PDE  has  a  specific  thrust  around  120  lbf-s/lbm,  making  the  PDE  more 
efficient  in  terms  of  air  flow.  The  pulsejet  equivalence  ratio  ranges  from  0.6-1.0,  with 
rated/peak  thrust  occurring  at  rich  conditions.  Typical  fuel-specific  impulse  (Isp)  for  the 
pulsejet  is  1400-1500  s  for  rated  thrust  conditions,  whereas  PDE  performance  (with  a  fill 
fraction  of  1)  is  around  1800  s.  For  the  PDE  operating  in  the  same  fill  fraction  range  as  the 
pulsejet  (~0.1),  PDE  Isp  is  estimated  to  be  6000-8000  s  making  the  PDE  cycle  far  more 
efficient  and  desirable  at  comparable  conditions. 


I.  Introduction 

Pulse  Detonation  Engines  (PDEs)  and  pulsejets  both  belong  to  a  class  of  gas  generators  that  is  fundamentally 
unsteady  in  nature.  Furthermore,  they  share  the  feature  of  being  combustion-driven.  That  is,  they  operate  on 
cycles  in  which  an  essential  internal-combustion  event  occurs  and  from  which  useful  work  is  extracted.  It  may  also 
be  argued  that  both  have  a  combustion  event  which  is  confined  or  is  an  approximation  of  constant-volume  heat 
release.  Beyond  these  commonalities,  however,  the  PDE  and  pulsejet  have  significant  operational,  theoretical,  and 
practical  differences.  While  PDEs  closely  approach  the  constant- volume  combustion  approximation  (in  fact, 
detonation  produces  less  entropy),  pulsejets  do  so  only  marginally.  It  can  be  shown  that  the  fundamental  PDE 
process  of  rapid  detonation,  followed  by  relaxation  through  a  Taylor  wave,  results  in  a  state  close  to  that  found  in 
constant- volume  combustion.1  The  pulsejet  cycle,  on  the  other  hand,  relies  on  relatively  slow  deflagration  during  the 
combustion  event.  Confinement  is  achieved  fluidically  which,  when  combined  with  the  relatively  slow  mode  of 
combustion,  results  in  heat  release  occurring  both  before  and  after  the  combustible  mixture  has  reached  a  minimum 
volume.  This  aspect  of  operation,  combined  with  several  other  factors,  tends  to  render  pulsejets  relatively  inefficient 
as  thrust-producing  devices. 
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Detailed  descriptions  of  the  pulsejet  operational  cycle  can  be  found  in  the  literature,2,3  and  only  a  brief  one  will 
be  presented  here.  Referring  to  Figure  1,  the  cycle  may  be  divided  into  three  phases: 


1.  Combustion  -  Reaction  of  an  air  and  fuel  mixture  within  the  combustion  chamber  commences.  The 
pressure  begins  to  rise  as  a  result  of  confinement  of  the  flow.  The  pressure  rise  causes  the  inlet  valves  to 
close,  preventing  backflow.  The  reaction  accelerates  as  the  pressure  and  temperature  rise;  this,  in  turn, 


accelerates  the  pressure  and  temperature  rise. 

2.  Expansion  -  The  hot,  high-pressure  gases  in  the 
exhaust. 

3.  Ingestion  -  The  momentum  of  the  exhaust  gases 
causes  the  combustion-chamber  pressure  to  drop 
below  the  ambient  value.  This  allows  the  inlet 
valves  to  open  and  a  fresh  charge  of  air  to  enter 
(mixed  with  fuel).  Eventually,  the  exiting 
exhaust  flow  reverses  and  mixes  with  the  fresh 
charge.  This  initiates  a  new  reaction,  and  the 
cycle  begins  again. 


combustion  chamber  expand,  forcing  flow  from  the 


Figure  1.  Pulsejet  Schematic 


For  illustration  purposes,  Figure  2  shows 
contours  of  pressure,  temperature,  Mach 
Number,  and  reaction  fraction  for  five  cycles  of 
a  numerically  simulated,  valved  pulsejet4,5 
operating  under  static  ambient  conditions  with 
stoichiometric  combustion  of  a  representative 
hydrocarbon  fuel  (a/f=14.7,  hf=  18,600 
BTU/lbm).  The  vertical  direction  represents 
time,  while  the  horizontal  dimension  of  each 
contour  represents  distance  along  the  device. 

The  colors  represent  levels  of  the  variables,  and 
all  quantities  have  been  normalized  to  reference 
conditions.  The  numbers  next  to  each  contour 
represent  the  high  and  low  values  of  the  plotted 
quantity  observed  in  the  x-t  space.  The 
geometry  of  the  simulated  device  is  shown  as  a 
scaled  drawing  in  the  bottom  of  Figure  2. 

Two  hundred  numerical  cells  were  used 
in  this  callorically  perfect  gas  (y=1.3),  quasi- 
one-dimensional  computation.  The  inlet  valve 
was  approximated  by  assuming  a  solid  wall 
boundary  condition  during  times  when  the 
pressure  in  the  first  interior  cell  was  above  the 
ambient  value,  and  a  partially  open  boundary  condition0  when  the  pressure  was  below  ambient  (the  inlet  was 
assumed  to  have  15%  of  the  combustion-chamber  cross-sectional  area).  Extremely  large  diffusion  coefficients  were 
used  in  order  to  approximate  the  vigorous  mixing  that  takes  places  during  the  filling  process.  The  reaction  rate  term 
in  the  governing  equations  was  modified  from  the  original  form  by  adding  pressure  dependence.  This  tended  to  slow 
the  reaction  during  the  filling  process  and  accelerate  it  during  times  when  the  inlet  valve  was  closed.  The  result  was 
a  self-sustaining  cycle  exhibiting  pressure  oscillations  and  operational  frequency  similar  to  those  observed 
experimentally.  The  computed  specific  thrust  of  the  cycle  was  82  lbf-s/lbm,  yielding  a  specific  impulse  of  1286  s. 
The  latter  value  is  consistent  with  reported  values  for  pulsejets.7  Although  the  simulation  is  not  quantitatively 
accurate,  it  demonstrates  the  key  features  of  the  pulsejet  process.  It  is  clear  from  the  figure  that  the  resonant  cycle 
has  both  Helmholtz-like  features  and  gas-dynamic  features.  It  is  clear  that  the  geometry  of  the  device  is  critical  to  its 
operation  and  performance.  In  the  past,  with  no  effective  means  of  parametrically  examining  the  effects  of 
geometry,  pulsejets  were  designed  in  a  somewhat  “hit-or-miss”  fashion.  Compounding  this  complexity  is  the  fact 
that  mixing  of  the  fuel,  air,  and  residual  hot  gases  in  the  combustion  chamber  is  extremely  complex  and  does  not 
lend  itself  to  simple  analysis.  When  a  particular  geometry  was  found  that  worked  (i.e.,  ran),  the  design  was  frozen. 


Time  Pressure  Temperature  Mach  #  Reaction  Rate 


Figure 2.  Contours  of  Pressure,  Temperature,  Mach 
Number,  and  Reaction  Rate  for  Five  Cycles  of 
Numerically  Simulated,  Valved  Pulsejet 
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Few  attempts  have  been  made  to  optimize  pulsejet 
geometry.  Most  existing  pulsejets  were  designed  between 
1940  and  1960. 

In  addition  to  the  complexities  of  the  unsteady  flow 
field  and  the  semi-constant  volume  nature  of  the  cycle, 
pulsejets  suffer  from  a  need  for  rich  combustion,  as 
evidenced  in  the  few  previous  experiments  where  pulsejet 
fuel  and  airflow  were  measured8  and  by  the  common 
appearance  of  a  blue  “tail”  flame  observable  during 
operation  (see  Figure  3).  The  rich  combustion  may  be  due 
to  poor  design;  however,  it  is  also  possible  that  the  time 
constants  associated  with  a  rich  reaction  are  operationally 
critical. 

All  of  these  difficulties  and  losses  have  rendered  the 
pulsejet  non-competitive  as  a  thrust-producing  device  with  the  conventional  gas  turbine  on  a  performance  basis.  It 
would  intuitively  seem  that  the  device  would  also  yield  relatively  poor  performance  compared  to  a  PDE,  as  will  be 
shown.  However,  the  static  performance  can  be  quite  competitive. 

In  this  paper  an  experiment  is  described  with  a  pulsejet  installed  in  the  Pulsed  Detonation  Research  Facility9 
(PDRF)  at  Wright-Patterson  Air  Force  Base.  Performance  results  will  be  shown  and  compared  to  data  from  a 
statically  operated  PDE  run  at  stoichiometric  conditions  with  similar  length  scales. 

1 1 .  Experimental  Setup  and  Procedure 

The  pulsejet  tested  and  discussed  in  this  paper  is  a  Solar  PJ32,  originally  developed  and  manufactured  by  the 
Solar  Aircraft  Company  for  the  Globe  Corporation  Aircraft  Division  in  1951.  This  engine,  developed  for  use  on  a 
target  drone  (KD2G-2  Firefly)  for  the  US  Navy,  is  essentially  a  1/5-scale  version  (in  terms  of  thrust  and  inlet  area) 
of  the  Argus  pulsejet10  that  powered  the  German  V-l  “Buzz-Bomb”  in  World  War  II,  with  an  overall  engine  length 
which  is  one-half  that  of  the  V-l. 

One  of  the  attractive  features  of  pulsejets  and  PDEs  is  the  relative  simplicity  of  the  design.  Figure  4  contains  a 
schematic  of  the  engine  and  a  photograph  of  the  installation  on  the  thrust  stand9  in  the  PDRF.  The  engine  has  three 
major  sections:  1)  inlet  and  valve  array  that  control  combustion  air,  2)  fuel-injection  ring,  and  3)  combustion 
chamber  and  tailpipe. 

Combustion  air  enters  the  engine  via  the  short  diffuser  at  the  inlet.  Attached  to  the  inlet,  at  the  entrance  to  the 
combustion  chamber,  is  the  valve  array  shown  in  Figure  5 A.  The  normally  open  valve  array  serves  two  purposes:  it 
allows  the  inflow  of  a  fresh  charge  of  combustion  air  when  open  and,  when  shut  acts  as  the  thrust  wall  against  which 
the  higher  pressure  exhaust  gasses  push 
to  produce  thrust  when  shut.  The  valve 
array  has  an  overall  area  of  26  in.2  (5.4 
in.  x  4.8  in.)  and  is  composed  of  reed 
valves  and  reed-valve  shields  that  are 
separated  by,  and  seal  against,  aluminum 
spacer  blocks.  The  reed  valves  are 
fabricated  from  0.010  in.-thick  blue- 
tempered  spring  steel  and  bent 
approximately  15°.  The  actual  air- 
passage  area  through  the  valves  is  only 
42%  of  the  available  inlet  area,  which 
leads  to  rather  significant  losses  across 
the  valves.  Because  of  the  high 
temperatures  and  impact  forces 
experienced  by  the  valves  during 
operation,  the  valves  tended  to  only  last 
10-15  min  before  requiring  replacement. 

Figure  5B  shows  a  sample  reed  valve 

before  and  after  operation.  1  „  _  .  ■  .  . 

1  Figure 4.  Pulsejet  Installed  on  Thrust  Stand 
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One  major  difference  between  this  pulsejet  and  many 
carbureted  pulsejets  in  use  today  (in  addition  to  the  obvious 
difference  in  size)  is  that  it  is  operated  on  pressurized  liquid- 
hydrocarbon  fuel— in  this  case  100  Octane,  low-lead  Aviation 
Grade  Gasoline  (Avgas),  injected  at  4-15  psig  directly  into  inlet 
air  flow  entering  the  combustion  chamber.  This  injection  is 
accomplished  via  the  fuel-injection  ring  immediately  following 
the  valve  array.  A  14-in. -diameter  tube  with  a  series  of  small 
holes  drilled  along  each  side  surrounds  the  short  passage 
between  the  valves  and  the  main  combustion  chamber.  A  fuel 
line  was  connected  from  the  top  of  the  injection  ring  to  a  sealed 
10-gallon  fuel  reservoir.  Pressurized  air,  controlled  with  a 
pressure  regulator,  was  connected  to  the  fuel  tank  to  pressurize 
the  fuel.  To  test  the  fuel-delivery  system  and  visualize  the  fuel- 
injection  process,  some  preliminary  injection  tests  were 
performed  with  water  (see  Figure  6).  The  fuel  grid  formed  at 
the  injection  ring  mixes  with  the  combustion  air  as  it  passes 
through  the  valves  and  enters  the  combustion  chamber. 

The  engine  was  instrumented,  and  operating  parameters 
were  recorded  for  fuel  flows  ranging  from  lean-out  to  flood- 
out.  Five  major  parameters  were  recorded  during  testing: 
thrust,  combustion  chamber-pressure,  external  temperature 
along  the  length  of  the  engine,  fuel  flow,  and  inlet-air  flow. 

The  engine  was  mounted  on  the  previously  described  damped, 
pulsed  thrust  stand.9  Combustion-chamber  pressure  was 
measured  through  a  Vi-in.  NPT  port  that  is  2  in.  downstream  of 
the  fuel  injection  by  means  of  an  absolute  pressure  transducer. 

Type-J  thermocouples  were  clamped  to  the  exterior  of  the 
engine  at  intervals  along  the  length  to  monitor  tube  temperature.  Fuel  flow  was  measured  with  an  inline  turbine  flow 
meter  located  between  the  fuel  tank  and  the  injection  ring.  To  ensure  an  accurate  measurement  of  fuel  flow,  the  fuel 
tank  was  weighed  during  operation,  and  a  time-averaged  fuel  flow  was  derived  to  ensure  that  oscillations  in  fuel 
flow  and  fuel  pressure  due  to  the  pulsed  operation  of  the  engine  would  not  lead  to  errors  in  fuel-flow  measurements. 
Because  of  the  higher  frequency  response  and  resolution  required  for  accurate  quantification  of  the  inlet  air  flow, 
air-flow  measurements  were  made  halfway  along  the  length  of  the  inlet  duct  with  an  IF  A3 00  hot-wire  anemometer. 
A  hot-film  probe  was  attached  to  a  traverser  to  permit  air  flow  in  the  duct  to  be  measured  at  various  locations  within 
the  duct. 

As  with  most  pulsejets,  this  engine  required  a 
blast  of  air  at  the  inlet  to  begin  resonant  operation. 
Given  the  lack  of  documentation  on  this  particular 
pulsejet,  a  brief  trial-and-error  method  was  employed 
to  develop  a  suitable  startup  procedure.  In  the  end,  a 
2  in.-diameter  nozzle  was  placed  18  in.  upstream  of 
the  engine  and  directed  at  the  inlet.  Prior  to  ignition, 
facility  air  was  fed  into  the  engine  from  this  nozzle  at 
50  lbm/min,  which  served  two  purposes.  First,  this 
arrangement  provided  the  air  necessary  to  begin 
resonant  operation,  and  second,  it  acted  as  a  safety 
device  to  ensure  that  the  fuel,  once  ignited,  was 
carried  downstream.  Once  the  air  was  on,  the 
automotive  spark  plug  that  was  installed  16  in.  from 
the  engine  head  was  turned  on,  firing  at  80  Hz.  The 
fuel  pressure  was  then  set  to  a  point  above  the 
desired  set  point,  and  the  fuel  solenoid  valve  was 
opened.  The  engine  almost  immediately  began 

Figure 6.  Flow  Visualization  of  Pulsejet  Fuel  Injection  resonant  operation,  at  which  point  the  startup  air  and 

spark  were  turned  off.  The  fuel  pressure — and, 
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Figure  5.  Pulsejet  Valves 

A.  Schematic  of  Valve  Array 

B.  Two  Damaged  Reed  Valves  after 
Operation 
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hence,  the  fuel  flow  rate— was  then  set  at  the  desired  set  point,  and  the  engine  was  allowed  to  operate  for  30-60  s  at 
the  desired  fuel  flow  rate.  Once  thrust  leveled  out,  engine  test  data  were  logged,  and  air  flow  measurements  at  the 
inlet  were  made  at  various  locations  across  the  inlet.  When  the  run  was  complete,  the  facility  air  was  once  again 
turned  on  to  ensure  that  when  fuel  flow  was  shut  off  and  the  engine  ceased  resonant  operation,  any  remaining  fuel 
would  be  safely  blown  down  the  tailpipe. 


III.  Results  and  Discussion 

Testing  was  carried  out  over  the  operating 
range  of  the  pulsejet  in  an  attempt  to  categorize 
performance  fully.  Initially,  the  pulsejet  was  run 
to  determine  the  rich  and  lean  fuel-flow  limits 
and  establish  the  control  parameters.  Because  of 
the  nature  of  the  engine  and  fuel-delivery  system, 
fuel  pressure  is  the  only  variable  that  is 
controllable,  once  the  engine  is  operating.  The 
direct  relation  between  fuel  flow  rate  and  the 
fuel-injection  pressure  can  be  seen  in  Figure  7. 

As  discussed  previously,  fuel  flow  was  measured 
with  both  a  turbine  flow  meter  upstream  of  the 
fuel  injection  and  a  load  cell  that  weighed  the 
fuel  tank  over  time.  The  flow  meter,  of  course, 
gave  better  time -resolved  measurements,  while 
the  time-averaged  load  cell  fuel-flow 
measurements  were  made  to  ensure  that  any 
oscillations  in  fuel  flow  and  fuel  pressure  during 
operation  would  not  adversely  affect  flow 
measurements  with  the  turbine  flow  meter.  Data 
from  the  steady  flow  measurements  made  with 
the  two  methods  agreed  to  within  5%.  The 
metered  flow  measurements  were  used  in 
calculating  the  remaining  derived  engine- 
performance  parameters. 


A.  Pulsejet-Performance Summary 

Once  the  pulsejet  begins  resonant  operation, 

fuel  flow  is  the  only  engine-control  mechanism. 

As  expected,  thrust  was  found  to  increase  with 

fuel  flow  rate,  as  shown  in  Figure  8.  Lean  out  for 

the  PJ32  is  around  2.75  lbm/min  fuel  flow,  which 

corresponds  to  around  60  lbf  of  thrust.  As  the  fuel 

flow  rate  is  increased,  the  thrust  also  increases,  up 

to  the  flood-out  limit  of  around  4.5  lbm/min  fuel 

flow.  At  the  upper  fuel  flow  limit,  the  thrust 

topped  out  at  102  lbf.  Because  of  the  nature  of  the 

fuel-delivery  system,  throttling  response  of  the 

engine  was  somewhat  slow,  but  the  thrust  range 

was  surprisingly  large.  Note  that  all  of  the 

pulsejet  performance  results  presented  here  are 

for  self-aspirated,  static  conditions  and  that 

pulsejet  thrust  will  likely  change  as  ram  air  at  the 
2  2.5  3  3.5  4  4.5  5  •  ,  .  •  •  , 

inlet  is  increased. 

Fuel  Flow  Rate,  lbm/min 

Figure  8.  Plot  of  Thrust  vs.  Fuel  Flow  Rate 
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Given  that  the  amount  of  thrust 
produced  is  a  result  of  the  peak 
pressure  within  the  combustion 
chamber  during  operation,  it  is  not 
surprising  to  find  that  the  peak  head 
pressure  also  increases  with  fuel  flow, 
as  shown  in  Figure  9.  Also  shown  here 
are  the  minimum  head  pressure  and  the 
engine  operating  frequency  over  the 
range  of  fuel  flows.  The  minimum  head 
pressure,  i.e.,  the  level  of  vacuum  after 
cycle  blow  down  that  is  available  to 
suck  in  the  next  charge  of  combustion 
air,  decreases  with  increasing  fuel  flow. 
This  is  to  be  expected,  since  the  higher 
peak  pressures  will  generate  faster 
exhaust  gases  with  increased 
momentum,  leading  to  a  stronger 
vacuum.  Additionally,  the  cycle 
frequency  was  found  to  decrease  from 
80  Hz  to  around  75  Hz  with  increasing 
fuel  flow. 

At  first  glance  at  the  fuel  specific 
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impulse  (Isp)  for  this  pulsejet  (Figure  10),  the  operation  appears  to  be  relatively  efficient.  For  a  similarly  operating 
PDE,  one  would  expect  an  Isp  of  around  1800  s.  Pulsejet  Isp  for  extremely  lean  conditions  was  around  930  s;  but 
under  the  higher  fuel  flow  rates  near  the  rated  thrust  levels  (4. 0-4. 5  lbm/min)  Isp  is  a  more  comparable  1400-1500  s. 
Thus,  this  engine  appears  to  have  quite  good  fuel  economy,  especially  near  the  region  of  its  rated  thrust.  However, 
bear  in  mind  that  all  of  the  data  reported  here  are  for  static  operation,  and  Isp  changes  as  flight  speed  increases. 

In  addition  to  fuel  flow  rate  and  thrust,  head  pressure  and  the  inlet-air  flow  were  measured.  The  inlet-air  mass 
flow  was  calculated  over  time  from  the  air- velocity  measurements  made  in  the  inlet  with  the  hot-wire  anemometer. 
The  anemometer  traversed  across  the  inlet  halfway  between  the  valves  and  the  inlet  opening;  and  inlet-air  velocity 
had  little  to  no  dependence  on  location  within  the  duct,  with  negligible  fluctuations  near  the  wall.  Given  the  nature 
of  engine  operation,  it  is  not  surprising  that  air-flow  fluctuations  were  dependent  mainly  on  time.  After  verifying 
that  inlet  flow  could  be  assumed  to  be  independent  of  location  at  the  measurement  cross  section,  mass-flow 
measurements  were  derived  from  the  time  history  of  air-flow  velocity  measurements  by  simply  multiplying  the  air 
velocity  by  the  inlet  cross-sectional  area  (at  the  axial  location  of  the  hot  film  probe)  and  atmospheric  air  density. 
This  mass  flow  history  was  then  integrated  during  the  periods  of  time  where  there  was  inflow  into  the  engine  and 

averaged  over  subsequent  cycles  to  arrive  at  an 
average  mass  flow  for  the  engine.  Due  to 
measurement  difficulties  and  hardware  issues,  the 
centerline  inlet  velocity  was  measured,  and  the 
inlet  velocity  profile  was  assumed  to  be  uniform. 
This  is  of  course  not  the  case.  Given  that  this  is  a 
rather  complex  problem— unsteady,  pulsed  flow  in 
the  entrance  length  of  a  square  diffuser — the 
velocity  profile  was  assumed  to  be  uniform  and  no 
correction  factor  was  applied  to  reduce  the 
calculated  air  flow. 

To  aid  visualization  of  the  important  events 
during  each  cycle,  the  inlet-air  flow  and  head 
pressure  for  one  characteristic  cycle  are  plotted 
and  labeled  in  Figure  11.  The  cycle  begins  with 
the  opening  of  the  reed  valves  (Point  A).  This  is 
followed  by  a  rapid  increase  in  inflow  of  air  as  the 
pressure  in  the  chamber  reaches  its  greatest 
vacuum  (Point  B),  which  is  approximately  the 
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same  time  that  air  flow  reaches  its  peak 
flow  rate  (Point  C).  The  incoming  air 
mixes  with  the  injected  fuel  as  it  is 
sucked  into  the  combustion  chamber.  As 
the  combustion-chamber  pressure 
approaches  atmospheric,  the  air  flow  at 
the  inlet  drops  off  drastically,  until  the 
ignition  event  occurs  in  the  chamber 
(Point  D).  Immediately  following 
ignition,  a  sharp  rise  in  chamber  pressure 
occurs  as  well  as  a  sudden  increase  in 
inlet  velocity  (Point  E).  This  apparent 
increase  is  not  actual  inflow.  Because  the 
single-channel  hot-film  probe  used 
measures  axial  velocity  regardless  of 
direction,  this  rise  in  flow  is,  in  actuality, 
exhaust  gas  being  blown  back  through 
the  valves.  This  blowback  continues 
until  the  reed  valves  are  forced  shut 
(Point  F).  Once  the  valves  are  shut,  the 
internal  pressure  continues  to  rise  until  it 
reaches  its  peak  pressure  (Point  G),  after 
which  hot  exhaust  gases  continue  to  be 
blown  out  of  the  tail  pipe  until  the  valves 
open  (Point  H)  and  the  cycle  begins 
again. 

The  average  mass  flow  rate  of  combustion  air  was  calculated  by  integrating  the  inlet-air  mass  flow  rate  during 
those  periods  when  the  valves  were  open.  This  average  air  flow  rate  was  then  used  to  compute  specific  thrust  and 
equivalence  ratio,  both  of  which  are  plotted  versus  fuel  flow  rate  in  Figure  12.  As  expected,  specific  thrust  and 
equivalence  ratio  both  increase  as  fuel  flow  is  increased.  Since  pulsejets  are  noted  for  running  with  a  richer  fuel-air 
ratio,  it  is  not  surprising  that  the  maximum  thrust  occurred  in  the  operating  region  with  higher  equivalence  ratios.  As 
shown  in  the  figure,  specific  thrust  also  increases  as  the  operating  mixture  becomes  richer.  Again,  it  must  be  pointed 
out  that  the  results  are  for  static  conditions.  As  in  the  case  of  Isp  and  thrust  generated,  specific  thrust  will  change  as 

ram  air  is  increased. 

Tube  temperature  is  another  characteristic  that 
has  an  effect  on  engine  performance.  Figure  13A 
shows  peak  external  tube  temperatures  as  a 
function  of  location  along  the  tube.  Notice  the 
“hot  spot”  20-50  in.  downstream  from  the  head, 
which  is  indicative  of  where  the  significant 
portion  of  the  combustion  event  is  taking  place. 
Elevated  tube-wall  temperatures  aid  in  fuel 
vaporization  and  increase  reaction  rates. 
Unfortunately,  if  tube  temperatures  become  too 
hot,  the  engine  could  fail;  or  in  the  case  of  PDEs, 
the  engine  could  experience  premature  ignition 
and  fail  to  operate  properly.  Figure  13B  shows 
tube  temperature  over  a  65 -s  run.  For  the  results 
presented  here,  fuel  flow  was  held  constant  at  3.7 
lbm/min.  Engine  thrust  required  approximately 
25-30  s  to  level  off  after  the  engine  was  ignited. 
Interestingly  enough,  this  is  the  same  point  at 
which  the  slope  of  the  tube  temperatures  initially 
begins  to  decrease. 
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Head  for  3. 7-lbm/min  Average  Fuel  Flow  Rate 


B.  PDE/Pulsejet Comparisons 

The  most  fundamental  difference  between  a  PDE  and  a  pulsejet  is  that  during  the  PDE  cycle,  a  detonation  is 
established  within  the  combustion  tube,  while  combustion  in  a  pulsejet  is  confined  to  deflagration.  Because  a 
detonation  is  established  within  a  PDE,  the  combustion  in  a  PDE  more  closely  approximates  constant-volume 
combustion.  Considering  its  use  as  a  single-stage  propulsive  device,  the  pulsejet  is  inherently  limited  to  subsonic 
speeds;  while  theoretically  the  PDE  cycle  has  the  potential  to  attain  speeds  from  0  through  Mach  4+.11  If  these 
engines  are  to  be  used  for  propulsion,  it  is  desirable  to  view  the  pressure  histories  during  their  cycles,  given  that  this 
is  ultimately  indicative  of  the  thrust  that  could  potentially  be  produced.  Figure  14  shows  the  pressure  history  from 
experimental  data  for  three  different  cycles:  a  PDE  operating  on  Avgas  with  direct  initiation,12  a  PDE  operating  on 
Avgas  with  DDT,12  and  the  pulsejet  tested  here. 

Since  the  thrust  of  a  pulsejet  or  PDE  is  generated  by  pressure  waves  pushing  on  the  thrust  wall  of  the  engine,  it 
stands  to  reason  that  thrust  can  be  easily  derived  from  the  pressure  history.  Figure  15  shows  a  comparison  of  the 
directly  measured  thrust  of  the  pulsejet,  with  average  thrust  being  calculated  from  the  recorded  head  pressure.  The 


Figure  14.  Cycle-Head-Pressure  Comparison  of  PDE  and  Pulsejet 


8 

American  Institute  of  Aeronautics  and  Astronautics 


1214 


AIAA  2005-0228 


average  calculated  thrust  was  determined  by 
integrating  the  pressure  curve  during  the  portion  of  the 
cycle  in  which  the  valves  were  closed  and  by 
assuming  that  this  summed  pressure  acts  over  the  area 
of  the  exit  of  the  tail  pipe.  As  can  be  seen  in  the  plot, 
the  results  are  within  5-10%  of  the  measured  thrust 
and  would  have  been  closer  if  losses  and  friction  along 
the  tube  had  been  factored  into  the  thrust  calculation. 

This  should  be  the  case  for  PDEs  as  well.  From  Figure 
14,  the  higher  pressures  of  the  PDE  are  quite 
desirable,  and  provide  more  high-speed  potential. 

With  the  higher  pressures  of  the  PDE  cycle,  one  would 
expect  that  higher  thrust  with  more  efficient  expansion 
would  be  possible.  The  PDE  with  direct  initiation  is 
most  desirable,  but  currently  a  number  of  major 
hurdles  exist  to  incorporating  this  in  a  practical 
engine.  PDEs  using  DDT  would  appear  to  be  a  viable 
solution;  however,  with  DDT  much  of  the  potential 
thrust  gain  is  sacrificed  to  the  drag  losses  associated 
with  DDT.13 

The  static  performance  of  a  pulsejet  has  been  shown  to  be  comparable,  in  terms  of  Isp  and  specific  thrust,  to  that 
of  a  PDE.  One  final  comparison  that  should  be  made  for  the  two  devices  is  Isp  versus  fill  fraction  (i.e.,  the  fraction 
of  the  tube  that  is  filled  during  the  cycle).  Figure  16  shows  the  pulsejet  Isp  data  alongside  the  validated  model  of  Isp 
for  partially  filled  PDE  tubes.14  For  purposes  of  comparison,  pulsejet  fill  fraction  was  assumed  to  be  the  ratio  of  the 
volume  occupied  by  the  atmospheric  air  ingested  by  the  engine  through  the  inlet  to  the  total  engine  volume.  It  has 
been  shown  that  as  fill  fraction  decreases,  Isp  increases  significantly.  Although  the  pulsejet  at  first  appeared  to  have 
an  Isp  (1400-1500  s)  comparable  to  that  of  a  PDE  (1800  s),  when  fill  fraction  is  factored  in,  the  pulsejet  falls  far 
from  the  mark.  A  PDE  operating  with  a  fill  fraction  comparable  to  that  of  the  pulsejet  would  be  expected  to  have  an 
Isp  between  6000  and  8000  s.  Of  course,  a  pulsejet  is  self-aspirated,  and  fill  fraction  cannot  be  controlled;  however, 
if  fill  fraction  were  increased,  the  pulsejet  Isp  would  be  expected  to  decrease,  following  the  same  trend  as  that  of  the 
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IV.  Summary  and  Conclusions 

At  first  glance,  the  static  performance  of  pulsejets  appears  to  be  comparable  to  that  of  PDEs.  Upon  further 
investigation,  the  significant  differences  in  performance  and  potential  become  obvious.  The  pulsejet  tested  here  was 
operated  over  a  wide  range  of  fuel  flows  (2. 5 -4. 5  lbm/min),  which  corresponds  to  thrust  levels  ranging  from  40  to 
102  lbf.  Thrust  calculated  from  recorded  head  pressures  agrees  with  measured  thrust  to  within  5-10%.  Specific 
thrust,  calculated  using  air- flow  measurements  at  the  inlet,  is  in  the  range  40-100  lbf-s/lbm  over  the  lean-out  to 
flood-out  fuel-flow  conditions,  which  is  somewhat  lower  than  that  of  a  PDE.  Equivalence  ratios  for  operating 
conditions  range  from  0.6  to  1.0.  As  expected,  the  pulsejet  produced  the  highest  thrust  levels  when  operating  with 
richer  equivalence  ratios.  Static  Isp  for  the  pulsejet  is  1400-1500  s,  while  that  for  a  similarly  operating  PDE  is  1800 
s.  The  fill  fraction  of  the  pulsejet,  however,  is  quite  low;  as  the  fill  fraction  of  a  PDE  approaches  that  of  the  pulsejet, 
the  PDE  Isp  is  estimated  to  be  6000-8000  s,  making  the  PDE  cycle  far  more  efficient  and  desirable  at  equal 
conditions.  As  stated  previously,  limited  work  has  been  done  to  optimize  pulsejets.  There  is  no  debate  that  the  PDE 
has  far  more  potential  than  an  optimized  pulsejet;  however,  if  an  inexpensive,  simple,  low-thrust  engine  is  desired, 
an  optimized  pulsejet  would  satisfy  the  requirements. 
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Detonation  initiation  of  hydrocarbon-air  mixtures  is  critical  to  the  development  of 
the  pulsed  detonation  engine  (PDE).  Conventionally,  oxygen  enrichment  (such  as  a 
predetonator)  or  explosives  are  utilized  to  initiate  detonations  in  hydrocarbon/air  mixtures. 
While  often  effective,  such  approaches  have  performance  and  infrastructure  issues 
associated  with  carrying  and  utilizing  the  reactive  components.  An  alternative  approach  is 
to  accelerate  conventional  deflagration-to-detonation  speeds  via  deflagration-to-detonation 
transition  (DDT).  Analysis  of  hydrocarbon- air  detonability  indicates  that  mixing  and 
stoichiometry  are  crucial  to  successful  DDT.  A  conventional  Schelkin-type  spiral  is  used  to 
obtain  DDT  in  hydrocarbon- air  mixtures  with  no  excess  oxidizer.  The  spiral  is  observed  to 
increase  deflagrative  flame  speeds  (through  increased  turbulence  and  flame  mixing)  and 
produce  ‘hot-spots’  that  are  thought  to  be  compression-wave  reflections.  These  hot  spots 
result  in  micro-explosions  that,  in  turn,  then  give  rise  to  DDT.  Time -of- flight  analysis  of 
high-frequency  pressure- transducer  traces  indicate  that  the  wavespeeds  typically  accelerate 
to  over-driven  detonation  during  DDT  before  stabilizing  at  Chapman- Jouget  levels  as  the 
combustion  front  propagates  down  the  detonation  tube.  Results  obtained  for  a  variety  of 
fuels  indicate  that  DDT  of  hydrocarbon- air  mixtures  is  possible  in  a  PDE.  Succesful  DDT  in 
air  with  no  oxygen  enrichment  was  achieved  with  propane,  100  octane  low -lead  aviation 
gasoline,  kerosene  based  military  jet  fuel  JP8,  and  the  high  energy-density  military  jet  fuel 
JP10. 


I.  Introduction 

Pulsed  detonation  engines  (PDEs)  have  experienced  renewed  interest  during  the  past  several  decades.  To 
realize  potential  performance  gains  of  the  detonation  process, [1]  a  practical  hiel-air  mixture  must  be  successfully 
detonated.  Initiation  of  detonations  remains  a  technology  hurdle  for  development  of  practical  PDE  propulsion 
systems.  As  direct  initiation  of  detonations  in  hydrocarbon- air  mixtures  requires  large  ignition  energies,  small 
tube  predetonators  with  oxygen  enrichment  are  often  employed. [3,4]  Typically,  a  smaller  volume  of  fuel-oxygen  is 
utilized  as  a  predetonator  in  order  to  initiate  detonation  of  a  larger  volume  of  fuel- air.  Although  capable  of  reliably 
initiating  detonations,  systems  of  this  type  require  either  onboard  oxygen  tanks  or  generation  systems  and  are,  thus, 
undesirable  for  practical  propulsion  applications. 

Alternatively,  detonations  may  be  indirectly  initiated  via  acceleration  of  deflagration  to  detonation.  This 
deflagration-to-detonation- transition  (DDT)  process  is  difficult  to  achieve  in  a  small  volume  for  complex 
hydrocarbon  fuels  in  air.  The  key  for  performance  is  to  achieve  DDT  before  the  deflagrative  combustion  expands 
the  reactants  from  the  detonation  tube.  Although  direct  initiation  of  detonation  is  possible,  with  air  as  the  oxidizer, 
the  magnitude  of  critical  initiation  energy  for  multi-cycle  operation  is  impractical.  As  shown  in  Figure  1,  which  is  a 
plot  of  critical  initiation  energy  versus  cell  width  (X)  for  many  fuel/oxidizers  at  stoichiometric  and  near  standard 
temperature  and  pressure  (STP)  conditions,  the  critical  initiation  energy  for  practical  hydrocarbon- air  mixtures  is  on 
the  order  of  105  J,[2]  many  orders  of  magnitude  higher  than  the  energy  available  from  a  typical  spark  plug  (-100  mJ). 

This  material  is  declared  a  work  of  the  U.S.  Government  and  is  not  subject  to  copyright  protection  in  the  United 
States. 
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Consequently,  a  DDT  process  is  probably  required  for  practical  detonation  initiation  of  hydrocarbon- air  mixtures 
without  excess  oxygen.  Hydrocarbon- air  DDT  has  been  achieved  by  Santoro  and  co-workers  who  have  had  some 
success  with  ethylene-air  mixtures[5]  and  by  Smirnov  et  al.[6]  who  utilized  confinement  to  promote  DDT  of  gasoline - 
air. 


Initiation  Energy  (J) 

Figure  1.  Detonation  cell  width  versus  critical  initiation  energy.[2] 


Researchers  at  the  Pulsed  Detonation  Research  Facility  in  the  Air  Force  Research  Laboratory  at  Wright- 
Patterson  AFB  have  had  some  success  in  achieving  DDT  in  hydrocarbon- air  mixtures  within  research  PDEs.  The 
focus  of  this  paper  is  detonation  initiation  of  hydrocarbon- air  mixtures  using  a  Schelkin-type  spiral  in  a  PDE. 

II.  Theory  and  Background 

Dorofeev  et  al.[7]  have  shown  that  the  minimum  DDT  distance  scales  by  IX.  For  many  practical 
stoichiometric  hydrocarbon  fuel- air  mixtures  near  STP,  including  the  fuels  discussed  herein,  the  cell  width  is  on  the 
order  50  mm,[8]  very  similar  to  that  of  propane -air.  In  theory  then,  it  should  be  possible  to  obtain  DDT  inside  the 
lengt  a  typical  1  m  long  detonation  tube  with  hydrocarbon- air  mixtures. 

Given  that  the  detonation  cell  width  scales  by  the  total -heat-release  induction  time,[9]  it  follows  that  any 
decoupling  of  heat  release  will  result  in  increased  cell  width  and  a  corresponding  impact  upon  initiation 
requirements.  Contributors  to  the  total-heat-release  induction  time  include:  chemical- induction  and  heat-release 
time,  droplet  breakup,  evaporation,  and  mixing.  Consequently,  large  droplets  and  poor  mixing  will  significantly 
increase  cell  width  and  dramatically  impact  initiation  energy  or  DDT  distance. 

Figure  2  shows  the  impact  of  equivalence  ratio  upon  cell  size  for  several  hydrocarbon- air  mixtures  that 
have  cell  sizes  similar  to  those  of  fuels  of  interest.[10]  The  resultant  impact  upon  critical  detonation  initiation  energy 
is  dramatic  as  the  equivalence  ratio  departs  from  stoichiometric,  as  indicated  in  Fig.  2.[11]  It  is  clear  that  there  is  a 
narrow  minimum  of  cell  width/initiation  energy  near  stoichiometric.  The  critical  detonation- initiation  energy  for 
equivalence  ratios  that  are  not  near  unity  is  measured  in  megajoules  or  kilograms  of  solid-explosives  equivalent. 
Meyer  and  co-workers  have  shown  via  laser  absorption  measurements  of  fuel  that  significant  variations  in  PDE 
equivalence  ratio  can  occur  in  practice. [12] 

Though  hydrocarbon-air  mixtures  should  be  readily  detonable  in  theory,  for  the  reasons  cited  above  the 
proper  nearly  homogeneous  mixture  with  an  equivalence  ratio  near  stoichiometric  is  required;  otherwise  the 
detonation  initiation  requirements  can  quickly  become  impractical.  In  PDE  applications,  it  is  extremely  difficult  to 
produce  an  unsteady  flow  with  the  proper  equivalence  ratio.  Perhaps  it  is  fortuitous  that  the  difficulty  in  creating  the 
proper  mixture  and  conditions  for  detonation  serves  to  reduce  the  explosive  hazard  of  practical  fuel-air  mixtures. 
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Figure  2.  (a)  hydrocarbon-air  cell  width[10]  and  (b)  propane-air  critical  detonation-initiation 
energy[11]  versus  equivalence  ratio. 


III.  Experimental  Setup  and  Procedure 

Experiments  were  conducted  using  the  research  PDE  at  the  Air  Force  Research  Laboratory’s  Pulsed 
Detonation  Research  Facility.  This  PDE  controls  the  airflow  and  cycle  timing  for  up  to  four  detonation  tubes  using 
a  four- valve -per-cylinder  automotive  cylinder  head  for  valving.  Further  details  of  this  engine  can  be  found 
elsewhere  .[13] 

The  liquid-fuel  injection  system  developed  by  Tucker  and  co-workers  was  utilized  to  premix  fuel  and  air 
prior  to  the  intake  manifold. [14,15]  Fuel  flow  was  controlled  via  selection  of  fuel-injector-nozzle(s)  flow  number  and 
fuel  pressure.  Fuels  included:  propane,  aviation  gas  (100  octane,  low  lead,  henceforth  referred  to  as  ‘avgas’), 
kerosene  based  USAF  jet  fuel  JP8,  and  high  energy  density  fuel  JP10.  Propane  and  avgas  were  obtained  from  local 
commercial  suppliers,  and  military  fuels  were  obtained  from  military  stocks  through  the  Air  Force  Research 
Laboratory’s  Fuels  Branch  (AFRL/PRTG). 

Weak  ignition  ms  achieved  in  50.1  mm  internal  diameter  detonation  tubes  bolted  to  the  cylinder  head 
using  an  automotive -type  spark  plug  in  the  stock  location.  The  tubes  were  mounted  to  the  valve  system  via  an 
adapter  plate  which  contained  instrumentation  ports  for  head  pressure  and  optical  sensors.  Instrumentation  ports 
were  also  located  along  the  length  of  the  1.52  m  long  tubes.  Schelkin-type  spirals,  1.22m  long,  were  located  in  each 
of  the  tubes.  The  experimental  setup  and  instrumentation  are  shown  schematically  in  Figure  3. 


Fuel  OH  Sensor 


Figure  3.  Experimental  and  instrumentation  setup  for  hydrocarbon- air  detonation  experiments. 


Although  stainless -steel  detonation  tubes  were  utilized  for  the  majority  of  experiments,  DDT  was  observed 
with  a  polycarbonate  detonation  tube  and  fast  imaging  system,  as  described  by  Meyer  et  al.[16]  Figure  4  shows  a 
typical  result,  with  time  evolving  in  subsequent  images  from  top  to  bottom  in  Frames  a  through  z.  The  spiral  is 
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barely  perceptible  in  these  frames,  and  the  visibly  larger  vertical  bands  are  metal  supports  for  instrumentation  ports 
on  the  polycarbonate  tube.  Schelkin-type  spirals  accelerate  flame  speeds  through  turbulence  and  flame  mixing.  1  In 
addition  to  these  mechanisms,  the  high-speed  imaging  reveals  the  interaction  of  compression- wave  reflections  off 
the  spiral  obstruction,  that  create  ‘hot  spots’  typified  by  those  evident  in  Frames  f,  k,  and  q.  The  resultant 
compression  waves  from  the  intense  heat  release  of  these  hot  spots  may  coalesce  and  can  produce  ignition  and  a 
micro- explosion  event  or  events  such  as  those  shown  in  Frame  x.  A  sufficiently  strong  micro- explosion  or  the 
interaction  of  multiple  explosions  usually  results  in  a  DDT  event  (Frame  y)  with  its  subsequent  left-running 
retonation  wave  and  right-running  detonation  wave. 
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Figure  4.  High  speed  imaging  of  deflagration-to-detonation-transition  (DDT)  using  Schelkin  spiral. 

Subsequent  Frames  proceed  from  top  to  bottom. 

Typical  results  for  a  successful  hydrocarbon- air  detonation  initiation  are  plotted  in  Figure  5.  Pressure 
traces  from  near  the  detonation  tube  head  (PI  location)  to  the  tail  (P6)  and  offset  from  the  bottom  of  the  plot  to  the 
top  by  30  atm  for  each  location  respectively,  are  shown  in  Fig.  5a.  From  time-of-flight  analysis,  the  corresponding 
wavespeeds  are  shown  in  Fig  5b.  Near  the  head,  or  PI  location,  the  pressure  rise  is  gradual  with  ignition  and 
subsequent  flame  acceleration.  Flame  speeds  are  -1000  m/sec  near  this  location,  much  lower  than  the  theoretical 
Chapman- Jouget  (CJ)  detonation  speed.  Near  the  P2  location,  DDT  occurs,  which  is  evident  in  the  high 
overpressure  of  the  von-Neuman  spike  and  overdriven  detonation  wavespeed  measurement  near  this  location.  The 
subsequent  retonation  wave  is  evident  in  PI,  and  the  detonation  wavespeed  decays  to  the  equilibrium  value  of -1820 
m/sec,  which  is  very  near  the  theoretical  C-J  wavespeed  of  -1790  m/sec.  The  reduced  pressure  spike  and 


4 

American  Institute  of  Aeronautics  and  Astronautics 


1220 


wavespeed  near  the  very  end  of  the  tube,  at  location  P6,  are  indicators  of  mixture  dilution  (due  to  mixing  with  air  at 
the  tube  exit)  near  that  location. 

Because  of  the  fragile  nature,  expense,  and  thermal  drift  of  high-frequency  pressure  transducers, 
subsequent  wavespeed  results  were  obtained  with  ion  probes[17]  located  near  the  spiral  end,  as  depicted  in  Fig.  3.  It 
should  be  noted  that  ion  probes  of  this  type  indicate  the  presence  of  ions  from  the  combustion  front— not  the  pressure 
variations  detected  via  pressure  transducers.  Consequently,  ion-probe  measurements  of  wavespeed  indicate  the 
combustion  wavespeed— not  the  shock- wavespeed.  The  combustion- wavespeed  measurements  are  more  accurate  for 
evaluating  detonation  wavespeed  since  it  is  possible  to  have  a  shock- wavespeed  without  combustion. 

A  typical  data  set  is  shown  in  Figure  6(a)  for  two  detonation  tubes  firing  180  degrees  apart  at 
approximately  15  Hz  each  (30  Hz  aggregate).  For  each  data  set,  results  from  two  detonation  tubes  (Tubes  1  and  4) 
were  recorded.  For  each  tube,  data  included  the  ignition  trigger  (down  transitions  of  ign),  a  head  pressure  trace  (not 
shown  in  Fig.  6(a)  for  clarity)  and  three  ion  probes  (Locations  a,  b,  and  c  which  were  1 5  cm  upstream  of  the  end  of 
the  spiral,  at  the  end  of  the  spiral,  and  15  cm  downstream  of  the  spiral,  respectively).  As  more  clearly  shown  in  the 
plot  on  the  right  of  Fig.  6,  the  combustion  wave  front  triggered  the  ion  probes,  facilitating  wavespeed  calculations 
from  time -of- flight  analysis.  The  data  shown  were  from  JPlO-air  at  an  equivalence  ratio  of  1.0  and  a  measured 
wavespeed  of  2230  m/sec  and  1823  m/sec,  upstream  and  downstream  of  the  spiral,  respectively.  The  upstream 
wavespeed  is  probably  overdriven  beyond  CJ  because  it  is  near  the  DDT  location,  but  the  downstream  measurement 
indicates  that  the  detonation  is  nearing  equilibrium.  Also  shown  is  tube  head  pressure,  which  is  significantly  lower 
than  the  expected  value  because  of  thermal  drift  of  the  pressure  transducer  and  possible  loss  mechanisms 
described  in  greater  detail  by  Hoke  et  al.[18] 


Figure  5.  Typical  pressure  traces  (a)  for  hydrocarbon- air  mixtures  from  near  head  (PI)  to  exit  (P6)  on  the 

tube  and  bottom  to  top  on  the  plot,  offset  for  clarity.  Time  -of- flight  analysis  provides  wavespeed  (b). 

Due  to  the  sheer  volume  of  data  collected  (gigabytes),  subsequent  results  contain  only  the  downstream 
wavespeed  measurements.  This  measurement  location  provided  a  convenient  means  of  determining  whether 
detonation  occurred  while  avoiding  charge -dilution  problems  near  the  end  of  the  tube,  as  described  above  with 
regard  to  the  P6  location  measurement  of  Fig.  5. 

Subsequent  data  were  taken  using  two  tubes  to  minimize  equivalence-ratio  variations  caused  by  unsteady 
air  flow  across  the  injection  system. [15]  Fuel  flow,  determined  via  a  turbine  flow  meter  and  flow  calculations  across 
the  fuel  injectors,  is  described  further  elsewhere .[14,15]  Air  flow  was  measured  via  critical  flow  nozzles  upstream  of 
the  unsteady  engine, [13]  and  both  air  flow  and  operating  frequency  were  varied  in  order  to  provide  the  desired 
equivalence  ratio  with  a  full  tube  fill.  Operating  frequency  was  between  10  and  20  Hz  per  tube.  Spark  ignition 
delay  was  between  6  and  8  msec  after  inlet  valve  closure.  The  inlet  air  was  preheated  to  ~90°C  to  avoid  puddling  of 
liquid  fuel  in  the  intake  manifold  of  this  premixed  injection  system,  but  performance  was  found  to  be  fairly 
insensitive  to  inlet- air  temperature.  The  fuel  heating  capability  developed  by  Tucker[14,15]  was  not  utilized  except 
with  JP10  and  during  a  test  series  with  JP8.  In  both  cases  the  fuel  was  heated  to  ~280°C.  The  PDE  was  run 
approximately  30-60  sec,  allowing  the  flows  to  stabilize  before  data  were  collected  for  approximately  1  sec. 
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Figure  6.  Typical  data  collected  for  hydrocarbon- air  detonation  analysis.  Data  was  collected  for 
multiple  tubes  (a.)  and  processed  to  calculate  combustion  wavespeeds  from  time -of- flight  past  ion- probe 
signals  (b). 

Data  analysis  consisted  of  post-processing  using  the  routines  developed  by  Parker/191  and  the  following 
results  are  the  average  of  8-20  detonation  events  for  either  1  or  2  tubes.  For  each  fuel,  plots  were  made  of  the 
average  measured  wavespeeds  downstream  of  the  spiral  versus  measured  equivalence  ratio,  along  with  the  expected 
Chapman- Jouget  (CJ)  values,  which  were  calculated  using  properties  from  Gordon  and  Mcbride,  01  as  implemented 
by  Tucker. [15J  The  measured  equivalence  ratio  was  found  to  vary  no  more  than  2%  and  was  confirmed  using  the 
hydrocarbon  absorption  diagnostic  developed  by  Meyer  and  co -workers [12]  unless  otherwise  noted.  Variations  in  the 
measured  wavespeed  are  reflected  in  the  calculated  standard  deviation,  plotted  as  the  vertical  error  bars  for  each  data 
point. 

In  general,  wavespeed  results  significantly  above  the  CJ  line  are  indicative  of  an  overdriven  detonation  and 
probably  indicate  that  DDT  occurred  near  the  measurement  location  and  in  this  case,  downstream  wavespeeds  are 
likely  near  CJ.  Results  within  -10%  of  the  CJ  value  indicate  that  a  steady  detonation  was  achieved.  If  the  results 
are  significantly  less  than  the  CJ  values,  e.g.  less  than  -1500  m/sec,  it  is  likely  that  detonation  was  probably  not 
achieved  or  achieved  only  intermittently  at  that  particular  test  condition.  If  the  plotted  wave  speed  error  bars  are 
small,  results  were  fairly  consistent.  It  follows  that  large  error  bars  that  widely  vary  across  the  theoretical  CJ 
wavespeed  either  above  or  below  indicate  intermittent  failure  to  DDT  for  the  latter  case  and  intermittently 
overdriven  for  the  former. 


IV.  Results  and  Discussion 

Detonation  failed  to  occur  if  large  droplets  were  present  and/or  the  fuel-air  mixture  was  not  homogenous. 
In  fact,  it  was  extremely  difficult  to  ignite  a  deflagration  if  these  conditions  were  present.  Ignition  characteristics  of 
the  fuels  tested  are  not  particularly  favorable  near  STP  conditions.  With  the  proper  fuel  injection  scheme  and 
mixing,  DDT  was  observed  for  every  fuel  tested. 

It  should  be  noted,  as  shown  in  Fig.  6(b),  that  the  time  required  from  spark  to  DDT  was  typically  10  msec 
and  may  hinder  practical  cycle  rates.  The  majority  of  this  time  (-8  msec)  was  observed  to  be  the  time  between 
spark  and  establishment  of  a  deflagration  flame  kernel  resulting  from  the  long  chemical  induction  times  of 
hydrocarbon  fuels  in  air  at  near- ambient  conditions. 

Measured  propane-air  wavespeeds  versus  equivalence  ratio  are  plotted  in  Figure  7  and  compared  to 
theoretical  CJ  wavespeeds.  Results  varied  widely  with  propane -fuel.  This  is  reflected  in  the  data  as  many  points  are 
near  1000  m/sec  (choked  flame  wavespeed).  Still  propane-air  was  observed  to  detonate  consistently  during  some 
runs  with  an  equivalence  ratio  of  -0.9.  For  the  wavespeeds  above  1500  m/sec  near  stoichiometric  conditions, 
overdriven  upstream  wavespeeds  (not  shown)  are  indicative  that  DDT  was  achieved  and  the  resulting  slightly  slower 
wavespeeds  probably  indicate  poor  mixing.  In  general,  the  ability  to  initiate  a  detonation  in  propane  was  poorer 
than  with  the  other  fuels  reported  herein.  Factors  which  may  have  contributed  to  the  difficulty  in  detonating  include 
poor  mixture  control  and  fuel  chemistry. 
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Figure  7.  Wavespeed  versus  equivalence  ratio  for  propane  fuel-air. 


Propane  was  the  only  fuel  supplied  from  a  multi-phase  storage  container.  Although  data  were  collected 
when  flow  measurements  were  as  stable  as  possible,  fluctuations  in  fuel  flow  measurements  were  indicative  of  some 
occurrences  of  multi-phase  flow.  Secondly,  propane  was  supplied  at  lower  feed  pressures  than  the  other  fuels  and 
was  thus  more  susceptible  to  pressure  oscillations  in  the  fuel  injection  manifold  caused  by  the  unsteady  inlet  air 
flow.  The  impact  of  these  effects  was  estimated  and  is  reflected  in  the  larger  error  bars  shown  for  the  equivalence 
ratio  in  Fig.  7  relative  to  the  other  fuels  in  subsequent  results. 

Propane  also  has  a  higher  octane  number  (108)  than  any  other  fuel  tested  in  this  engine.  Tucker  observed 
in  the  literature  and  in  his  own  experiments  that  the  octane  number  significantly  impacted  DDT  events. [15]  Propane, 
a  pure,  single-component  fuel,  may  detonate  relatively  inconsistently  due  to  the  lack  of  small  amounts  of  more 
detonable  species  found  in  multi- component  fuels  that  may  contribute  to  phenomena  critical  to  DDT. 

Avgas,  with  results  shown  in  Figure  8,  was  observed  to  detonate  consistently  for  an  equivalence  ratio 
ranging  from  ~0.9  to  -1.3.  In  general  the  small  error  bars  and  results  slightly  above  the  theoretical  values  indicate 
that  a  detonation  was  consistently  established  upstream  of  the  measurement  location  with  this  fuel.  Both  the  fuel 
lean  and  rich  results  show  moderately  overdriven  wavespeeds -indicative  of  late  (near  the  measurement  location) 
DDT  events. 
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Figure  8  Wavespeed  versus  equivalence  ratio  for  aviation  gasoline  fuel -air. 
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Unheated- JP8  injection  results,  plotted  in  Figure  9,  show  that  the  jet  fuel  did  detonate,  but  only  above  an 
equivalence  ratio  of  1.05.  Despite  the  low  volatility  of  this  military- grade  jet  fuel,  which  was  specifically  designed 
to  minimize  flammability  and  explosive  hazards,  DDT  is  achieved  surprisingly  consistently.  This  is  reflected  in  the 
narrow  error  bars  and  consistent  wavespeeds  and  is  potentially  a  result  of  JP8  fuel’s  low  octane  rating  relative  to 
propane  and  avgas. 

Upon  heating  JP8  to  approximately  280°C  prior  to  injection,  the  detonability  range  and  repeatability  were 
much  better.  Figure  10  shows  that  detonation  was  achieved  for  equivalence  ratios  as  low  as  0.9  and  in  every  test 
data  point  above  an  equivalence  ratio  of  0.95.  For  most  of  the  results  discussed  above,  data  were  not  taken  at  higher 
equivalence  ratio  than  shown  because  the  engine  began  to  run  more  intermittently  as  observed  by  the  increasing 
deviation  of  the  error  bars  in  Figs.  7  -9  for  the  fuel-rich  limit.  That  was  not  the  case  for  the  data  shown  in  Fig.  10 ; 
here  results  were  not  obtained  at  higher  equivalence  ratio  operating  conditions  with  hot-JP8  injection  because  rich 
operation  is  of  little  interest  for  PDE  performance. 
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Figure  9.  Wavespeed  versus  equivalence  ratio  for  unheated  JP8  fuel  -air. 
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Figure  10.  Wavespeed  versus  equivalence  ratio  for  heated  JP8  fuel -air. 
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Figure  11.  Wavespeed  versus  equivalence  ratio  for  heated  JP10  fuel-air. 


Because  JPlO-air  cell  sizes  are  similar  to  JP8-air,  little  attention  was  dedicated  to  detonation  of  JPlO-air.  It 
was  theorized  that  if  JP8-air  detonated  in  the  research  PDE,  then  JPlO-air  ought  to  detonate  in  a  similar  manner. 
The  results  in  Figure  11  were  obtained  to  show  that  it  is  possible  to  DDT  JP10  in  air.  Although  many  of  the 
measured  wavespeeds  are  lower  than  the  theoretical  CJ  values,  most  of  the  results  are  above  1600  m/sec  and  well 
above  the  choked  flame  regime.  Although  these  JP10  results  represent  a  much  smaller  sample  set  than  the  other 
fuels,  they  indicate  that  it  is  possible  to  obtain  DDT  with  JPlO-air  for  a  tested  equivalence  ratio  range  of  0.9 -1.3. 
Like  propane,  JP10  is  a  signal  component  fuel,  and  this  may  have  contributed  to  the  variation  in  results. 


V.  Summary  and  Conclusions 


Deflagration  to  detonation  transition  (DDT)  was  achieved  within  the  first  1.22m  in  a  research  pulsed 
detonation  engine  for  a  variety  of  hydrocarbon  fuels  in  air,  including:  propane,  aviation  gasoline,  JP8,  and  JP10. 
The  equivalence  ratio  for  successful  detonation  initiation  ranged  from  ~0.9  to  1.3,  which  corresponds  to  a  cell  width 
of  less  than  -100  mm.  Thus,  these  results  are  consistent  with  Dorofeev’s  scaling  rules  for  DDT.[7]  Mixture 
homogeneity  was  critical  to  successful  detonation  initiation.  Failure  to  produce  well  mixed  reactants  with  the  proper 
equivalence  ratio  will  likely  result  in  increasing  cell  size  and  resultant  difficulty  in  achieving  DDT.  Fuel  heating 
was  helpful  when  detonating  low- volatility  fuels.  High  octane  number  and  single- component  fuels  had  more 
variability  in  results. 
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Impact  of  DDT  Mechanism,  Combustion  Wave  Speed, 

T emperature,  and  C  harge  Quality  on  Pulsed-Detonation- 

E  ngine  Performance 

J.  L.  Hoke  and  R.  P.  Bradley 
Innovative  Scientific  Solutions  Inc.,  Dayton,  OH  45440 
F.  R.  Schauer 

Air  F orce  Research  Laboratory,  WPAFB,  OH  45433 

A  number  of  factors  can  have  an  effect  on  the  performance  of  a  pulsed  detonation 
engine  (PDE ),  detonation  initiation,  combustion  wave  speed,  detonator  wall  temperature 
and  the  homogeneity  of  the  fuel-air  charge.  These  factors  are  evaluated  using  a  single-tube 
hydrogen-air  PDE  operating  between  10  and  29  Hz.  Geometries  employed  to  transition  the 
deflagration  to  detonation  (DDT)  degrade  PDE  performance  during  the  exhausting  process. 

This  effect  is  insignificant  for  hydrogen-air  mixtures  because  the  DDT  mechanism  can  be 
unobtrusive,  but  the  effect  can  be  significant  for  less  reactive  mixtures.  Typical  DDT 
geometries  used  for  hydrocarbon-air  mixtures  result  in  a  degradation  of  35%  for  the 
hydrogen-air  mixture.  The  drag  on  the  DDT  mechanism  is  also  found  to  increase  with 
distance  from  the  thrust  wall.  I  n  an  effort  to  evaluate  the  effect  of  combustion  wave  speed 
on  thrust,  the  ignition  location  is  varied.  For  choked  flames  the  performance  difference 
from  detonation  is  unmeasurable;  but  as  the  maximum  flame  velocity  decreases  from  the 
choked-flame  velocity,  the  performance  decreases.  At  800  m/s  the  thrust  was  16%  below 
that  of  a  detonation  and  at  400  m/s  the  thrust  degradation  is  between  17  and  34% .  H  igh 
tube-wall  temperatures  reduce  the  losses  in  heat  during  the  blow-down  process  but  increase 
the  temperature  and  decrease  the  density  of  the  fresh  charge,  resulting  in  lower  peak 
pressuresand  charge  spillage.  As  the  tube  temperature  increases,  the  PDE  performance 
decreases  by  20%  at  10  Hz  and  approximately  10%  at  15  and  20  Hz.  The  axial 
homogeneity  of  the  fuel-air  charge  is  decreased  by  changing  the  location  of  the  fuel 
injection.  Decreases  in  performance  of  14%  are  recorded  at  10  H  z,  even  though  detonation 
is  achieved  in  both  cases. 


I .  I  ntroduction 

Pulsed  detonation  engines  (PDE’s)  are  a  topic  of  renewed  interest  during  the  past  several  decades. 

Recently,  researchers  have  developed  and  demonstrated  the  technology  of  detonating  practical  hydrocarbon-fuel-air 
mixtures  in  a  multi-cycle  apparatus1.  As  the  technology  develops  toward  a  practical  device,  the  subtle  details 
become  more  significant.  Several  factors  that  have  an  adverse  effect  on  PDE  performance  are  examined.  These 
factors  are  detonation  initiation,  combustion  wave  speed,  tube-wall  temperature,  and  charge  homogeneity. 

Several  researchers  have  examined  some  of  these  factors.  Cooper  et  a/,  found  a  reduction  of  25%  in 
impulse  caused  by  the  DDT  mechanism  for  single-impulse  experiments2.  At  the  extreme  ends  of  combustion  wave 
speed,  constant  pressure  combustion  verses  constant  volume,  there  is  a  significant  difference  in  performance,  but 
little  work  has  been  done  in  the  unstable  region  between  these  conditions.  Tube  temperature  has  been  examined 
with  respect  to  loss  of  thrust  due  to  heat  transfer  from  the  exhaust  products  to  the  tube  wall  and  found  to  be 
insignificant  in  one  study,  10  to  15%  in  another  and  up  to  20%  in  a  third  study  depending  on  tube  aspect  ratio  3-5 . 
Here  the  tube  temperature  was  examined  with  respect  to  transferring  heat  to  the  fresh  fuel-air  charge.  The  quality  of 
mixing  of  the  fuel  and  air  has  been  found  to  be  a  factor  preventing  the  ability  to  detonate  a  fuel-air  mixture  and  it  is 
generally  thought  that  for  liquid  fuel  and  air,  the  liquid  droplet  size  must  be  below  10  pm.  In  this  research,  the 
effect  of  non-homogenous  fuel-air  mixture  under  two  detonating  conditions  is  evaluated. 


This  material  is  declared  a  work  of  the  U.S.  Government  and  is  not  subject  to  copyright  protection  in  the  United 
States. 

1 

American  Institute  of  Aeronautics  and  Astronautics 


This  material  is  declared  a  work  of  the  U.S.  Government  and  is  not  subject  to  copyright  protection  in  the  United  States. 


1227 


II.  Experimental  Apparatus  and  Procedure 


Experiments  were  conducted  using  the  PDE  at  the  Air  Force  Research  Laboratory’s  Pulsed  Detonation 
Research  Facility.  This  PDE  uses  the  “head”  of  a  General  Motors  automotive  engine  to  control  the  airflow  into  the 
detonation  tube.  The  PDE  cycle  consisted  of  equal  time  allotted  for:  i)  filling  the  detonation  tube  with  pre-mixed 
hydrogen  and  air  at  an  equivalence  ratio  of  one,  ii)  ignition,  detonation,  and  blow-down,  and  iii)  purging  of  the 
detonation  tube  with  air.  For  these  experiments  the  pressure  upstream  of  the  automotive  poppet  valves  was 
controlled  such  that  during  the  fill  cycle  the  mass  flow  of  pre-mixed  fuel  and  air  was  equivalent  to  the  volume  of  the 
tube  times  the  density  of  the  fuel-air  charge  at  the  gas  temperature  upstream  of  the  poppet  valves  and  atmospheric 
pressure  times  the  operating  frequency.  This  was  defined  as  a  fill  fraction  (FF)  of  one  and  all  tests  during  this 
research  were  conducted  at  a  fill  fraction  of  one.  The  purge  fraction  (PF)  was  defined  in  the  same  manner  and  was 
held  constant  at  one-half  for  all  experiments.  The  fuel-air  mixture  was  ignited  with  a  1 15  mJ  spark  at  the  closed  end 
for  most  experiments.  Further  details  of  this  engine  are  given  by  Schauer  et  al.6 

The  PDE  was  operated  at  10,  15,  20,  25,  and  29  Hz.  The  ignition,  detonation,  and  blow-down  for  the 
hydrogen-air  mixture  in  a  72  in.  (1.83  m)  detonation  tube  requires  approximately  8  ms  to  complete.  There  was 
unused  time  during  the  ignition,  detonation  and  blow-down  portion  of  the  cycle  for  all  frequencies  tested.  The 
ignition  delay  (ID)  was  either  0  or  6  ms  (time  between  intake  valve  closure  and  spark). 

The  tube  was  instrumented  with  a  dynamic  pressure  transducer  at  the  closed  end  of  the  tube  and  ion  probes 
at  various  intervals  along  the  length  of  the  detonation  tube.  Thrust  was  measured  on  a  damped  thrust  stand  where 
displacement  was  proportional  to  thrust.  The  thrust  stand  was  oscillated,  and  the  displacement  averaged  over 
several  seconds  to  eliminate  hysteresis  and  improve  accuracy.  The  repeatability  of  the  thrust  measurement  is  shown 
in  Fig.  1  and  was  within  2%  of  the  average  of  three  identical  experiments  conducted  with  50  days  elapsing  between 
the  first  and  last  experiment. 
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Figure  1.  Thrust-Measurement  Repeatability  within  2%  of  Average. 


The  detonation  tube  consisted  of  2  in.  (5 1  mm)-diameter  schedule-40  pipe  nipples  connected  together  with 
couplings  to  make  a  ~72  in.  (1.83m)  long  detonation  tube.  A  schematic  of  the  various  configurations  tested  is 
shown  in  Figure  2.  The  tube  labeled  “A”  had  no  DDT  mechanism,  “B”  had  two  3/8  in.  bolts  inserted  across  the 
detonation  tube  at  4.25in.  (0.108  m)  and  10.25  in.(0.260  m)  from  the  closed  end  of  the  tube.  Tube  “C”  had  the 
same  two  bolts  inserted  at  16.75  in.  (0.425  m)  and  22.75  in.  (0.578  m)  from  the  closed  end.  In  experiments  “D”  thru 
“I”  a  16  in.  (0.406  m)  Schelkin-like  spiral  was  placed  at  various  locations  inside  the  detonation  tube.  The  start  of  the 
spiral  was  located  at  the  closed  end  of  the  detonation  tube,  14,  26.5,  37.5,  49,  and  60.25  in.  (0.356,  0.673,  0.953, 
1.245,  and  1.578  m)  from  the  closed  end  of  the  detonation  tube.  In  experiment  J,  a  48  in.  (1.219)  spiral  was  inserted 
into  the  detonation  tube,  starting  at  the  closed  end.  The  volume  and  surface  area  of  the  DDT  mechanism  are  given 
in  Table  1.  Note  that  configurations  “H”  and  “I”  did  not  detonate  and  that  configuration  “C”  and  “B”  gave  identical 
results. 
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During  the  experiments,  the  thrust  and  wave  speeds  were  recorded  at  the  maximum  thrust  which  because  of 
the  averaging  used  in  the  thrust-measurement  technique  occurred  approximately  35  sec.  after  the  engine  was  started. 

Detonation 

tubes 


Figure  2.  Schematic  of  Cross  Section  of  Detonation  Tubes  Tested.  Hatched  area  represents  Schelkin-like  DDT 
mechanism,  and  solid  lines  on  B  and  C  represent  location  of  3/8  in.  bolts  that  were  inserted  into  the  detonation  tube. 

Table  1  Volume  and  Surface  Area  of  DDT  Internal  Geometry  in  the  Detonator  Tube 


Experiment 

DDT  Mechanism 
volume  in3  (m3xl06) 

DDT  Mechanism 
surface  area  in2  (m2x 
103) 

A 

0 

0 

B 

.46  (7.54) 

4.9  (3.16) 

C 

.46  (7.54) 

4.9  (3.16) 

D 

3.1  (50.7) 

64.5  (41.6) 

E 

3.1  (50.7) 

64.5  (41.6) 

F 

3.1  (50.7) 

64.5  (41.6) 

G 

3.1  (50.7) 

64.5  (41.6) 

H 

3.1  (50.7) 

64.5  (41.6) 

I 

3.1  (50.7) 

64.5  (41.6) 

J 

9.4  (154) 

193  (124.5) 

III.  Experimental  Results  and  Discussion 

Pulsed  detonation  engines  have  potential  for  high  performance;  however,  several  aspects  of  the  PDE  design,  if 
not  given  proper  attention,  can  lead  to  degraded  performance.  The  first  factor  is  detonation  initiation.  Pre¬ 
detonators  can  lead  to  a  large  auxiliary  oxygen  tank,  while  a  DDT  mechanisms  can  reduce  system  performance  due 
to  drag.  The  second  factor  is  combustion  wave  speed.  This  factor  is  difficult  to  evaluate,  but  several  experiments 


3 

American  Institute  of  Aeronautics  and  Astronautics 


1229 


were  conducted  and  analyzed.  The  third  factor  is  low  charge  density  due  to  heat  transfer  from  the  tube  walls  to  the 
incoming  charge.  The  fourth  and  final  factor  is  the  homogeneity  of  the  fuel-air  mixture. 

A.  Detonation  Initiation  and  Thrust 

The  method  used  to  achieve  a  detonation  can  influence  the  performance  of  the  PDE  .  A  pre-detonator 
should  produce  the  maximum  attainable  thrust  by  a  fuel-air  mixture  in  the  main  detonation  tube;  however,  it  has 
been  shown  for  single  detonation  events  that  the  thrust  produced  was  not  dependent  on  the  location  of  detonation 
initiation  as  long  as  a  detonation  was  produced  within  the  detonation  tube7  With  a  pre-detonator  a  detonation 
propagates  the  entire  length  of  the  detonation  tube  with  no  retonation  wave  produced  in  the  main  detonator  tube  and 
no  obstacles  along  the  main  detonator  tube  to  restrict  the  exhausting  of  the  detonation  tube.  The  lack  of  obstacles  is 
also  beneficial  from  a  pressure  point  of  view  during  the  filling  process.  In  this  research,  a  detonation  was  achieved 
in  the  pre-detonator  but  the  combustion  decoupled  from  the  shock  as  the  detonation  transitioned  into  the  main  tube. 
The  detonation  reestablished  approximately  20"  (0.508)  along  the  detonation  tube.  In  the  pre-detonator  geometry 
tested,  the  pre-detonator  was  not  ideal,  and  no  thrust  data  was  obtained  with  a  properly  designed  pre-detonator. 

Many  experiments  were  conducted  to  determine  the  effect  of  the  DDT  mechanism  on  thrust.  In  Figure  3 
the  thrust  produced  by  configurations  “D”  and  “J”  is  plotted.  In  both  cases,  a  detonation  was  produced  within  20  in. 
(0.508  m)  of  the  thrust  wall  however  the  thrust  produced  with  the  longer  spiral  is,  on  average,  35%  lower  than  that 
produced  using  the  shorter  spiral.  Of  course  the  detonation  wave  speed  was  reduced  through  the  48  in.  (1.219  m) 
spiral.  The  lower  thrust  was  attributed  to  drag  of  the  long  spiral  during  the  blow-down  process.  Additional  tests 
were  conducted  with  the  16  in.  (0.406  m)  spiral  placed  farther  from  the  thrust  wall  in  configuration  “E,  F,  and  G”. 
As  expected,  the  thrust  decreases  as  a  larger  percentage  of  the  combustion  products  flow  over  the  DDT  mechanism, 
see  Fig  4.  Interestingly,  the  sum  of  the  thrust  lost  from  configurations  “D”  to  “E,  F  and  G”  is  similar  to  the  thrust 
loss  from  “D”  to  “J”.  If  one  adds  the  internal  geometry  of  configurations  “D,  E,F  and  G”,  the  resulting  geometry  is 
similar  with  some  overlap  to  configuration  “J.”  The  thrust  level  computed  when  adding  the  drag  of  “E,  F,  and  G” 
and  subtracting  that  from  “D”  is  within  14%  of  the  thrust  level  of  configuration  “J.” 

As  short  as  the  spiral  was  in  configuration  “D”  (16  in.  or  0.406  m)  the  thrust  was  still  significantly 
decreased  by  the  drag  over  this  spiral.  In  Figure  5  the  thrust  measured  in  configuration  “B”  and  “D”  is  plotted.  The 
thrust  produced  by  the  16  in.  (0.406m)  spiral  (“D”)  is  on  average,  6%  lower  than  that  produced  using  the  two  3/8" 
bolts  inserted  across  the  detonator  tube.  In  both  experiments,  detonation  was  achieved.  Figure  6  shows  the  thrust 
comparison  between  configuration  “D”,  a  16  in.  (0.406  m)  spiral  and  configuration  “A”,  an  unrestricted  tube.  At  10 
and  15  Hz  configuration  “A”  did  not  detonate  and  the  thrust  was  approximately  20%  lower.  At  20  Hz,  the  thrust 
was  identical  and  the  mixture  detonated  some  of  the  time.  The  lowest  maximum  wave  speed  recorded  was  880  m/s. 
If  the  unrestricted  tube  was  detonating  all  of  the  time,  the  thrust  level  should  exceed  that  measured  with  the  16  in. 
(0.406  m)  spiral.  For  multi-cycle  PDE’s  detonation  is  easier  to  achieve  at  higher  frequencies  because  the  pressure 
oscillations  induced  during  the  fill  cycle  are  stronger,  interact  with  the  developing  combustion  wave,  and  promote 
the  transition  to  detonation. 


Figure  3  Effect  of  DDT  Mechanism  on  Thrust  for  Configurations  “D”  and  “J”.  In  both  cases  a  detonation  was 

achieved  within  20  in.  (.508  m)  of  the  thrust  wall 
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Figure  4  Thrust  Measured  for  Different  Locations  of  a  16  in.  (0.406m)  DDT  mechanism  along  the  detonator  tube 


Frequency  [Hz] 

Figure  5  Comparison  of  the  Thrust  Produced  Using  a  16  in.  (0.406  m)  spiral  and  two  3/8  in.  bolts. 


Figure  6  Comparison  of  Thrust  for  16  in.  (0.406  m)  spiral  and  no  DDT  mechanism. 
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B .  C  ombustion  W ave  Speed  and  T hr ust 

Controlling  the  combustion  wave  speed  was  difficult;  however,  by  varying  the  ignition  location  along  the 
detonation  tube,  the  thrust  was  measured  and  plotted  along  with  the  maximum  combustion  wave  speed  achieved  in 
the  detonation  tube.  This  was  done  to  keep  the  internal  drag  and  geometry  identical  from  experiment  to  experiment 
in  an  attempt  to  isolate  the  effect  of  combustion  wave  speed  on  thrust.  Figure  7  is  a  plot  of  the  thrust  versus 
frequency  for  four  different  spark  locations  and  the  maximum  combustion  wave  speed  is  annotated  adjacent  to  each 
point  in  the  figure.  With  the  ignition  at  the  thrust  wall,  a  detonation  was  achieved  during  every  event  at  every 
frequency.  When  the  ignition  was  moved  to  17  in.  (0.432  m)  from  the  thrust  wall,  a  detonation  was  only  achieved  at 
20  Hz  while  the  maximum  combustion  speed  at  15  Hz  was  1000  m/s  and  at  10  Hz  was  800  m/s.  Again,  for  multi¬ 
cycle  PDE’s,  detonation  is  easier  to  achieve  at  higher  frequencies  because  the  pressure  oscillations  induced  during 
the  fill  cycle  are  stronger,  interact  with  the  developing  combustion  wave,  and  promote  the  transition  to  detonation. 
The  thrust  at  an  ignition  point  of  17  in.  (0.432  m)  down  the  length  of  the  tube  was  16%  lower  than  the  thrust 
measured  when  the  ignition  was  at  the  thrust  wall  at  10  Hz  and  almost  indistinguishable  at  15  Hz  (4%  lower)  where 
a  chocked  flame  developed  and  at  20  Hz  (3%  lower)  where  a  detonation  was  achieved. 

When  the  ignition  point  was  moved  to  43  in.  (1.092  m)  from  the  thrust  wall,  the  maximum  combustion 
wave  speed  recorded  was  -400  m/s  for  all  frequencies,  nearing  the  limit  of  sensitivity  for  the  ion  probes.  The  thrust 
recorded  was  considerably  lower  than  a  detonation  being  34,  24,  and  17%  lower  at  10,  15  and  20  Hz  respectively. 

At  an  ignition  point  of  68  in.  (1.727  m),  the  combustion  wave  speed  could  not  be  measured  by  the  ion  probes  and 
was  probably  subsonic.  The  thrust  levels  recorded  were  65,  47,  and  35%  lower  than  the  detonation  case  at  10,  15, 
and  20  Hz,  respectively. 


Frequency  [Hz] 

Figure  7  Combustion  Wave  Speed  verses  Thrust  Produced.  The  ignition  location  was  varied.  “Det”  refers  to 

detonation. 


C.  Tube  Wall  Temperature  and  Thrust 

A  72  in.  (1.83  m)  detonation  tube  in  configuration  “D”  was  run  to  thermal  equilibrium.  As  shown  in  Fig.  8 
the  thrust  initially  reaches  a  maximum  soon  after  the  PDE  was  started;  but  as  the  detonator-tube  temperature 
increased,  the  thrust  decreased  to  a  steady-state  value  approximately  300  seconds  after  the  device  was  started.  For 
this  particular  case  of  10  Hz  operation  with  a  FF  of  1,  a  PF  of  0.5  and  6  ms  ignition  delay,  the  steady-state  value  of 
thrust  was  80%  of  the  maximum  recorded.  At  15  and  20  Hz,  the  steady  state  value  of  thrust  was  90  and  88%  of  the 
maximum,  respectively.  The  time  constant  to  reach  63%  of  the  steady  state  temperature  was  decreased  with 
increasing  frequency  at  85,  75,  and  65  seconds  for  10,  15  and  20  Hz,  respectively. 

This  decrease  in  performance  was  attributed  to  heat  transfer  from  the  detonator  tube  wall  to  the  fuel-air 
charge  during  the  filling  process.  The  heat  added  to  the  fuel-air  charge  increases  the  temperature  and  decreases  the 
density  resulting  in  lower  thrust  pressure  and  a  higher  percentage  of  “spilled”  fuel-air  charge.  The  loss  in  thrust 
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decreased  from  20%  at  10  Hz  to  -10%  at  15  and  20  Hz.  Thrust  losses  would  be  expected  to  decrease  at  higher 
frequencies  because  the  heat-transfer  coefficient  is  proportional  to  the  Reynolds  Number  generally  to  a  power  of  less 
than  one,  and  the  duration  of  heat  transfer  decreases  proportionately  with  increasing  frequency8.  (The  characteristic 
velocity  of  the  filling  process  is  proportional  to  frequency,  but  the  associated  heat-transfer  coefficient  increases  with 
velocity  to  a  power  less  than  one.) 
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Figure  8  Thrust  and  Temperature  verses  Time  Configuration  “D” 

D .  C  harge  H  omogeneity 

Because  of  the  speed  of  detonation,  the  fuel-air  mixture  must  be  homogeneous  or  near  homogenous  to 
achieve  a  detonation.  For  liquid  fuels  the  droplet  size  required  to  achieve  a  detonation  is  thought  to  be  below  10 
jam.  In  this  research  hydrogen-air  was  used  and  mixing  was  fundamentally  simpler  with  gas-gas  mixtures  than  with 
liquid  fuels;  however,  heterogeneous  mixtures  can  be  created.  In  the  research  PDE  a  single  detonation  tube  was 
used  for  all  of  these  experiments.  The  duty  cycle  of  the  combustion  air  flow  was  33%  so  the  combustion  air  is 
started  and  stopped  at  the  inlet  of  the  PDE;  however,  the  hydrogen  was  injected  into  the  combustion  air-stream  at  a 
constant  rate,  being  choked  at  the  injection  point.  Typically  the  injection  is  performed  at  a  location  where  the 
combustion  air  stream  velocity  is  relatively  constant  and  any  variation  in  equivalence  ratio  is  diminished  by 
diffusion,  and  mixing  since  the  pre-mixed  charge  traveled  through  several  bends.  The  mixture  quality  was  not 
evaluated  but  rather  the  hydrogen  injection  point  was  moved  from  32  in.  (0.813  m)  upstream  of  the  PDE  valves  to 
99  in.  (2.5  m)  upstream  of  the  valve.  In  both  hydrogen  injection  configurations  a  detonation  was  achieved  at  all 
frequencies.  The  thrust  measured  for  the  99  in.  (2.5  m)  upstream  injection  point  was  14%  higher  at  10  Hz  and 
decreased  to  6%  at  29Hz  (see  Fig.  9).  This  decrease  in  the  difference  in  thrust  with  frequency  was  attributed  to 
better  mixing  at  the  higher  air  velocities  associated  with  the  higher  frequencies.  In  Fig.  10,  the  pressure  at  the  thrust 
wall  of  the  tube  was  compared  for  the  two  different  injection  points.  There  is  a  noticeable  difference  in  the  shape  of 
the  thrust  wall  pressure  as  well  as  the  magnitude.  These  pressure  traces  shown  are  the  average  of  four  pressure 
traces  acquired  during  each  run  and  appear  to  be  identical  to  the  individual  traces;  thus  the  averaging  reduces  some 
of  the  noise  associated  with  this  dynamic  pressure  transducer. 

We  speculate  that  the  fuel  injection  point  at  32  in.  (0.813  m)  resulted  in  rich  and  lean  regions  along  the 
detonator  tube.  Although  the  mixture  was  of  sufficient  quality  to  achieve  a  detonation,  all  of  the  fuel  is  not 
consumed  in  the  rich  regions  and  all  of  the  oxygen  is  not  used  in  the  lean  regions  resulting  in  reduced  performance. 
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This  decrease  in  thrust  due  to  fuel-air  inhomogeneity  could  be  responsible  for  some  of  the  scatter  reported  in  thrust 
measurements  and  will  probably  be  responsible  for  scatter  in  emission  data  gathered  when  the  technology  reaches 
that  level. 


Frequency  [Hz] 


Figure  9  Effect  of  Hydrogen  Injection  Location  on  Thrust.  A  detonation  was  achieved  in  all  experiments. 
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Figure  10  Effect  of  Hydrogen  Injection  Location  on  Thrust  Wall  Pressure  History 
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IV.  Summary  and  Conclusions 


As  the  technology  for  creating  practical  pulsed  detonation  engines  matures,  more  emphasis  and  research 
will  be  need  on  the  subtle  details.  In  this  study  it  was  reaffirmed  that  the  DDT  mechanism  can  have  a  significant 
impact  on  performance.  For  hydrogen  and  air  the  impact  was  small  but  for  more  non-reactive  mixtures  the  impact 
could  be  up  to  35%.  Pre-detonators  may  not  provide  the  answer  because  of  the  oxygen  enrichment  generally  used; 
therefore,  research  into  low  drag  DDT  mechanisms  is  needed.  The  difference  in  performance  between  a  detonation 
and  choked  flame  was  below  the  resolution  of  the  thrust  stand,  but  when  the  maximum  combustion  front  velocity 
was  below  800  m/s  significant  losses  in  performance  were  recorded.  This  information  could  be  used  to  minimize 
the  length  of  the  DDT  mechanism  and  increase  performance.  Although  much  effort  has  been  expended  to  examine 
the  heat  lost  from  the  combustion  gasses,  this  study  finds  that  heat  transfer  to  the  fresh  fuel  air  charge  decreases 
performance  by  up  to  20%.  A  back-pressurization  device  is  needed  to  minimize  fresh  charge  expansion  and  losses 
caused  by  “spillage.”  Lastly,  the  homogeneity  of  the  fuel-air  mixture  can  cause  performance  losses  even  though  the 
mixture  is  detonating.  For  hydrogen-air  the  performance  decrease  due  to  hydrogen-injection  location  was  a 
maximum  of  14%.  For  liquid  fuels  this  could  be  a  larger  issue  because  of  the  difficulty  of  mixing  liquid  and  gas  and 
because  the  achievement  of  a  detonation  does  not  guarantee  maximum  performance. 
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Abstract 


Nomenclature 


An  experimental  study  on  the 
performance  of  pulse  detonation  engine  (PDE) 
ejectors  was  performed.  Time-averaged  thrust 
augmentation  produced  by  straight  and 
diverging  PDE  ejectors  was  measured  using  a 
damped  thrust  stand.  The  ejector  length-to- 
diameter  ratio  was  varied  from  1.25  to  5.62  by 
changing  the  length  of  the  ejector  and 
maintaining  a  nominal  ejector  diameter  ratio  of 
2.75.  In  general,  the  level  of  thrust 
augmentation  was  found  to  increase  with  ejector 
length.  Also,  the  ejector  performance  was 
observed  to  be  strongly  dependent  on  the 
operating  fill-fraction.  A  new  non-dimensional 
parameter  incorporating  the  fill-fraction  was 
proposed.  When  the  PDE-ejector  data  was 
represented  as  a  function  of  this  new  parameter, 
ejector  data  was  reduced  to  one  representative 
thrust  augmentation  curve  for  ejectors  of  similar 
internal  geometry.  Straight  PDE-ejectors 
compared  well  with  the  available  data  on 
straight  steady-flow  ejectors.  Diverging  PDE- 
ejectors  produced  nearly  twice  the  thrust 
augmentation  as  their  straight  ejector 
counterparts  due  to  the  additional  thrust  surface 
area  the  divergence  provided.  All  PDE-ejectors 
tested  were  seen  to  be  sensitive  to  the  axial 
position  of  the  ejector  as  well.  The  optimum 
ejector  axial  placement  was  found  to  be  a 
function  of  fill-fraction  due  to  a  trade-off 
between  the  detonation-wave  drag  and  increased 
mass  entrainment.  Downstream  ejector 
placements  performed  the  best  at  the  low  fill- 
fraction  operating  conditions. 


*Ephraim.  Gutmark@uc .  edu 


DpdE 

Deject 

DE 

DR 

ff 

Leject 

PDE 

SE 

TpDE 

TpDE-EJECTOR 

Tref 


PDE  detonation  tube  diameter 
ejector  diameter 
diverging  ejector 
ejector-to-PDE  diameter  ratio 
(DR=DEJECT/DpDE) 
fill-fraction 
ejector  length 
pulse  detonation  engine 
straight  ejector 

PDE  thrust  without  an  ejector 
PDE  thmst  with  an  ejector 
reference  thmst 


Introduction 


Pulse  detonation  engines  (PDE)  use 
controlled  periodic  detonations  of  a  combustible 
mixture  to  generate  thrust1.  One  of  the  primary 
motivations  for  PDE  development  has  been 
based  on  the  potential  gain  in  thermal  efficiency 
that  can  be  achieved  with  detonation 
combustion2.  Experimental  and  computational 
researchers  have  demonstrated  some  success  in 
obtaining  competitive  specific  impulse  values 
with  a  simplistic  PDE  cycle3, 4.  These  promising 
results  have  lead  to  many  PDE  applications 
being  proposed.  For  example,  it  has  been 
suggested  that  PDEs  can  be  used  as  cost 
effective  replacements  for  small  gas  turbine 
engines,  as  potential  replacements  for 
combustors  on  existing  large-scale  gas  turbines, 
or  as  thrust  augmenters.  However,  even  if  PDE 
performance  benefits  ultimately  reveal 
themselves  to  be  insignificant  in  practical 
applications,  the  PDE  cycle  will  still  be  an 
attractive  propulsion  system  because  of  the 
reliability  benefits  of  having  very  few  moving 
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parts,  the  scalability  of  the  engine,  and  the 
flexibility  in  geometry  it  will  provide. 

A  common  approach  to  increasing  the 
thrust  of  an  engine  is  with  an  ejector.  An  ejector 
is  a  coaxial  duct  that  is  placed  around  the 
exhaust  of  an  engine  to  direct  the  entrainment  of 
the  surrounding  flow  into  the  engine  exhaust 
stream.  The  use  of  steady-flow  ejectors  and 
their  associated  design  procedures  is  well 
established.  The  application  of  ejectors, 
however,  to  unsteady  primary  flows  is  less 
common.  A  large  number  of  studies5"7  have 
examined  unsteady  ejectors  driven  by  pulsejets 
or  other  devices  where  the  primary  airflow  was 
unsteady.  Lockwood5  showed  that  an  unsteady 
primary  flow  is  more  efficient  in  producing  mass 
entrainment  than  a  comparable  steady  flow.  His 
pulsejet  studies  showed  thrust  augmentation  as 
high  as  1.8,  much  greater  than  the  theoretical 
isentropic  steady-flow  ejector.  He  attributed  the 
unsteady  ejector  performance  to  a  more  efficient 
energy  transfer  process  between  the  primary 
flow  and  the  secondary  (entrained)  flow  through 
inviscid  processes,  while  the  steady  ejector  relies 
primarily  on  viscous  shear  mixing.  Due  to  the 
unsteady  nature  of  a  PDE,  these  results  suggest 
that  an  ejector  could  be  highly  effective  in 
increasing  the  PDE  performance. 

Computational  studies  of  single  shot 
PDE  driven  straight  ejectors  using  an  Euler  code 
demonstrated  the  importance  of  the  ejector-to- 
PDE  tube  diameter  ratio  in  achieving  thrust 
augmentation  and  its  sensitivity  to  fill-fraction11. 
Multiple  cycle  simulations  of  a  specific 
converging-diverging  ejector  at  approximately 
120  Hz  using  an  Euler  code  with  finite  rate 
chemistry  showed  thrust  augmentation  of  almost 
80%12.  Further  non-detonation  computational 
studies  highlighted  the  importance  of  the  starting 
vortices,  pre-cursor  shocks  and  direct  pressure 
loads  created  by  the  gas  dynamic  (shock-tube) 
processes  within  the  ejector  to  the  overall  thrust 
augmentation  performance  of  the  system13. 
These  computations  suggested  that  high  thrust 
augmentation  for  PDE-Ejector  applications  is 
achievable  and  highlighted  the  need  to 
understand  the  gas  dynamics,  resonance 
phenomena,  and  flow  interactions  of  the  PDE- 
ejector  system  for  optimum  performance. 

Very  few  experimental  studies  of  PDE- 
ejectors  have  been  reported.  One  experimental 


study  by  Rasheed  et  al9  using  a  5  cm  diameter 
H2-Air  PDE  tube  at  10  Hz  with  7.62,  10.16,  and 
15.24  cm  diameter  ejectors  showed  thrust 
augmentation  levels  varying  from  +16%  to  -5% 
depending  on  the  configuration.  In  all  cases,  the 
maximum  thrust  augmentation  was  found  to 
occur  with  the  ejector  located  fully  downstream 
of  the  PDE  tube.  Similar  experiments  using 
C2H4-Air  showed  maximum  thrust 
augmentation  levels  of  24%  depending  on  the 
configuration,  and  additionally  captured  flow 
visualization  shadowgraph  images  at  the  ejector 
inlet  throughout  one  cycle10.  In  both  of  the 
above  studies,  the  experimentally  measured 
thrust  augmentation  was  significantly  lower  than 
the  factor  of  1.8  achieved  by  Lockwood’s 
pulsejet  experiments. 

One  possible  reason  for  the  discrepancy 
in  the  referenced  works  on  ejector  thrust 
augmentation  could  be  the  lack  of  an 

appropriately  designed  ejector  inlet.  The  shape 
of  the  ejector  inlet  is  very  important  in 
determining  the  ejector  performance  since  the 
inlet  is  an  aerodynamic  surface  which  guides  the 
entrainment  of  the  surrounding  mass  flow. 
Allgood  et  al14  performed  high-speed 

shadowgraph  visualizations  of  optically 

accessible  PDE-ejectors.  Their  results  showed 
significant  losses  in  mass  entrainment  and  strong 
flow  separation  when  PDE-ejector  inlets  were 
not  properly  contoured.  The  importance  of  a 
rounded  inlet  has  also  been  proposed  by 

Lockwood5,  Paxson  et  al6  and  Wilson  et  al7  for 
steady  and  unsteady  ejectors.  However,  out  of 
the  reviewed  works  in  this  paper,  the  only  thrust 
measurements  reported  using  contoured  ejector 
inlets  for  PDE  systems  were  those  by  Rasheed  et 
al9. 

In  addition  to  ejector  inlet  geometry,  the 
interior  surfaces  of  the  ejector  can  serve  as  thrust 
surfaces  on  which  the  pressure  forces  can  act 
thereby  generating  additional  thrust.  Lockwood5 
showed  substantial  thrust  improvement  when 
using  a  divergent  type  ejector  versus  a  straight 
cylindrical  ejector  for  pulsejet  systems.  The 
experimental  work  by  Paxson  et  al6  and  Wilson 
et  al7  also  used  ejectors  with  a  small  diverging 
section  at  the  end  of  the  ejector  for  unsteady 
primary  flow  systems.  To  the  authors’ 
knowledge,  no  experimental  results  have  been 
reported  on  thrust  augmentation  of  diverging 


2 

American  Institute  of  Aeronautics  and  Astronautics 


1237 


ejectors  for  pulse  detonation  engine  systems. 
Thus,  the  benefits  of  using  a  diverging  ejector 
over  a  straight  ejector  are  not  known  for  PDE 
applications  and  should  be  quantified. 

The  relative  size  of  the  ejector  to  the 
primary  flow  driver  is  also  known  to  have  a 
significant  influence  on  an  ejector  performance. 
An  ejector  diameter  should  be  sized  large 
enough  to  allow  sufficient  area  for  the  primary 
flow  to  entrain  the  secondary  flow.  However, 
too  large  of  an  ejector  diameter  could  reduce  the 
effect  of  the  accompanying  pressure  drop  on  the 
ejector  inlet  as  well  as  the  pressure  rise  on  a 
diverging  ejector  interior  surface.  An  optimum 
ejector-to-driver  diameter  ratio  corresponding  to 
a  peak  thrust  augmentation  level  has  been 
observed  for  a  variety  of  ejector  systems5,6,9. 
Typical  reported  values  of  optimum  diameter 
ratios  range  between  2.4  to  3.3. 

In  a  similar  manner,  the  axial  placement 
of  the  ejector  can  also  affect  the  ejector  flow 
dynamics.  Experimental  results  by  Allgood  et 
al14  have  observed  that  the  level  and  efficiency 
of  the  PDE-ejector  entrainment  can  be  restricted 
with  an  upstream  axial  placement  of  the  ejector. 
On  the  other  hand,  a  downstream  ejector 
placement  between  one  to  two  PDE  diameters 
resulted  in  a  cleaner  flow  path  for  the  secondary 
flow  to  be  entrained  into  the  ejector.  This 
observation  is  in  agreement  with  the  PDE- 
ejector  thrust  measurements  reported  by 
Rasheed  et  al9,  and  similar  trends  were  found  by 
Paxson  et  al6  for  pulsejet-ejector  systems. 

In  addition  to  ejector  geometry  and 
placement,  there  are  many  operating  parameters 
that  have  been  shown  to  drastically  affect  the 
performance  of  a  PDE  and  thus  will  most  likely 
affect  the  PDE-ejector  performance  as  well.  For 
example,  PDE  thrust  has  been  observed  to  scale 
linearly  with  frequency  of  detonations  since  it  is 
desirable  to  minimize  the  time  of  each  filling 
event  and  maximize  the  frequency  of  the  overall 
PDE  cycle4.  Thus,  adjusting  the  PDE  cycle 
frequency  is  one  proposed  method  of  throttling 
the  engine.  Another  way  of  throttling  the  engine 
is  to  alter  the  amount  of  fuel-oxidizer  mixture 
that  fills  the  PDE  tube  prior  to  ignition.  The 
ratio  of  the  PDE  tube  filled  with  a  detonable 
mixture  relative  to  the  total  tube  length  is 
defined  as  the  fill-fraction.  While  the  PDE 
thrust  has  been  shown  to  decrease  with  a 


reduction  in  fill-fraction,  the  fuel-based  specific 
impulse  values  increased  at  a  faster  rate4.  This 
performance  gain  observed  at  lower  fill-fractions 
was  attributed  to  the  detonation  shock  wave 
compressing  the  non-reactants  occupying  the 
remainder  of  the  PDE  tube4.  Schauer  et  al.4 
demonstrated  experimentally  the  performance 
benefits  of  partially  filling  the  detonation  tube 
for  a  multi-cycle  PDE  operation.  Their  results 
showed  the  partial-fill  effect  being  independent 
of  PDE  cycle  frequency  for  a  constant  area 
detonation  tube.  Hoke  et  al8  performed  a 
qualitative  study  suggesting  the  mass 
entrainment  of  the  ejector  deteriorates  as  the  fill- 
fraction  increased  due  to  the  strengthening  of  the 
exiting  detonation  wave. 

The  current  work  presents  an 
experimental  study  on  the  performance  benefits 
of  axisymmetric  ejectors  for  multi-cycle  pulse 
detonation  engines.  The  effect  of  fill-fraction  on 
PDE-ejector  performance  has  been  quantified. 
The  performance  sensitivity  of  PDE-ejectors  to 
ejector  length,  internal  diverging  geometry  and 
relative  axial  placement  has  also  been  measured. 
A  comparison  between  PDE-ejectors  and  other 
ejector  systems  was  given,  and  a  new 
normalization  of  PDE-ejector  data  has  been 
proposed  for  comparing  PDE-ejector  data  to 
other  ejector  systems.  In  addition  to 

performance  measurements,  flow  visualizations 
were  performed  on  similar  ejector  geometries  to 
further  explain  the  trends  observed  in  the 
performance  data. 

Experimental  Setup 

PDE  Test  Facility 

Thrust  augmentation  measurements  of 
pulse  detonation  engine  (PDE)  driven  ejectors 
were  performed.  The  pulse  detonation  engine 
test  facility  at  the  Air  Force  Research  Laboratory 
at  Wright-Patterson  Air  Force  Base  was  used  to 
obtain  the  thrust  measurements.  Premixed 
hydrogen  and  air  were  delivered  to  a  single 
round  detonation  tube  by  way  of  a  mechanical 
valve  system  constructed  from  a  modified  four- 
cylinder  automotive  head.  The  automotive  valve 
system  could  be  operated  at  frequencies  up  to 
40Hz.  Due  to  the  nature  of  automotive  valving, 
the  PDE  cycle  was  divided  equally  between 
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three  main  processes:  (1)  filling  the  PDE  with 
fresh  reactants,  (2)  ignition,  detonation  and 
blow-down  of  the  high  pressure  products,  and 
(3)  purging  the  PDE  with  a  buffer  of  cold-air. 
The  hydrogen  and  air  were  metered  through 
choked  flow  orifices.  The  deflagration-to- 
detonation  transition  of  the  hydrogen-air  mixture 
was  enhanced  by  the  use  of  Shchelkin-type 
spirals  of  0.3  m  length  for  both  diameter 
detonation  tubes.  The  Shchelkin  spiral  occupied 
only  16%  of  the  total  PDE  tube  length.  Two 
pressure  transducers  (PCB  Ml  02  A)  were 
mounted  6  inches  apart  to  monitor  detonation 
shock  speeds  and  validate  that  Chapman- Jouget 
detonations  were  produced.  The  pressure  data 
was  collected  via  a  remote  5MHz  16-channel 
ADC  system.  The  measured  wave  speed  for  both 
detonation  tubes  was  confirmed  to  be 
approximately  the  Chapman- Jouget  wave  speed 
of  1966  m/s  at  a  fill-fraction  of  1 .0. 

The  PDE  was  mounted  on  a  damped 
thrust  stand  rated  for  a  maximum  thrust  load  of 
4,500  N.  The  thrust  stand  was  designed  to 
measure  the  time-averaged  thrust  of  the  dynamic 
PDE.  The  thrust  stand  consisted  of  linear 
bearings  riding  along  a  pair  of  low-friction  rails. 
The  PDE  was  allowed  to  freely  move  on  the 
rails  but  its  motion  was  weakly  damped  by 
springs  to  prevent  any  resonance  effects.  To 
remove  the  effects  of  static  friction,  the  PDE 
was  continuously  actuated  forward  and 
backward  by  a  linear  actuator.  Since  this  was  a 
known  force,  it  could  be  subtracted  from  the 
measurements  to  get  the  true  average  thrust  of 
the  engine.  The  thrust  measurements  were 
calibrated  by  placing  static  weights  and 
measuring  the  displacement  with  a  positional 
sensor.  The  maximum  uncertainty  (or 
repeatability)  in  the  calibration  was  determined 
to  be  approximately  +/-  1  Newton  for  the  entire 
range  of  PDE  thrust  loading  anticipated  during 
these  tests.  For  a  more  detailed  description  of 
the  PDE  test  facility  the  reader  is  referred  to  the 
recent  paper  by  Schauer  et  al.4. 

PDE-Ejector  Test  Conditions 

The  PDE  detonation  tube  was 
constructed  of  a  steel  pipe  of  5.08  cm  diameter 
(DPDe)  and  1.83  m  length.  The  main  operating 
parameters  that  could  be  varied  were  the 


following:  (1)  the  fuel/air  mixture,  (2)  the  fill- 
fraction  (ff),  (3)  the  purge  fraction  (pf),  (4)  the 
ignition  delay,  and  (5)  the  PDE  cycle  frequency. 
The  fill-fraction  and  purge  fractions  are  defined 
as  the  ratio  of  the  detonation  tube  filled  with  a 
fuel/air  or  air  mixtures  respectively.  The 
ignition  delay  was  defined  as  the  delay  in  time  in 
which  the  spark  was  actuated  after  the  valves 
closed.  For  all  test  conditions,  the  PDE  was 
operated  at  a  30  Hz  cycle  frequency  with  a 
stoichiometric  mixture  of  hydrogen  and  air,  a 
purge  fraction  of  0.5  and  an  ignition  delay  of  0.5 
ms.  Only  the  operating  fill-fraction  was  varied 
in  the  current  tests. 

Thrust  augmentation  levels  of 
axisymmetric  ejectors  for  pulse  detonation 
engine  applications  were  quantified.  All  ejectors 
were  mounted  coaxially  to  the  PDE  exhaust  and 
had  a  rounded  bell-mouth  inlet.  As  depicted  in 
Figure  1,  two  sets  of  ejectors  were  tested: 
straight  cylindrical  ejectors  and  straight 
cylindrical  ejectors  with  a  diverging  exhaust 
end-piece.  The  length  (LEJEct)  of  the  straight 
and  diverging  ejectors  were  varied  by  extending 
the  length  of  the  straight  or  straight-intermediate 
sections  respectively.  The  diverging  ejector 
end-piece  had  a  4-degree  half-angle  of 
divergence  at  a  fixed  length  of  19.3  cm.  A 
similar  4-degree  half-angle  of  divergence  was 
used  by  Lockwood5  in  his  pulsejet-ejector 
experiments.  The  diameter  (DEJECt)  of  the 
straight/straight-intermediate  sections  were  set  at 
a  fixed  value  of  13.97  cm.  Thus,  the  ejector-to- 
PDE  diameter  ratio  was  kept  constant 
throughout  the  tests  at  a  value  of  2.75.  This 
value  was  selected  since  it  closely  matched  the 
optimum  diameter  ratios  reported  in  other 
ejector  experiments5,6,9. 

A  range  of  ejector  length-to-diameter 
ratios  (LEjEct/DEjECt)  were  also  tested  and  are 
listed  in  Table  1.  The  relative  position  between 
the  PDE  exhaust  and  the  ejector  inlet  was  varied 
as  depicted  in  Figure  1.  Both  upstream 
(x/Dpde<0)  and  downstream  (x/Dpde>0)  ejector 
axial  placements  were  tested.  The  range  in  axial 
placements  tested  for  both  straight  and  diverging 
ejectors  are  given  in  Table  1.  To  determine  the 
PDE-ejector  thrust  augmentation  dependence  on 
fill-fraction,  thrust  measurements  of  both  the 
baseline  configuration  with  no  ejector  and  the 
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integrated  PDE-ejector  system  were  obtained  at 


the  same  fill-fractions  ranging  from  0.4  to  1.1. 


Table  1:  PDE-Ejector  Test  Matrix  (DEjECt/I>pde=2.75) 


Fill-Fraction  Ejector  Length  to  Diameter  Ratio  Ejector  Axial  Position 

(ff)  (LeJECt/Deject)  (x/Dpde) 

Straight  Ejector 
Diverging  Ejector 

0.4  to  1.1  1.25  to  4.25  -1.5  to  2.0 

0.4  to  0.8  2.62  to  5.62  -2.0  to  4.0 

Results  and  Discussion 

Baseline  Configuration 

The  selected  baseline  configuration  for 
the  nozzle  tests  was  the  1.88  m  length  PDE 
detonation  tube  (5.08  cm  diameter)  without  an 
exhaust  nozzle.  The  fill-fraction  for  the  baseline 
was  varied  from  0.4  to  1.1  while  maintaining  a 
near  stoichiometric  fuel-air  ratio,  an  ignition 
delay  of  0.5  ms,  a  purge-fraction  of  0.5  and  a 
cycle  frequency  of  30  Hz.  The  thrust  values  for 
the  baseline  PDE  configuration  are  given  in 
Figure  2  as  function  of  experiment  run  time. 
The  run  time  is  represented  in  number  of  PDE 
cycles  and  the  thrust  is  normalized  according  to 
a  reference  thrust  value.  The  reference  thrust 
used  in  normalizing  this  data  was  selected  to  be 
the  thrust  value  (77  N)  for  the  baseline 
configuration  at  a  fill-fraction  of  1.0.  Since  the 
PDE  thrust  was  measured  using  a  damped  thrust 
stand,  there  was  an  associated  time  constant  that 
delayed  the  average  thrust  from  being  recorded 
as  shown  by  the  slowly  rising  thrust  curves  in 
Figure  2.  This  transient  delay  between  the  first 
PDE  cycle  during  each  test  and  the  time  when  a 
near  steady-state  thrust  level  was  reached  was 
approximately  33  seconds,  or  1000  PDE  cycles, 
for  all  fill-fractions  tested.  Although  the  wall 
temperature  was  not  recorded,  this  extended  run 
time  required  to  obtain  a  steady-state  average 
thrust  also  should  have  allowed  time  for  the 
PDE  to  come  close  to  thermal  equilibrium.  All 
thrust  data  presented  in  this  paper  corresponded 
to  the  average  plateau  in  thrust  recorded  after  the 
PDE  had  been  operating  continuously  for 
approximately  1000  PDE  cycles. 

The  variation  in  thrust  and  fuel-based 
specific  impulse  with  fill-fraction  is  plotted  in 
Figure  3.  The  trends  observed  were  consistent 
with  those  found  by  other  researchers.  The 


maximum  thrust  occurs  at  maximum  fill-fraction 
and  decreases  non-linearly  with  fill-fraction. 
This  nonlinear  drop  in  thrust  with  reduced  fill- 
fraction  is  attributed  to  the  unfilled  portion  of 
the  detonation  tube  acting  as  a  straight  nozzle. 
Two  sets  of  expansion  waves  form  during  the 
detonation  propagation  for  a  straight  nozzle 
configuration.  The  first  set  forms  as  the 
detonation  shock  wave  crosses  the  interface 
between  the  filled  and  unfilled  portion  of  the 
tube.  The  second  set  of  expansion  waves,  which 
are  much  stronger  than  the  first,  forms  as  the 
detonation  wave  and  exhaust  gases  exit  the  PDE 
tube.  Essentially,  the  detonation  shock  wave 
serves  to  compress  the  gases  occupying  the 
unfilled  portion  of  the  detonation  tube  thereby 
maintaining  the  pressure  inside  the  detonation 
tube  at  a  higher  pressure.  This  increased  blow¬ 
down  time  with  a  straight  nozzle  results  in 
higher  thrust.  For  example,  if  this  straight 
nozzle  or  “partial  fill”  effect  were  not  present, 
the  thrust  at  a  fill-fraction  of  0.5  would  be 
approximately  50%  of  the  thrust  obtained  with  a 
fill-fraction  of  1.0.  The  data  in  Figure  3  shows 
that  the  thrust  at  a  fill-fraction  of  0.5  was  instead 
approximately  65%.  Thus,  a  15%  thrust  increase 
was  generated  by  the  partial-fill  effect  at  a  fill- 
fraction  of  0.5.  This  effect  continued  to  increase 
as  the  fill-fraction  was  reduced.  Also,  since  the 
PDE  thrust  levels  decreased  at  a  slower  rate  than 
the  reduction  in  fuel  mass  flow  rate,  the  fuel- 
based  specific  impulse  values  increased  as 
shown  in  Figure  3.  Specific  impulse  values  as 
high  as  3700  seconds  were  obtained  for  the 
baseline  configuration  without  an  ejector. 

Effects  of  Fill-Fraction 

In  the  current  work,  the  PDE-ejector 
performance  has  been  reported  as  the  percentage 
of  the  thrust  the  ejector  produced  relative  to  the 
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baseline  PDE  at  the  same  fill-fraction.  Thus,  the 
ejector  thrust  augmentation  is  represented  as 

f  T  —T  ^ 

1  PDE  -  Ejector  1  PDE 

V  TpDE  J 

The  thrust  of  the  PDE-ejectors  was  measured  at 
fill-fractions  ranging  from  0.4  to  1.1.  However, 
due  to  flow-rate  restrictions  and  backfire 
problems  into  the  delivery  manifold,  most  tests 
were  limited  to  a  maximum  fill-fraction  of  0.8. 
Figure  4  is  a  plot  of  the  percent  thrust 
augmentation  for  a  selected  set  of  the  straight 
and  diverging  ejectors  tested  as  a  function  of 
fill-fraction.  All  ejectors  showed  that  the  best 
relative  augmentation  performance  was  obtained 
at  the  lowest  operating  fill-fraction,  and  the  level 
of  thrust  augmentation  was  seen  to  have  an 
inverse  relation  to  fill-fraction.  The  maximum 
recorded  thrust  augmentation  was  with  the 
longest  diverging  ejector  (LEject/DEject=5.62) 
and  was  on  the  order  of  65%  of  the  baseline 
thrust  at  the  fill-fraction  of  0.4.  Doubling  the 
fill-fraction  for  this  PDE-ejector  system  resulted 
in  the  relative  thrust  augmentation  to  decrease  to 
roughly  51%  of  the  baseline  thrust.  The  straight 
ejectors  did  not  perform  as  well  as  the  diverging 
ejectors  but  had  roughly  the  same  dependency 
on  fill-fraction.  For  the  shortest  straight  ejector 
(LEjEct/DEJEct=1  .25),  negative  thrust 
augmentation  (or  drag)  was  measured  at  the  high 
fill-fraction  conditions  (f£>0.8). 

To  obtain  a  better  understanding  on  why 
the  increased  fill-fraction  resulted  in  reduced 
ejector  performance,  flow  visualizations  were 
performed  on  an  optically  accessible  two- 
dimensional  ejector  of  a  similar  geometry  as 
those  used  in  the  current  performance  tests. 
Figures  5  and  6  are  instantaneous  snap-shots  of 
high-speed  flame  luminosity  imaging  and 
particle  flow  visualizations  of  the  PDE-ejector 
operating  at  a  fill-fraction  of  1.0.  The  time 
corresponding  to  each  image  has  been  specified 
relative  to  the  exiting  of  the  detonation  wave. 
Both  visualization  techniques  show  the  strong 
blast  wave  exiting  the  PDE  and  eventually 
impinging  on  the  inlet  surface  of  the  ejector. 
The  impingement  of  these  high-pressure,  high- 
temperature  gases  on  the  ejector  inlet  causes 


significant  drag  (or  negative  thrust 
augmentation).  As  the  fill-fraction  of  the  PDE  is 
increased,  the  strength  of  the  blast  wave  and  thus 
its  drag  contribution  also  is  increased.  In 
addition  to  the  drag  of  the  PDE  blast  wave,  the 
exhaust  gases  were  expelled  out  of  the  ejector 
inlet.  The  level  of  negative  flow  through  the 
ejector  inlet  was  observed  to  decrease  in  the 
high-speed  movies  as  the  fill-fraction  was 
reduced.  Thus,  it  is  because  of  these  two  effects 
that  that  ejector  performance  is  believed  to  vary 
inversely  with  fill-fraction.  Later  in  the  PDE- 
Ejector  cycle,  the  flame  and  particle  flow 
visualizations  showed  a  positive  direction  of 
entrainment  as  depicted  in  Figures  5  and  6. 

Effects  of  Ejector  Length- to -Diameter  Ratio 

In  addition  to  the  operating  condition  of 
the  PDE,  the  geometry  of  the  ejector  was  seen  to 
play  an  important  role  in  the  ejector 
performance.  The  lengths  of  the  ejector  were 
varied  by  changing  the  length  of  the  straight  or 
straight-intermediate  sections  as  depicted  in 
Figure  1,  while  maintaining  a  constant  diameter 
of  13.97  cm.  Conventionally,  ejector 
augmentation  data  has  been  plotted  as  a  function 
of  the  ejector  length-to-diameter  ratio 
(LEJEct/DEjECt).  In  Figure  7,  the  PDE-ejector 
thrust  augmentation  of  the  current  work  has  been 
plotted  as  a  function  of  LEjEct/DEjECt  along  with 
other  available  data  from  PDE-ejectors,  pulsejet- 
ejectors  and  steady-ejectors.  Figure  7  shows  for 
the  straight  PDE-ejectors  tested  an  increase  in 
LEjEct/DEJECt  ratio  corresponded  to  an  increase 
in  the  relative  thrust  augmentation.  There  existed 
a  maximum  at  an  LEjEct/DEjECt  ratio  between  3 
and  4.  The  PDE  straight-ejector  (DR=2.75) 
thrust  augmentation  measured  in  the  current 
study  is  in  good  agreement  with  those  reported 
by  Rasheed  et  al.9  (DR=2.0)  for  a  fill-fraction  of 
1.0.  The  largest  straight-ejector  (DR=2.9)  tested 
by  Rasheed  et  al.9  had  a  better  performance  than 
the  current  work’s  straight-ejector  (DR=2.75), 
while  their  smallest  straight-ejector  (DR=1.5) 
showed  very  poor  performance.  No  data  was 
reported  by  Rasheed  et  al.9  for  other  fill- 
fractions  or  ejector  geometries. 

The  data  plotted  in  Figure  7  also 
includes  thrust  augmentation  values  reported  by 
Lockwood5  for  straight  walled  steady-ejectors 


*100%. 
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and  diverging  pulsejet-ejectors.  The  straight 
steady-ejector  augmentation  levels  agree  very 
well  with  the  current  straight  PDE-ejector  data 
when  the  fill-fraction  was  close  to  1.0.  A 
straight  PDE-ejector  operating  at  a  lower  fill- 
fraction  was  observed  to  outperform  the  steady- 
ejector  at  a  similar  LEjEct/DEject  ratio. 

The  diverging  PDE-ejectors  tested 
showed  nearly  twice  as  much  thrust 
augmentation  as  the  comparable  straight  PDE- 
ejectors.  This  improvement  with  a  diverging 
ejector  was  also  reported  by  Lockwood5.  The 
pulsejet-ejectors  tested  by  Lockwood  were  of  a 
diverging  type  with  the  same  8 -degree  total 
angle  used  in  the  current  work.  However,  the 
pulsejet  ejectors  appeared  to  outperform  the 
PDE  diverging-ejectors  and  have  a  much  smaller 
optimum  LEjEct/DEjECt  ratio  of  about  1.5.  The 
PDE  diverging-ejectors  showed  an  increase  in 
performance  with  increased  length.  The 
diverging  PDE-ejectors  also  showed  a  possible 
approach  to  leveling  off  of  performance  at  an 
LEjEct/DEJECt  ratio  around  a  value  of  6.0,  a  value 
much  greater  than  the  optimum  LEjECt/DEjEct 
ratio  of  the  straight  PDE-ejectors. 

Since  the  performance  of  the  PDE- 
ejectors  was  observed  to  be  inversely 
proportional  to  the  operating  fill-fraction  for  all 
ejector  geometries,  the  authors  have  proposed  a 
new  non-dimensional  parameter 

(LEjEcT/DEJECT/ff)  to  be  used  in  plotting  PDE- 
ejector  thrust  augmentation.  Figure  8  shows 
that  when  the  data  is  plotted  in  this  fashion  all 
the  thrust  augmentation  data  collapses  onto  one 
curve.  Thus,  all  the  current  PDE-ejector  data  of 
similar  internal  geometry  can  be  represented  by 
one  function  when  plotted  as  a  function  of 
LEjEcT/DEjECT/ff.  Of  course,  the  diverging  and 
straight  PDE-ejectors  do  not  fall  onto  the  same 
curve.  This  is  attributed  to  the  effect  of  the 
additional  thrust  surface  area  that  the  divergence 
provides.  However,  the  correlation  between 
straight  steady-ejectors  (ff=1.0)  and  straight 
PDE-ejectors  was  quite  reasonable  as  shown  in 
Figure  8.  Furthermore,  the  PDE-ejector  data 
provided  by  Rasheed  et  al.9  also  agreed 
reasonable  well  when  plotted  in  this  fashion. 

Effects  of  Ejector  Axial  Position 


Another  geometrical  parameter  varied  in 
these  tests  was  the  relative  position  of  the  ejector 
inlet  to  the  exhaust  of  the  PDE.  All  previous 
results  reported  in  this  paper  were  for  an  axial 
position  of  x/Dpde=2.0,  meaning  the  ejector  was 
placed  a  distance  of  two  PDE  diameters 
downstream  of  the  PDE  exit.  However,  many 
previous  studies  on  ejectors  showed  that  the 
augmentation  is  very  sensitive  to  its  axial 
location5"7,9,14.  For  this  reason,  the  straight 
ejector  (LEJEct/DEjECt=1.25)  and  the  diverging 
ejector  (LEjECt/DEjEct=5.62)  were  moved 
upstream  and  downstream  of  the  PDE  exhaust. 
In  addition,  since  the  results  shown  previously 
also  indicate  a  strong  dependence  on  fill- 
fraction,  the  fill-fraction  was  varied  at  each 
ejector  axial  position. 

Figure  9  shows  results  for  the  diverging 
ejector  at  three  operating  fill-fractions  and  for 
x/Dpde  locations  extending  from  upstream  of  -2 
diameters  to  4  diameters  downstream.  The 
sensitivity  to  axial  location  was  most 
pronounced  with  the  lower  fill-fraction  of  0.4. 
For  this  operating  condition,  the  optimum 
x/Dpde  was  a  downstream  placement  of  +2 
diameters.  As  the  fill-fraction  was  increased,  the 
performance  of  the  downstream  ejector 
placements  decreased  relative  to  the  upstream 
placements.  At  a  fill-fraction  of  0.8,  the 
optimum  location  was  measured  to  be  either 
inline  or  slightly  upstream  of  the  PDE  exhaust. 
This  effect  can  be  attributed  to  the  PDE  wave 
drag  discussed  earlier  in  the  report  and  shown  in 
the  visualizations  of  Figures  5  and  6.  A 
downstream  placement  of  the  ejector  at  the 
lower  fill-fractions  was  more  optimal  because  it 
did  not  experience  as  high  of  a  wave  drag,  and  it 
allowed  the  secondary  flow  to  be  more  readily 
entrained  without  restrictions.  This  effect  was 
also  observed  by  Allgood  et  al.14  in  their  PDE- 
ejector  visualizations. 

Figure  10  shows  the  relationship 
between  the  ejector  thrust  augmentation  and  the 
axial  placement  of  the  ejector  and  the  PDE  fill- 
fraction.  The  thrust  augmentations  are  plotted  as 
a  function  of  fill-fraction  for  three  representative 
ejector  axial  placements:  upstream,  inline  and 
downstream.  Both  the  straight  and  diverging 
ejector  configurations  showed  that  as  the  fill- 
fraction  was  increased,  the  downstream 
placement  performance  dropped  and  the 
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upstream  placement  performance  increased. 
The  inline  placement  performance  stayed  nearly 
constant.  Since  both  the  diverging  and  straight 
ejector  geometries  showed  very  similar  trends, 
the  effect  of  fill-fraction  was  most  likely  having 
a  primary  affect  on  the  ejector  bellmouth  and  not 
on  the  internal  thrust  surfaces. 

Conclusions 

An  experimental  study  of  the 
performance  of  pulse  detonation  engine  (PDE) 
ejectors  was  performed.  Time-averaged  thrust 
augmentation  produced  by  straight  and 
diverging  PDE  ejectors  was  measured  using  a 
damped  thrust  stand.  The  ejector  length-to- 
diameter  ratio  was  varied  from  1.25  to  5.62  by 
changing  the  length  of  the  ejector  while 
maintaining  a  nominal  ejector-to-PDE  diameter 
ratio  of  2.75.  The  operating  fill-fraction  was 
varied  from  0.4  to  1.1.  The  PDE-ejector  thrust 
augmentation  was  found  to  be  strongly 
dependent  on  the  operating  fill-fraction.  A 
reduction  in  fill-fraction  corresponded  to  higher 
levels  of  ejector  thrust  augmentation  for  all 
Leject/Deject  ratios  tested  and  for  both  the 
straight  and  diverging  ejectors.  This 
improvement  in  ejector  performance  by 
operating  at  low  fill-fraction  conditions  was 
attributed  to  a  reduction  in  wave  drag  on  the 
ejector  inlet  produced  by  the  detonation  blast 
waves.  The  diverging  ejector  geometry  showed 
the  best  performance  due  to  increased  thrust 
surface  area.  The  diverging  ejector  produced  a 
maximum  of  65%  thrust  augmentation  compared 
to  a  28%  thrust  augmentation  with  the  straight 
ejector  at  a  fill-fraction  of  0.4. 

In  general,  longer  ejectors  outperformed 
short  ejectors.  Ejectors  with  LEject/DEject  ratios 
greater  than  3.0  showed  the  best  performance. 
For  the  case  of  the  straight  ejectors,  maximum 
augmentation  was  observed  for  Leject/Deject 
ratios  between  3  and  4.  The  diverging  ejectors 
however,  did  not  show  a  maximum  for  the  range 
of  Leject/Deject  ratios  tested  but  began  to  level 
off  at  Leject/Deject  ratios  greater  than  5. 

The  current  results  compared  well  with 
a  limited  set  of  PDE-ejector  data.  However,  the 
behavior  and  thrust  augmentation  of  all  PDE 
ejectors  were  inconsistent  with  reported 
deflagration  pulsejet  ejector  systems.  This  leads 


to  the  conclusion  that  while  there  are  some 
similarities  between  PDE  and  pulsejet  driven 
ejectors,  there  can  be  a  significant  difference  in 
the  flow  dynamics  to  warrant  caution  in 
grouping  these  two  systems  into  the  same 
classification.  However,  a  new  normalization 
parameter  (LEjECT/DEjECT/ff)  based  on  ejector 
length  to  diameter  ratio  and  PDE  fill-fraction 
was  proposed.  Using  this  normalization 
parameter,  the  PDE  ejector  performances  for  all 
fill-fractions  compared  well  available  steady 
ejector  performances. 

The  axial  placement  of  the  ejector  also 
greatly  affected  the  performance  of  the  PDE- 
ejector  system.  Unlike  other  ejector  systems,  a 
single  optimum  ejector  placement  for  PDE 
applications  was  not  found  but  rather  a  function 
of  the  operating  fill-fraction.  The  sensitivity  of 
ejector  augmentation  to  the  axial  placement  was 
believed  to  be  a  result  of  a  trade-off  between 
reduced  detonation-wave  drag  with  upstream 
placement  and  increased  mass  entrainment  with 
downstream  placement.  For  most  test 
conditions,  a  downstream  ejector  placement 
provided  the  best  performance.  However,  as  the 
operating  fill-fraction  was  increased  (i.e. 
stronger  blast  waves),  the  relative  performance 
of  an  upstream  placement  increased  while  the 
performance  of  a  downstream  placement 
decreased.  In  contrast,  the  inline  ejector 
placement  performance  was  nearly  independent 
of  fill-fraction. 
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Figure  1:  Schematics  of  the  Straight  and  Diverging  PDE-Ejectors 
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Figure  2:  Baseline  PDE  Average-Thrust  Measurements  versus  Number  of  PDE  Cycles 

(Dpde=5.08  cm,  Tref=77  N) 
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Figure  3:  Baseline  PDE  Thrust  and  Fuel-Based  Specific  Impulse  Variation  with  Fill-Fraction 

(Dpde=5.08  cm,  Tref=77  N) 
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Figure  4:  Straight  (SE)  and  Diverging  (DE)  PDE-Ejector  Thrust  Augmentation  Variation  with  Fill- 
Fraction  for  Three  Ejector  L/D  Ratios  (DR=2.75,  x/Dpde=+2.0) 
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Figure  5:  High-Speed  Flame  Luminosity  Imaging  of  a  Two-Dimensional  Diverging  PDE  Ejector  - 
The  Vectors  Indicate  Direction  of  Visible  Flame  Propagation 

(Leject/Deject=2.9,  DR=2.2,  x/Dpde=+1«0,  ff=1.0) 


Figure  6:  Particle  Flow  Visualizations  of  a  Two-Dimensional  Diverging  PDE  Ejector 

(Leject/Deject=2.9,  DR=2.2,  x/Dpde=+1*0?  ff=1.0) 
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Figure  7:  Normalization  of  Straight  (SE)  and  Diverging  (DE)  Ejector  Performances  Using  the 

Ejector  L/D  Ratio  (DR=2.75,  x/DPDe=+2.0) 
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Figure  8:  Proposed  Normalization  for  PDE-Ejector  Data  Incorporating  the  PDE  Fill- 
Fraction  --  Note:  For  steady  flow,  ff=1.0  (DR=2.75,  x/Dpde=+2.0) 
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Figure  9:  Effects  of  Axial  Position  on  Diverging  Ejector  Performance  for  Three  Operating  Fill- 

Fractions  (Leject/Deject=5.62,  DR=2.75) 
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Figure  10:  Performance  Sensitivity  of  Straight  (LEject/DEject=1-25)  and  Diverging 
(Leject/DEject=5.62)  Ejectors  to  the  Operating  Fill-Fraction  for  Three  Axial  Ejector  Positions 
(Arrows  indicate  a  downstream  change  in  position) 
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Abstract 

Performance  measurements  of  multi¬ 
cycle  pulse  detonation  engine  (PDE)  exhaust 
nozzles  were  obtained  using  a  damped  thrust 
stand.  A  pulse  detonation  engine  of  1.88  m 
length  was  operated  on  a  cycle  frequency  of  30 
Hz  at  stoichiometric  conditions.  Both 
converging  and  diverging  bell-shaped  exhaust 
nozzles  were  tested  for  fill-fractions  ranging 
from  0.4  to  1.1.  The  area  ratios  of  the  nozzles 
were  varied  from  0.25  converging  to  4.00 
diverging.  The  nozzle  length  was  negligible 
compared  to  the  overall  length  of  the  PDE. 
Successful  normalization  of  PDE  nozzle  thrust 
data  was  obtained  based  on  nozzle  area  ratio  for 
two  PDE  diameters  tested  (2.54  cm  and  5.08 
cm).  The  optimum  nozzle  area  ratio  was  found 
to  be  a  function  of  the  PDE  fill-fraction.  For 
fill-fractions  at  or  below  0.5,  the  optimum 
configuration  was  a  PDE  without  an  exhaust 
nozzle.  However,  as  the  operating  fill-fraction 
was  increased  to  values  close  to  or  above  1, 
thrust  enhancement  was  obtained  with  a 
converging  nozzle.  The  diverging  nozzles  also 
showed  a  relative  increase  in  their  performance 
with  increased  fill-fraction.  However,  unlike  the 
converging  nozzles,  the  diverging  nozzles  and 
baseline  configuration  were  observed  to  be 
sensitive  to  the  ignition  delay. 

Nomenclature 

AR  area  ratio  of  nozzle  (D2nozz/D2PDE) 

P  nozzle  length  ratio  (Lnozz/LPDE) 


*Ephraim.  Gutmark@uc .  edu 


Dn0zz  exhaust  nozzle  exit  diameter 

Dpde  PDE  detonation  tube  diameter 

ff  fill-fraction 

Ln0zz  length  of  nozzle 

Lpde  PDE  detonation  tube  length 

PDE  pulse  detonation  engine 

Tref  reference  thmst 

tcycie  PDE  cycle  time 

<P  percent  nozzle  thmst  augmentation 

Introduction 

Pulse  detonation  engines  (PDE)  use 
controlled  periodic  detonations  of  a  combustible 
mixture  to  generate  thrust1.  One  of  the  primary 
motivations  for  PDE  development  has  been 
based  on  the  potential  gain  in  thermal  efficiency 
that  can  be  achieved  with  detonation 
combustion.  Thermodynamic  analysis  of  the 
fundamental  combustion  processes  has  shown 
that  detonations  produce  less  entropy  than 
deflagrations1, 2.  Detonation  combustion  differs 
from  the  more  common  deflagration  combustion 
in  that  the  fuel/oxidizer  mixtures  are  rapidly 
consumed  due  to  the  detonation  flame  front 
being  closely  coupled  to  a  leading  shock  wave. 
The  shock/flame  front  coupling  is  due  to  a 
feedback  mechanism  between  the  pressure  rise 
of  the  shock  wave  and  the  heat  release  of  the 
chemical  reactions.  Despite  the  theoretical 
benefits  for  using  detonation  combustion,  one  of 
the  key  technological  challenges  still  facing 
researchers  and  engineers  is  to  prove  the 
feasibility  of  converting  the  higher  thermal 
efficiency  of  pulse  detonation  combustors  into 
practical  PDE  propulsive  efficiency. 

Experimental  and  computational 
researchers  have  demonstrated  some  success  in 
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obtaining  competitive  specific  impulse  values 
with  a  simplistic  PDE  cycle3, 4.  These  promising 
results  have  lead  to  many  PDE  applications 
being  proposed.  For  example,  it  has  been 
suggested  that  PDE’s  can  be  used  as  cost 
effective  replacements  for  small  gas  turbine 
engines,  as  potential  replacements  for 
combustors  on  existing  large-scale  gas  turbines, 
or  as  thrust  augmenters.  However,  even  if  PDE 
performance  benefits  ultimately  reveal 
themselves  to  be  insignificant  in  practical 
applications,  the  PDE  cycle  will  still  be  an 
attractive  propulsion  system  because  of  the 
reliability  benefits  of  having  very  few  moving 
parts,  the  scalability  of  the  engine,  and  the 
flexibility  in  geometry  it  will  provide. 

There  are  many  operating  parameters 
that  have  been  shown  to  drastically  affect  the 
performance  of  a  PDE.  For  example,  PDE 
thrust  has  been  observed  to  scale  linearly  with 
frequency  of  detonations  since  it  is  desirable  to 
minimize  the  time  of  each  filling  event  and 
maximize  the  frequency  of  the  overall  PDE 
cycle4.  Thus,  adjusting  the  PDE  cycle  frequency 
is  one  proposed  method  of  throttling  the  engine. 
Another  way  of  throttling  the  engine  is  to  alter 
the  amount  of  fuel-oxidizer  mixture  that  fills  the 
PDE  tube  prior  to  ignition.  The  ratio  of  the  PDE 
tube  filled  with  a  detonable  mixture  relative  to 
the  total  tube  length  is  defined  as  the  fill- 
fraction.  While  the  PDE  thrust  has  been  shown 
to  decrease  with  a  reduction  in  fill-fraction,  the 
fuel-based  specific  impulse  values  increased  at  a 
faster  rate.  This  performance  gain  observed  at 
lower  fill-fractions  was  attributed  to  the 
detonation  shock  wave  compressing  the  non¬ 
reactants  occupying  the  remainder  of  the  PDE 
tube4,  5.  Schauer  et  al.4  demonstrated 
experimentally  the  performance  benefits  of 
partially  filling  the  detonation  tube  for  a  multi¬ 
cycle  PDE  operation.  Their  results  showed  the 
partial-fill  effect  being  independent  of  PDE 
cycle  frequency  for  a  constant  area  detonation 
tube. 

An  alternative  viewpoint  of  the  partial- 
fill  effect  is  that  the  thrust  of  a  PDE  can  be 
increased  by  maintaining  a  constant  amount  of 
fuel-oxidizer  mixture  and  simply  adding 
additional  length  to  the  detonation  tube.  The 
additional  tube  length  can  be  viewed  as  a 
constant-area  straight  nozzle  that  alters  the 


pressure  relaxation  process  at  the  head  wall  of 
the  PDE.  The  straight  nozzle  first  generates  a 
weak  set  of  rarefaction  waves  that  form  at  the 
entrance  to  the  nozzle  due  to  a  mixture  interface 
between  the  reactants  of  the  detonation  tube  and 
the  non-reactant  gases  occupying  the  nozzle. 
These  weak  rarefaction  waves  are  then  followed 
by  a  stronger  set  of  rarefaction  waves  that  form 
due  to  the  sudden  area  change  at  the  exit  of  the 
straight  nozzle.  Thus,  by  extending  the  length  of 
the  straight  nozzle,  the  stronger  exit-flow 
rarefaction  waves  can  be  delayed  in  time  thereby 
allowing  a  slower  rate  of  pressure  relaxation  at 
the  head  wall  of  the  PDE.  Li  and  Kailasanath5 
have  predicted  that  significant  increases  in  peak 
impulse  values  can  be  obtained  by  increasing  the 
length  of  a  straight  nozzle.  However,  while 
straight  nozzles  provide  impressive  performance 
benefits,  they  also  limit  the  maximum  cycle 
frequency  of  the  PDE  due  to  longer  associated 
blow-down  times. 

More  conventional  nozzle  geometries 
have  also  been  shown  to  provide  performance 
benefits  for  PDE  applications.  A  very  detailed 
review  on  the  current  level  of  PDE  nozzle 
technology  was  given  by  Kailasanath3.  The 
outcome  of  this  review  revealed  some 
significant  disagreements  on  the  reported 
behavior  of  PDE  nozzles.  The  source  of  the 
disagreements  was  attributed  to  the  highly 
dynamic  nature  of  the  PDE  and  its  sensitivity  to 
the  operating  conditions.  For  example,  most  of 
the  previous  PDE  nozzle  research  investigated 
the  effects  of  nozzles  that  had  relatively  large 
lengths  compared  to  the  detonation  tube 
((3=Lnozz/LPDE  >  0.1).  Thus,  for  these  nozzles  of 
non-negligible  length,  partial-fill  effects  will 
have  a  significant  impact  on  the  PDE 
performance  and  should  be  taken  into 
consideration  when  interpreting  the  results. 
Another  common  difference  observed  between 
the  various  PDE  nozzle  studies  was  that  most 
studies  modeled  single-cycle  detonations  while 
very  few  looked  at  the  behavior  of  a  more 
practical  multi-cycle  operation3.  These 
differences  in  PDE  nozzle  operating  conditions 
lead  to  differing  conclusions  on  an  optimum 
nozzle  geometry.  Some  highlights  of  these 
studies  are  discussed  next. 

Eidelman  and  Yang6  modeled  a  series 
of  straight,  converging  and  diverging  nozzles  for 
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a  PDE  operating  in  a  single-shot  detonation 
mode.  The  fill  and  purging  processes  and  multi¬ 
cycle  effects  were  not  modeled.  In  their  study, 
the  nozzles  represented  a  significant  portion  of 
the  PDE  ((3=0. 167-0.4).  All  nozzles  showed  an 
improvement  over  the  baseline  configuration 
without  a  nozzle,  due  to  the  partial-fill  effect. 
While  the  converging  and  straight  nozzles 
increased  the  peak  thrust  (impulse),  the  peak 
thrust  did  not  occur  until  much  later  during  the 
cycle  due  to  the  increase  in  blow-down  time. 
The  diverging  nozzles  on  the  other  hand 
increased  thrust  due  to  increased  thrust  surface 
area  but  produced  the  higher  peak  thrust  levels 
at  a  faster  rate  due  to  an  increased  rate  of 
expansion.  The  one  drawback  observed  with 
diverging  nozzles  was  that  due  to  overexpansion 
inside  the  PDE,  the  increased  thrust  surface  area 
resulted  in  negative  thrust  later  in  the  cycle. 
Despite  this  drawback,  the  bell-shaped  diverging 
nozzle  showed  the  best  performance  over  all  for 
this  single-shot  detonation  operation. 

Yungster7  confirmed  the  results  by 
Eidelman  and  Yang6  in  that  a  bell-shaped 
diverging  nozzle  performed  the  best  and 
converging  nozzles  limit  the  operating  frequency 
of  the  PDE.  Yungster  attributed  the 
performance  benefits  of  the  bell-shaped  nozzle 
over  conical  diverging  nozzles  to  a  slight 
minimization  in  over-expansion  and  therefore  a 
reduction  in  negative  thrust  during  the  later 
stages  of  the  blow-down  process.  The 
computations  by  Cambier  and  Tegner8  also  are 
in  agreement  that  a  bell-shaped  diverging 
nozzle,  with  its  associated  negative  curvature  in 
the  change  in  internal  surface  area,  performs 
better  than  a  diverging  nozzle  with  straight  or 
positive  surface  area  curvature.  However,  one 
distinct  difference  in  the  PDE  operation  modeled 
by  Cambier  and  Tegner8  compared  to  the 
previously  mentioned  works  was  that  the 
relatively  large  nozzles  were  filled  with  a 
detonable  mixture.  Thus,  unlike  the  previous 
studies  Cambier  and  Tegner8  predicted  a 
decrease  in  specific  impulse  with  diverging 
nozzles.  This  was  due  to  the  fact  that  the  thrust 
gain  provided  by  the  diverging  nozzle  did  not 
overcome  the  cost  of  providing  additional  fuel 
mass  to  fill  the  diverging  nozzle.  This  negligible 
benefit  of  using  a  diverging  conical  nozzle  with 


a  filled  mixture  was  also  predicted  by  Mohanraj 
and  Merkle9  and  by  Cooper  et  al10. 

These  and  other  PDE  nozzle  simulations 
have  primarily  focused  on  predicting  simplistic 
single-shot  PDE  operations  where  the  subsonic 
fill  and  purge  portions  of  a  practical  PDE  cycle 
are  not  considered.  In  reality,  the  filling  and 
purging  processes  of  a  multi-cycle  operation  are 
not  insignificant  portions  of  the  cycle.  Thus, 
although  a  diverging  nozzle  has  been  shown  to 
expand  the  high  pressure  detonation  gases  and 
provide  additional  thrust  surface  on  which  this 
pressure  may  act,  the  diverging  nozzle  will  act 
as  a  diffuser  during  the  remainder  and  perhaps 
majority  of  the  cycle.  Yungster7  modeled  the 
multi-cycle  operation  of  PDE  diverging  nozzles 
and  found  that  the  first  cycle  showed  nozzle 
thrust  augmentation  but  no  augmentation  was 
observed  during  the  following  second  and  third 
PDE  cycles.  The  loss  in  thrust  augmentation 
was  attributed  to  the  cold-air  that  occupied  the 
nozzle  during  the  first  cycle  being  replaced  with 
low  density  combustion  products.  Wu  et  al.11 
have  also  modeled  such  multi-cycle  operations 
and  have  shown  that  the  performance 
enhancements  of  diverging  nozzles  during  the 
detonation  phase  of  the  PDE  cycle  did  not  have 
a  significant  impact  on  the  overall  system. 
Rather,  they  found  that  a  converging  nozzle  is 
helpful  in  maintaining  significant  backpressure 
at  altitude  conditions.  From  these  and  other 
studies,  it  can  be  concluded  that  the  subsonic 
filling  and  purge  portions  of  the  cycle  can 
significantly  contribute  to  the  thrust  of  the  PDE 
during  multi-cycle  operations  and  thus  should  be 
considered  in  the  nozzle  design. 

The  current  work  is  a  unique 
experimental  study  of  a  multi-cycle  PDE 
operation  where  the  thrust  augmentation  levels 
provided  by  various  converging  and  diverging 
bell-shaped  exhaust  nozzles  were  quantified. 
The  nozzle  area  ratio  was  varied  from  0.25 
converging  to  4.0  diverging.  The  nozzle  length 
represented  a  negligible  portion  of  the  overall 
PDE  length  ((3=0.03).  The  PDE  operated  on  a 
stoichiometric  mixture  of  hydrogen-air  at  a  cycle 
frequency  was  30  Hz.  The  PDE  cycle  time  was 
divided  evenly  between  three  stages:  a  fill-stage, 
an  ignition/detonation/blow-down  stage,  and  a 
purge  stage.  For  each  nozzle  configuration,  the 
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operating  fill-fraction  was  varied  to  quantify 
their  corresponding  partial-fill  effects. 

Experimental  Setup 

Thrust  measurements  of  a  pulse 
detonation  engine  (PDE)  were  performed  to 
quantify  the  effects  of  exhaust  nozzle  geometry 
on  PDE  performance.  The  pulse  detonation 
engine  test  facility  at  the  Air  Force  Research 
Laboratory  at  Wright-Patterson  Air  Force  Base 
was  used  to  obtain  the  thrust  measurements. 
Premixed  hydrogen  and  air  were  delivered  to  a 
round  detonation  tube  by  way  of  a  mechanical 
valve  system  constructed  from  a  modified  four- 
cylinder  automotive  head.  In  the  standard 
automotive  cycle,  each  cylinder  has  four  ports, 
two  for  intake  and  two  for  exhaust.  However  for 
the  PDE  operation,  two  of  the  intake  ports 
served  to  deliver  the  premixed  hydrogen-air  and 
the  other  two  ports  delivered  purge  air  in  order 
to  “purge”  the  detonation  tube  of  hot  gases  after 
each  detonation  and  before  injecting  a  fresh 
mixture  of  reactants.  The  combustion  gases 
exited  from  the  exhaust  end  of  the  detonation 
tube.  The  automotive  valve  system  could  be 
operated  at  frequencies  up  to  40  Hz.  Due  to  the 
nature  of  automotive  valving,  the  division  of  the 
cycle  timing  for  various  events  such  as  fill-time 
and  purge-time  and  detonation-time  were  fixed 
to  be  each  1/3  of  the  cycle.  Only  one  of  the  four 
automotive  valve  sets  was  used  to  deliver  mass 
flow  to  a  single  detonation  tube.  The  hydrogen 
and  air  were  metered  through  choked  flow 
orifices  and  the  flow  rate  and  pressure  data  was 
collected  via  a  remote  5  MHz  16-channel  ADC 
system.  For  a  more  detailed  description  of  the 
PDE  test  facility  the  reader  is  referred  to  the 
recent  paper  by  Schauer  et  al.4. 

For  the  current  PDE  nozzle  performance 
tests,  the  pulse  detonation  engine  was  operated 
with  a  stoichiometric  mixture  of  hydrogen  and 
air.  To  determine  the  feasibility  of  normalizing 
PDE  nozzle  data  based  on  the  nozzle  inlet-to- 
exit  area  ratio,  two  detonation  tubes  of  2.54  cm 
and  5.08  cm  diameter  (Dpde)  were  tested.  Both 
PDE  detonation  tubes  had  a  length  of  1.88  m, 
and  the  PDE  cycle  frequency  was  kept  constant 
at  30  Hz.  Bell-shaped  exhaust  nozzles  of  area 
ratios  (AR=Dn0zz2/DpDE2)  ranging  from  0.25 
converging  to  4.0  diverging  were  tested. 


Representative  schematic  drawings  are  given  in 
Figure  1.  In  all  test  cases,  the  nozzle  length 
represented  only  2-3%  of  the  total  length  of  the 
PDE.  Nozzles  of  this  length  were  chosen  so  as 
to  limit  the  partial-fill  effects  introduced  by 
adding  the  additional  length  to  the  PDE. 

The  two  operating  parameters  varied 
during  these  tests  were  the  fill-fraction  (ff)  and 
ignition  delay.  The  fill-fraction  was  defined  as 
the  ratio  of  the  detonation  tube  volume  initially 
filled  with  a  detonable  mixture  compared  to  the 
total  tube  volume.  The  fill-fraction  was  varied 
from  0.4  to  1.1  for  all  nozzle  configurations.  As 
mentioned  previously,  a  purge-air  cycle  was 
added  to  cool  the  detonation  tube  and  provide  a 
buffer  between  the  hot  combustion  products  and 
the  fresh  reactants  being  injected  for  the  next 
cycle.  Due  to  the  automotive  valve  system  that 
was  used,  1/3  of  the  cycle  was  allocated  for 
purging.  Similar  to  fill-fraction,  the  purge- 
fraction  can  be  defined  as  the  ratio  of  the  tube 
volume  filled  with  purge  air  relative  to  the  PDE 
total  volume.  The  purge-fraction  was  kept 
constant  at  0.5  during  all  tests. 

The  ignition  delay  was  defined  as  the 
time  delay  for  the  spark  plug  to  ignite  relative  to 
the  closing  of  the  valves.  Due  to  the  response  of 
the  valve  system,  the  ignition  delay  could  not  be 
set  below  a  value  of  0.5  ms  without  the  risk  of  a 
backfire  upstream  into  the  injection  manifold. 
The  maximum  delay  time  was  set  by  the  30  Hz 
cycle  frequency  of  the  PDE.  For  the  ignition 
delay  studies,  the  delay  time  was  varied  from  0.5 
to  7.5  ms  for  the  baseline  configuration  of  a 
PDE  without  an  exhaust  nozzle  and  for  two 
representative  converging  (AR=0.25)  and 
diverging  (AR=4.0)  nozzles.  A  maximum 
ignition  delay  of  7.5  ms  allowed  a  sufficient 
amount  of  time  (3.5  ms)  for  the  DDT  and 
blowdown  to  occur  before  the  purge-air  entered 
the  detonation  tube.  All  other  nozzle  tests  were 
performed  at  a  baseline  ignition  delay  of  0.5  ms. 

The  deflagration-to-detonation  transition 
of  the  hydrogen-air  mixture  was  enhanced  by  the 
use  of  Shchelkin-type  spirals  of  0.3  m  length  for 
both  the  2.54  cm  and  5.08  cm  diameter 
detonation  tubes.  The  Shchelkin  spiral  occupied 
only  16%  of  the  total  PDE  tube  length.  Two 
pressure  transducers  (PCB  Ml  02  A)  were 
mounted  0.152  m  apart  to  monitor  detonation 
shock  speeds  and  validate  that  CJ  detonations 
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were  produced.  The  measured  wave  speed  for 
both  detonation  tubes  was  confirmed  to  be 
approximately  the  Chapman- Jouget  wave  speed 
of  1966  m/s  at  a  fill-fraction  of  1 .0. 

The  PDE  was  mounted  on  a  damped 
thrust  stand  rated  for  a  maximum  thrust  load  of 
4,500  N.  The  thrust  stand  was  designed  to 
measure  the  time-averaged  thrust  of  the  dynamic 
PDE.  The  thrust  stand  consisted  of  linear 
bearings  riding  along  a  pair  of  linear  bearing 
rails.  The  PDE  was  allowed  to  freely  move  on 
the  rails  but  its  motion  was  weakly  damped  by 
springs  to  prevent  any  resonance  effects.  To 
remove  the  effects  of  static  friction,  the  PDE 
was  continuously  actuated  forward  and 
backward  by  a  linear  actuator.  Since  this  was  a 
known  force,  it  could  be  subtracted  from  the 
measurements  to  get  the  true  average  thrust  of 
the  engine.  The  thrust  measurements  were 
calibrated  by  placing  static  weights  and 
measuring  the  displacement  with  a  positional 
sensor.  The  maximum  uncertainty  (or 
repeatability)  in  the  calibration  was  determined 
to  be  approximately  +/-  1  Newton  for  the  entire 
range  of  PDE  thrust  loading  anticipated  during 
these  tests. 

Results  and  Discussion 

Baseline  Configuration 

The  selected  baseline  configuration  for 
the  nozzle  tests  was  the  1.88  m  length  PDE 
detonation  tube  (5.08  cm  diameter)  without  an 
exhaust  nozzle.  The  fill-fraction  for  the  baseline 
was  varied  from  0.4  to  1.1  while  maintaining  a 
near  stoichiometric  fuel-air  ratio,  an  ignition 
delay  of  0.5  ms,  a  purge-fraction  of  0.5  and  a 
cycle  frequency  of  30  Hz.  The  thrust  values  for 
the  baseline  PDE  configuration  are  given  in 
Figure  2  as  function  of  experiment  run  time. 
The  run  time  is  represented  in  number  of  PDE 
cycles  and  the  thrust  is  normalized  according  to 
a  reference  thrust  value.  The  reference  thrust 
used  in  normalizing  this  data  was  selected  to  be 
the  thrust  value  (77  N)  for  the  baseline 
configuration  at  a  fill-fraction  of  1.0.  Since  the 
PDE  thrust  was  measured  using  a  damped  thrust 
stand,  there  was  an  associated  time  constant  that 
delayed  the  average  thrust  from  being  recorded 
as  shown  by  the  slowly  rising  thrust  curves  in 


Figure  2.  This  transient  delay  between  the  first 
PDE  cycle  during  each  test  and  the  time  when  a 
near  steady-state  thrust  level  was  reached  was 
approximately  33  seconds,  or  1000  PDE  cycles, 
for  all  fill-fractions  tested.  Although  the  wall 
temperature  was  not  recorded,  this  extended  run 
time  required  to  obtain  a  steady-state  average 
thrust  also  should  have  allowed  time  for  the 
PDE  to  come  close  to  thermal  equilibrium.  All 
thrust  data  presented  in  this  paper  corresponded 
to  the  average  plateau  in  thrust  recorded  after  the 
PDE  had  been  operating  continuously  for 
approximately  1000  PDE  cycles. 

The  variation  in  thrust  and  fuel-based 
specific  impulse  with  fill-fraction  is  plotted  in 
Figure  3.  The  trends  observed  were  consistent 
with  those  found  by  other  researchers.  The 
maximum  thrust  occurs  at  maximum  fill-fraction 
and  decreases  non-linearly  with  fill-fraction. 
This  nonlinear  drop  in  thrust  with  reduced  fill- 
fraction  is  attributed  to  the  unfilled  portion  of 
the  detonation  tube  acting  as  a  straight  nozzle. 
Two  sets  of  expansion  waves  form  during  the 
detonation  propagation  for  a  straight  nozzle 
configuration.  The  first  set  forms  as  the 
detonation  shock  wave  crosses  the  interface 
between  the  filled  and  unfilled  portion  of  the 
tube.  The  second  set  of  expansion  waves,  which 
are  much  stronger  than  the  first,  forms  as  the 
detonation  wave  and  exhaust  gases  exit  the  PDE 
tube.  Essentially,  the  detonation  shock  wave 
serves  to  compress  the  gases  occupying  the 
unfilled  portion  of  the  detonation  tube  thereby 
maintaining  the  pressure  inside  the  detonation 
tube  at  a  higher  pressure.  This  increased  blow¬ 
down  time  with  a  straight  nozzle  results  in 
higher  thrust.  For  example,  if  this  straight 
nozzle  or  “partial  fill”  effect  were  not  present, 
the  thrust  at  a  fill-fraction  of  0.5  would  be 
approximately  50%  of  the  thrust  obtained  with  a 
fill-fraction  of  1.0.  The  data  in  Figure  3  shows 
that  the  thrust  at  a  fill-fraction  of  0.5  was  instead 
approximately  65%.  Thus,  a  15%  thrust  increase 
was  generated  by  the  partial-fill  effect  at  a  fill- 
fraction  of  0.5.  This  effect  continues  to  increase 
as  the  fill-fraction  was  reduced.  Also,  since  the 
PDE  thrust  levels  decreased  at  a  slower  rate  than 
the  reduction  in  fuel  mass  flow  rate,  the  fuel- 
based  specific  impulse  values  increased  as 
shown  in  Figure  3.  Specific  impulse  values  as 
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high  as  3700  seconds  were  obtained  for  the 
baseline  configuration. 

Effects  of  Nozzle  Area  Ratio 

The  effects  of  converging  and  diverging 
bell-shaped  exhaust  nozzles  on  the  PDE  thrust 
were  measured.  The  area  ratios  tested  were 
0.25,  0.39,  0.56,  1.0,  2.25,  and  4.0,  where  ratios 
less  than  one  are  converging  nozzles  and  greater 
than  one  are  diverging  nozzles.  The  nozzle 
lengths  were  approximately  5  cm  in  length,  and 
therefore  only  extended  the  total  length  of  the 
PDE  by  2.6%.  Thus,  the  partial-fill  effect  of 
adding  these  exhaust  nozzles  was  negligible. 
The  PDE  was  operated  at  the  baseline  operating 
conditions  of  a  stoichiometric  fuel-air  mixture 
and  cycle  frequency  of  30  Hz. 

Since  two-thirds  of  the  PDE  cycle 
involves  filling  the  detonation  tube  with 
reactants  and  purge  gases  at  subsonic  speeds, 
initial  cold-flow  tests  were  performed  to 
determine  what  effect  the  nozzles  had  on  these 
portions  of  the  cycle.  The  cold-flow  thrust 
measurements  were  performed  at  the  same 
operating  conditions  and  configurations  as  in  the 
detonation  cases  but  without  igniting  the 
mixture.  The  cold-flow  results  are  shown  in 
Figure  4.  At  all  fill-fractions,  a  decrease  in  area 
ratio  resulted  in  an  increase  in  thrust.  The 
improvement  in  cold-flow  thrust  with  a 
converging  nozzle  is  a  result  of  the  fill-cycle  and 
purge-cycle  gases  having  subsonic  velocities. 
Thus,  nozzles  with  area  ratios  greater  than  1.0 
were  acting  as  diffusers  instead  of  nozzles.  It 
should  also  be  noted  that  the  cold  flow  air  thrust 
represented  between  10  to  30  percent  of  the  total 
thrust  of  the  PDE  further  signifying  the 
importance  of  the  subsonic  portions  of  the  PDE 
cycle  to  the  overall  PDE  performance  and  nozzle 
selection. 

For  incompressible  flow,  mass 
conservation  ensures  that  a  linear  rate  of 
increase  in  area  ratio  would  result  in  a  linear 
decay  in  velocity.  Thus,  since  thrust  scales 
linearly  with  exit  velocity  for  a  fully  expanded 
steady  flow,  thrust  should  also  decrease  linearly 
with  increased  area  ratio  for  these  PDE  cold- 
flow  nozzle  conditions.  The  cold-flow  data 
given  in  Figure  4  however  does  not  show  this 
linear  trend  except  for  the  intermediate  area 


ratios  (0.56,  1.0,  and  2.25)  at  the  higher  fill- 
fractions.  For  the  extreme  conditions  of 
AR=0.25,  0.39  and  AR=4.0,  the  variation  was 
not  linear.  The  thrust  was  observed  to  maintain 
a  constant  value  for  area  ratios  larger  than  2.25. 
This  was  most  likely  due  to  increased  flow 
separation  from  the  walls  of  the  larger  bell¬ 
shaped  nozzles.  For  the  smallest  area  ratio 
converging  nozzles,  the  thrust  was  also  constant 
or  slightly  increasing.  This  deviation  from  a 
linear  behavior  was  most  likely  a  result  of  the 
increased  PDE  tube  pressure  and  therefore 
increased  profile  drag  of  the  small  converging 
nozzles. 

Once  the  cold-flow  PDE  thrust 
measurements  were  completed,  the  reacting- 
flow  PDE  thrust  measurements  were  obtained 
and  are  plotted  in  Figure  5.  For  both  the  cold- 
flow  and  reacting-flow  conditions,  all  nozzles 
tested  exhibited  an  increase  in  thrust  with  a 
decrease  in  nozzle  area  ratio  when  the  operating 
fill-fractions  were  above  0.8.  The  similarity 
between  the  cold  flow  (Figure  4)  and  the 
reacting  flow  (Figure  5)  thrust  profiles  further 
suggest  that  the  nozzle  performances  are  being 
influenced  substantially  by  the  subsonic  portions 
of  the  PDE. 

To  better  show  the  relative  thrust 
augmentation  levels  provided  by  the  nozzles  at 
each  fill-fraction,  a  percent  thrust  augmentation 
was  computed  for  each  area  ratio  nozzle  by 
referencing  the  thrust  to  the  baseline  thrust 
(AR=1.0)  at  the  same  corresponding  fill-fraction 
using  equation  1  given  below. 

<S>  =  Tar  zlAEzl  *100%,  (1) 

T  V  7 

1AR=\ 

The  resulting  percent  thrust  augmentation  values 
are  plotted  in  Figure  6.  At  a  fill-fraction  of  1.0, 
the  smallest  converging  nozzle  (AR=0.25) 
generated  nearly  a  15%  thrust  augmentation 
compared  to  the  baseline  configuration 
(AR=1.0).  In  addition  to  the  previously 
mentioned  benefits  of  the  converging  nozzle, 
this  thrust  augmentation  was  also  believed  to  be 
a  result  of  the  increased  detonation  blow-down 
time  generated  by  choking  the  exhaust  flow  for  a 
longer  time  period.  To  support  this  claim, 
Figure  7  shows  sample  pressure  time  traces  that 


6 

American  Institute  of  Aeronautics  and  Astronautics 


1255 


were  recorded  for  the  baseline  and  the  ARM). 56 
converging  nozzle  configurations.  The  data  are 
plotted  as  a  function  of  normalized  time  (time 
divided  by  the  cycle  time  of  33.3  ms).  A 
comparison  between  these  two  pressure  traces 
shows  that  additional  thrust  provided  by  the 
converging  nozzle  was  coming  from  the 
pressure  rise  inside  the  PDE  tube  and  the 
associated  increase  in  blow-down  time.  Also, 
Figure  7  shows  that  this  additional  compression 
inside  the  PDE  tube  was  a  result  of  the 
detonation  shockwave  reflecting  from  the 
converging  walls  of  the  nozzle  back  to  the 
headwall  of  the  PDE. 

However,  at  fill-fractions  below  0.8,  the 
converging  nozzles  were  observed  to  decrease 
the  thrust  of  the  PDE,  eventually  causing  a  15% 
thrust  deficit  compared  to  the  ff=0.4  baseline  as 
shown  in  Figure  6.  This  shift  in  converging 
nozzle  performance  with  reduced  fill-fraction 
was  believed  to  be  due  to  the  converging  nozzle 
having  less  effect  on  the  blow-down  process  due 
to  the  reduced  pressures  and  the  negative  effect 
of  its  profile  drag  playing  a  dominant  role  in  the 
overall  nozzle  performance. 

The  sensitivity  of  the  diverging  nozzles 
to  area  ratio  did  not  appear  to  change  with  fill- 
fraction.  All  diverging  nozzles  at  all  fill- 
fractions  were  observed  to  have  performance 
degradations  with  increased  nozzle  area  ratio. 
The  maximum  diverging  nozzle  performance 
loss  was  approximately  20%  and  occurred  at  a 
fill-fraction  0.4. 

The  Scalability  and  Normalization  of  PDE 
Nozzle  Thrust  Data 

It  was  desired  to  determine  whether  or 
not  PDE  exhaust  nozzle  thrust  scales  with  the 
initial  PDE  detonation  tube  diameter,  i.e.  is 
nozzle  area  ratio  the  appropriate  normalization 
for  this  data.  Figure  8  is  a  plot  of  nozzle  thrust 
measurements  that  were  made  on  both  the  5.08 
cm  diameter  tube  mentioned  earlier  and  a  2.54 
cm  diameter  tube.  Both  detonation  tubes  had 
lengths  of  1.88  m.  Both  sets  of  converging  and 
diverging  nozzles  were  similar  in  shape  and 
length.  To  compare  the  thrust  profiles  obtained 
for  these  two  configurations,  the  data  was 
normalized  by  a  reference  thrust  value.  The 
selected  reference  condition  was  the  baseline 


thrust  value  at  ff=1.0  for  the  corresponding 
detonation  tube.  Therefore,  each  of  the  two  data 
sets  (2.54  cm  and  5.08  cm  diameter  tubes)  was 
normalized  by  one  reference  value  of  16  N  and 
77  N,  respectively.  Theoretically,  PDE  thrust 
scales  with  the  volume  of  the  detonation  tube. 
Thus,  it  would  be  expected  that  the  ratio  of  the 
baseline  reference  thrusts  would  be  close  to  a 
value  of  4.0.  The  data  obtained  and  referenced 
above  showed  a  ratio  of  4.8.  The  0.8  deviation 
can  be  partially  attributed  to  the  larger  relative 
uncertainty  associated  with  the  low  thrust  level 
measurements  of  the  2.54  cm  diameter  tube. 
Despite  this  uncertainty  in  the  measurements, 
the  normalized  thrust  data  plotted  in  Figure  8  for 
these  two  detonation  tube  diameters  does 
qualitatively  show  that  the  nozzle  performance 
is  independent  of  the  initial  PDE  diameter. 
Therefore,  the  nozzle  area  ratio  is  believed  to  be 
an  appropriate  normalization  for  PDE  nozzle 
data. 

Effect  of  Ignition  Delay 

The  ignition  delay  has  been  shown  by 
researchers  to  play  an  important  role  in  the 
performance  of  a  pulse  detonation  engine  when 
there  are  strong  pressure  oscillations  occurring 
inside  the  detonation  tube  prior  to  ignition4.  The 
sensitivity  of  thrust  to  the  initial  pressure  is  due 
to  the  pressure  effects  on  the  deflagration-to- 
detonation  transition  process.  Igniting  the 
mixture  when  the  local  gases  are  at  a  state  of 
higher  pressure  can  result  in  reduced  DDT  times 
and  higher  thrust.  However,  igniting  when  the 
local  pressure  is  at  a  minimum  can  increase 
DDT  times  and  reduce  the  thrust.  Pressure 
oscillations  can  occur  inside  the  PDE  due  to 
excitation  of  a  fundamental  acoustic  mode  or  by 
forced  excitation  of  the  fuel-air  valve  system. 
Thus,  the  relative  timing  of  ignition  to  the  local 
pressure  can  have  a  significant  impact  on  the 
PDE  performance. 

To  determine  the  effects  of  ignition 
delay  on  the  current  PDE  nozzle  configurations, 
the  ignition  timing  relative  to  the  closing  of  the 
valves  was  varied  from  0.5  ms  to  7.5  ms  for 
nozzles  with  area  ratios  of  0.25,  1.0  and  4.0. 
The  fill-fraction  was  held  constant  at  1.0.  These 
configurations  and  test  conditions  were  selected 
to  be  representative  of  a  typical  converging, 
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baseline  and  diverging  PDE  nozzle  system’s 
response  to  changes  ignition  delay.  The 
minimum  ignition  delay  time  was  set  by  the 
response  of  the  current  valve  system  and  could 
not  be  set  below  this  value  without  resulting  in  a 
backfire  upstream  of  the  valves  into  the  fuel-air 
premixed  injection  chamber.  The  maximum 
ignition  delay  time  was  chosen  to  be  7.5  ms  so 
as  to  not  allow  the  blow-down  to  extend  into  the 
PDE  purge  cycle. 

The  normalized  thrust  as  a  function  of 
ignition  delay  is  plotted  in  Figure  9.  The 
baseline  PDE  thrust  has  a  sinusoidal  type 
behavior  with  changes  in  ignition  delay  resulting 
in  a  maximum  of  +8%  deviation  from  the 
average  thrust  at  the  best  delay  and  a  -5%  thrust 
deviation  at  the  worst  ignition  delay.  The  large 
amplification  in  PDE  thrust  was  presumably 
from  igniting  at  a  time  in  the  cycle  when  there 
was  a  local  compression  wave  near  the  ignition 
region,  while  the  attenuation  in  thrust  was  a 
result  of  the  ignition  occurring  while  there  was  a 
local  expansion  wave  present4.  The  sinusoidal 
type  behavior  is  due  to  the  acoustic  properties  of 
the  closed/open  ended  detonation  tube.  The 
diverging  nozzle  configuration  also  had  a 
sinusoidal  type  variation  in  thrust  with  ignition 
delay.  The  diverging  nozzle  (AR=4.0)  thrust 
appeared  to  vary  nearly  in-phase  and  with 
similar  amplitude  of  deviation  from  its  mean 
thrust  as  that  of  the  baseline  configuration.  The 
converging  nozzle  with  AR=0.25  appeared  to 
vary  out-of-phase  with  respect  to  the  baseline 
and  diverging  nozzle  cases.  Also,  the  level  of 
deviations  from  its  average  thrust  was  much  less 
(+/-  2%)  presumably  due  to  the  constriction  in 
the  PDE  exit  area  dampening  the  pressure 
oscillations  inside  the  detonation  tube  thus 
making  it  less  sensitive  to  ignition  delay. 

Conclusions 

Performance  measurements  of  pulse 
detonation  engine  (PDE)  exhaust  nozzles  were 
obtained  using  a  damped  thrust  stand.  A  pulse 
detonation  engine  of  1.88  m  length  was  operated 
on  a  cycle  frequency  of  30  Hz  at  stoichiometric 
conditions.  Both  converging  and  diverging  bell¬ 
shaped  exhaust  nozzles  were  tested  for  fill- 
fractions  ranging  from  0.4  to  1.1.  The  length  of 
the  nozzles  represented  only  about  2-3%  of  the 


total  length  of  the  PDE.  The  area  ratio  of  the 
nozzle  was  varied  from  0.25  converging  to  4.00 
diverging.  Successful  normalization  of  PDE 
nozzle  thrust  data  was  obtained  based  on  the 
nozzle  area  ratio  for  the  two  PDE  diameters 
(2.54  cm  and  5.08  cm)  tested.  The  optimum 
nozzle  area  ratio  was  found  to  be  a  function  of 
the  fill-fraction.  For  fill-fractions  at  or  below 
0.5,  the  optimum  configuration  was  a  PDE 
without  an  exhaust  nozzle.  However,  as  the 
operating  fill-fraction  was  increased  to  values 
close  to  or  above  1,  thrust  enhancement  was 
obtained  with  a  converging  nozzle.  The 
diverging  nozzles  showed  a  relative  increase  in 
their  performance  with  increased  fill-fraction  as 
well.  The  baseline  and  diverging  nozzle 
configurations  tested  were  observed  to  be 
sensitive  to  the  ignition  delay,  but  the 
converging  nozzle  geometry  was  observed  to 
dampen  out  any  pressure  wave  dynamics  that 
would  alter  the  ignition/DDT  process.  The 
effect  of  the  interior  surface  of  the  nozzle  was 
found  to  play  a  minor  role  in  the  performance 
levels  of  the  engine. 
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(a)  Converging  Nozzle 


(b)  Diverging  Nozzle 

Figure  1:  Representative  Schematic  Drawings  of  the  PDE  Exhaust  Nozzles 
(Flow  Directions  are  Indicated  by  an  Arrow) 
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Figure  2:  Baseline  PDE  Average-Thrust  Measurements  versus  Number  of  PDE  Cycles 

(Dpde=5.08  cm,  Tref=77  N) 
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Figure  3:  Baseline  PDE  Thrust  and  Fuel-Based  Specific  Impulse  Variation  with  Fill-Fraction 

(Dpde=5.08  cm,  Tref=77  N) 
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Figure  4:  PDE  Cold-Flow  Thrust  versus  Exhaust  Nozzle  Area  Ratio  (DPDe=5.08  cm,  Tref=77  N) 
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Figure  5:  PDE  Thrust  versus  Exhaust  Nozzle  Area  Ratio  (Dpde=5.08  cm,  Tref=77  N) 
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Figure  6:  %  PDE  Nozzle  Thrust  Augmentation  (DPDe=5.08  cm) 

(Values  are  Relative  to  the  Baseline  Thrust  (AR=1.0)  at  the  Corresponding  Fill-Fraction) 


t/tcycle 

Figure  7:  Pressure  Time  Traces  for  the  Baseline  and  AR=0.56  Converging  Nozzle 

(ff=1.0,  tcycle=0.033  seconds) 


13 

American  Institute  of  Aeronautics  and  Astronautics 


1262 


Journal  of  Propulsion  and  Power 
Vol.  21,  No.  2,  M arch-April  2005 


E  missions  Reduction  Technologies 
for  M  ilitary  G  as  T urbine  E  ngines 


G .  J .  Sturgess 

Innovative  Scientific  Solutions,  Inc.,  Dayton,  Ohio  45440-3638 

and 

Joseph  Zelina,  DaleT.  Shouse,  and  W.  M  .  Roquemore 
U.S.  Air  Force  Research  Laboratory,  Wright- Patterson  Air  Force  Base,  Ohio  45433-7251 


G  eoffrey  Sturgess  is  a  founding  member  of  I  nnovative  Scientific  Solutions,  I  nc.  (I  SSI ),  and  has  been  in  Dayton 
with  I  SSI  for  the  last  eight  years.  Before  I  SSI,  he  spent  23  years  with  Pratt  and  Whitney  in  East  Hartford, 
Connecticut,  and  also  worked  at  Parker-Hannifin  in  Cleveland,  Ohio,  and  the  Aircraft  Engine  Group  of  General 
E  lectric  (G  E )  in  Lynn,  M  assachusetts.  H  e  was  recruited  by  G  E  in  1968  from  E  ngland,  where  he  was  a  research 
fellow  on  the  faculty  of  Loughborough  University  after  spending  time  with  Rolls-Royce,  pic.,  in  both  Bristol  and 
Coventry,  England,  U.K.  G.  Sturgess  was  educated  at  Loughborough  University,  Loughborough,  England,  U.K., 
and  Imperial  College  of  Science  and  Technology,  London.  He  currently  lives  in  Maine,  on  beautiful  Casco  Bay. 
Sturgess  is  a  Fellow  of  AIAA  and  has  over  80  publications. 


J  oseph  Zelina  received  his  Ph.D.  from  the  University  of  Dayton  in  1995,  where  he  conducted  research  at  the 
U.S.  Air  Force  Research  Laboratory  studying  combustion  processes  and  pollutant  emission  formation.  He  spent 
nearly  six  years  at  Honeywell  Engines  and  Systems,  formerly  Allied  Signal  Engines,  as  principal  engineer  in  the 
Combustion  and  Emissions  Advanced  Technology  Group,  where  he  was  principal  investigator  for  the  NASA  Ad¬ 
vanced  Subsonic  Technology,  NASA  Ultra  Efficient  Engine  Technology,  and  Department  of  Defense  J  oint  Turbine 
Advanced  Gas  Generator  combustor  programs,  and  was  principal  investigator  and  program  manager  for  several 
internally-funded  research  and  development  efforts  including  fuel  injector  coking,  fuel  spray  laser  diagnostics, 
and  low-emissions  combustor  design  programs.  He  has  two  patents  and  two  patents  pending  on  combustion  system 
designs.  Three  years  ago,  he  joined  the  U.S.  Air  Force  Research  Laboratory,  Combustion  Branch,  as  a  senior  com¬ 
bustion  research  engineer,  where  he  leadsthe  U  Itra-C  ompact  C  ombustor/l  nter-T urbine  B  urner  R  esearch  Program. 
J .  Zelina  is  a  Senior  Member  of  AIAA. 


Dale  Shouse  is  a  senior  combustion  research  engineer  in  the  Combustion  Science  Branch  of  the  Turbine  Engine 
Division.  He  isthedirector  for  in-house  research  and  development  activities  for  advanced  military  aircraft  combus¬ 
tion  systems.  He  participates  on  several  integrated  product  teams  and  consults  with  various  industry,  university, 
and  other  government  organizations  on  gas  turbine  combustion  and  augmentor  programs.  D.  Shouse  has  23  years 
experience  in  gas  turbine  engine  research  and  development.  He  has  a  B.S.  degree  in  mechanical  engineering  from 
the  University  of  Dayton.  He  has  published  29  technical  papers  including  5  journal  articles  and  has  received  recog¬ 
nition  for  Best  Applications  Paper  for  Combustion  and  Fuels  (1994  and  2001).  D.  Shouse  has  been  the  recipient  of 
several  U.S.  Air  Force  Propulsion  Directorate  Awards  for  Engineer  of  the  Year  as  well  as  the  H.  D.  Heron  Award. 
H  e  holds  several  patents  including  one  for  the  "T rapped  Vortex  C  ombustor." 


William  M.  (Mel)  Roquemore  serves  as  senior  research  scientist  and  independent  researcher  in  the  field  of 
airbreathing  combustion,  diagnostics,  and  fuels  technologies.  He  conceives,  plans,  and  advocates  major  research 
and  development  activities;  consults  with  the  director  of  propulsion,  division  chiefs,  and  staff  concerning  the  total 
reach  program  and  results;  monitors  and  guides  the  quality  of  scientific  and  technical  resources;  and  provides 
expert  technical  consultation  to  other  U.S.  Air  Force  organizations,  Department  of  Defense,  and  government 
agencies,  universities,  and  industry.  W.  Roquemore  entered  federal  service  in  1963  and  held  a  variety  of  technical 
leadership  positions  in  airbreathing  propulsion.  He  was  appointed  senior  scientist,  Combustion,  in  2000.  He  is  a 
Fellow  of  AIAA. 


Presented  as  Paper  2003-2622  at  the  International  Air  and  Space  Symposium  and  Exhibition,  Dayton,  OH,  14-17  July  2003;  received  17  November  2003; 
revision  received  7  October  2004;  accepted  for  publication  7  October  2004.  This  material  is  declared  a  work  of  the  U  .S.  Government  and  is  not  subject  to 
copyright  protection  in  the  U  nited  States.  Copies  of  this  paper  may  be  made  for  personal  or  internal  use,  on  condition  that  the  copier  pay  the  $10.00  ger-copy  fee 
to  the  Copyright  Clearance  Center,  Inc.,  222  Rosewood  Drive,  Danvers,  M  A  01923;  include  the  code  0748-4658/05  $10.00  in  correspondence  WmheCCC. 

193 


194 


STURGESS  ET  AL. 


Future  military  gas  turbine  engines  will  have  higher  performance  than  current  engines,  resulting  in  increased 
compressor  and  combustor  exit  temperatures,  combustor  pressures,  and  fuel-air  ratios  with  wider  operating 
limits.  These  combustor  characteristics  suggest  undesirable  exhaust  emission  levels  of  nitrogen  oxides  and  smoke 
at  maximum  power  and  higher  carbon  monoxide  and  unburned  hydrocarbons  at  low  power.  To  control  emission 
levels  while  improving  performance,  durability  and  cost,  requires  major  advancesin  combustor  technology.  Current 
emissions  control  approaches  as  applied  to  conventional  swirl-stabilized  combustors  include  rich-  and  lean-burn 
strategies,  together  with  staged  combustion.  These  approaches,  even  in  fully  developed  form,  may  not  be  sufficient 
to  satisfy  the  projected  design  requirements.  Unconventional  combustor  configurations  may  become  necessary. 
Different  engine  cycles  other  than  the  standard  Brayton  cycle  may  also  be  used  for  special  applications  in  order 
to  avoid  the  use  of  excessive  combustion  temperatures.  The  paper  presents  an  overview  of  the  currently  utilized 
emissions  control  approaches,  comparing  their  performances  and  likely  potential  for  meeting  future  requirements. 
Experimental  results  are  presented  for  two  non-conventional  combustor  configurations  that  have  shown  promise 
for  advanced  engine  applications.  A  brief  discussion  is  offered  on  cycle  changes  that  could  result  in  lower  peak 
temperatures  while  maintaining  advanced  performance. 


I  ntroduction 

L  0  B A  L  warmi  ng  tends  to  excite  the  media  and  the  publ  ic,  via 
input  from  the  various  environmental  groups.  Global  warm¬ 
ing  is,  in  fact,  a  major  issue  and  is  generally  interpreted  as  extreme 
greenhouse  warming  of  the  atmosphere  that  leads  eventually  and 
progressively  to  catastrophic  environmental  consequences.  Trace 
gases  in  the  atmosphere  play  an  important  role  in  atmospheric  equi¬ 
librium.  They  absorb  infrared  and  ultraviolet  radiation.  The  stored 
radiative  energy  increases  the  atmospheric  temperature,  which  then 
i  nfl  uences  the  surface  conditions.  B  ecause  the  trace  gases  are  traces, 
their  concentrations  are  easily  changed  by  relatively  small  pertur¬ 
bations.  Naturally  occurring  trace  gases,  which  are  also  known  as 
greenhouse  gases  because  of  their  behavior,  are  carbon  dioxide  C02, 
methane  C  H  4,  nitrous  oxide  N  20 ,  and  water  vapor  H  20 .  T  hese  gases 
are  all  increasing  in  the  atmosphere.  Industrial  activity  from  fossil 
fuel  burning  is  an  undoubted  contributor  to  these  increases.  Some 
of  the  introduced  trace  gases  chemically  affect  the  base-level  trace 
gases  through  photo-chemical  activity.  The  greenhouse  effect,  based 
on  well-understood  scientific  principles,  was  predicted  by  Arrhenius 
(1859-1927)  at  the  beginning  of  the  20th  century.  The  role  of  in¬ 
dustrial  activity  in  global  warming  is  highly  controversial.  Total 
human  production  of  C02  is  about  6  gigaton  of  carbon  equivalent 
per  year,  and  this  is  but  a  small  fraction  of  the  total  exchanges  of 
C02  occurring  naturally  each  year  between  the  oceans  and  the  at¬ 
mosphere,  between  vegetation  and  the  atmosphere,  and  within  the 
ocean  itself  and  its  biota.  The  observed  rise  in  atmospheric  C02 
amounts  to  about  one-half  that  of  the  estimated  amount  released 
dueto  total  industrial  activity.  Nonetheless,  C02  from  industrial  ac¬ 
tivity  does  contribute  to  the  process.  It  is  well-known  that  global 
temperatures  are  historically  not  constant.  The  Earth  has  been  in  a 
consi  stent  warm  i  ng  trend  si  nee  the  end  of  the  little  i  ce  age,  300  years 
ago,  which  predates  the  industrial  revolution  by  100  years.  Northern 
hemisphere  temperatures  (a  rolling  11-year  average)  since  the  little 
ice  age  correlate  very  well  with  the  solar  magnetic  cycle  length:  The 
shorter  the  magnetic  cycle,  the  more  active  and,  hence,  brighter  the 
sun  is.1  The  current  length  of  the  cycle  is  about  20-22  years.  The 
radius  of  the  sun  also  fluctuates  sinusoidally  with  about  an  80-100 
year  period.  The  solar  variations  observed  are  consistent  and  typical 
for  stars  similar  in  age  and  mass  to  the  sun.  The  solar  constant  is  in 
actual  i  ty,  not  a  constant  at  al  I .  T  he  observed  i  ncreases  i  n  atmospheri  c 
C02  during  this  period  are  entirely  consistent  with  the  oceans  giv¬ 
ing  off  dissolved  gases  as  their  temperatures  increase.  Therefore, 
although  fossil  fuel  burning  contributes  to  global  warming,  to  an 
unknown  but  perhaps  significant  degree,  it  does  not  appear  to  be  the 
root  cause. 

Each  kilogram  of  jet  fuel  burned  produces,  on  average,  about 
3.2  kg  of  C02.  Aviation  is  responsible  for  only  2  or  3%  of  the 
total  due  to  human  industrial  activity.  The  best  way  to  reduce  C02 
produced  by  ai  rcraft  i  s  f  or  ai  rcraft  to  burn  I  ess  fuel .  I  m  provements  i  n 
aircraft  productivity  and  aerodynamic  design,  and  in  engine  design, 
have  reduced  the  fuel  consumption  per  seat-kilometer  for  passenger 
ai  rcraft  by  a  factor  of  about  2.75  si  nee  the  B  ri  ti  sh  C  omet  1  i  ntroduced 
commercial  jet  transportation  in  the  1950s.  A I  though  the  easy  things 
have  all  been  done,  the  downward  trend  in  fuel  consumption  with 


time  is  expected  to  continue,  albeit  at  a  reducing  gradient.  Therefore, 
C02  from  aviation  is  not  currently  a  prime  concern  given  the  natural 
levels  in  the  Earth  environment  and  its  small  contribution  to  the 
industrial  activity  total. 

Transportation  is  responsible  for  most  of  the  carbon  monoxide 
CO,  unburned  hydrocarbons  (UHCs),  and  oxides  of  nitrogen  NOx 
introduced  into  the  atmosphere  through  industrial  activity.  Although 
the  aircraft  contributions  to  the  total  transportation  emissions  of 
these  pollutants  are  only  very  small  (around  1%),  unfortunately, 
they  are  concentrated  atground  level  around  airfields  and  at  altitude 
in  well-defined  flight  corridors.  The  majority  of  the  aircraft  engine 
emissions  are  introduced  into  the  30-60°  latitude  band  of  the  north¬ 
ern  hemisphere,  with  the  bulk  of  the  emissions  being  introduced  in 
the  troposphere  at  10-12  km  altitude.  Around  airfields,  these  emis¬ 
sions  contribute  to  smog  formation;  at  altitude,  there  are  a  number  of 
photochemical  reactions  taking  pi  ace  that  have  effects  on  the  impor¬ 
tant  trace  gases.  In  addition,  aviation  fuels  contain  small  quantities 
of  sulphur  (around  0.05%  by  mass)  as  impurities  that  are  important 
contributors  to  fuel  lubricity,  which  is  very  low.  In  the  U  .S.  fuels  the 
sulphur  content  has  consistently  increased  over  the  last  20  years. 
At  sea  level,  the  sulphur  appears  in  the  engine  exhaust  as  oxides 
of  sulphur  (SOx  that  add  to  the  smog  issue);  at  altitude,  based  on 
ai  rborne  sampl  i  ng  by  chase  ai  rcraft,  the  sul  phur  appears  i  n  the  near- 
plume  as  sulphuric  acid,  H2S04  (Refs.  2  and  3).  There  are  clear 
indications  that  the  resulting  contrail  formation,  where  the  aerosols 
of  H2S04/UHCs  [or  volatile  organic  compounds  (VOCs)]/carbon 
particles  found  at  high  altitudes  in  persistent  (3-18  h)  aircraft  ex¬ 
haust  plumes  add  substantially  to  the  numbers  of  atmospheric  mi¬ 
croscopic  particles.  These  serve  as  nucleation  sites  (10%  increase 
in  sites  relative  to  out-of-plume)  for  water  vapor  and  are  affecting 
cirrus  cloud  formation  along  well-traveled  flight  corridors.  The  po¬ 
tential  here  is  that  increased  cloud  cover  changes  the  Earth's  albedo 
or  reflectivity  to  solar  radiation  and,  hence,  affects  atmospheric 
equilibrium. 

TheU.S.  Environmental  Protection  Agency  (E PA)  has  identified 
aircraft  gas  turbine  engines  as  a  significant  emissions  source  and 
established  regulations  governing  the  emission  of  CO,  UHCs,  NOx, 
and  smoke  (47  Federal  Register  58462).  The  EPA  has  amended 
the  regulations  by  adopting  the  U.N.  International  Civil  Aviation 
Organization  (ICAO)  regulationsforCO  and  NOx  (62  Federal  Reg¬ 
ister  89).  The  amended  regulations  apply  to  commercial  aircraft 
engines  with  rated  thrust  greater  then  26.7  kN  that  are  either  newly 
certified  or  newly  manufactured  after  7  July  1997.  The  limits  for 
gaseous  emissions  are  expressed  as  integrated  values  around  a  de¬ 
fined  landing  and  takeoff  cycle  for  an  engine  operating  at  sea  level 
on  a  standard  day  and,  thus,  govern  emissions  below  900-m  al¬ 
titude.  The  unit  of  measure  is  grams  of  pollutant  per  kilonewton 
of  rated  thrust,  and  the  allowable  maximum  values  are  specific 
numbers  for  CO  and  UHCs,  and  for  NOx  they  are  expressed  as 
a  function  of  engine  compression  ratio.  NOx  is  reported  as  nitro¬ 
gen  dioxide  N02  corrected  to  0.0063-lbm  H20/lbm  air  specific  hu¬ 
midity.  UHCs  are  reported  as  methane  CH4.  Smoke  limits  are  ex¬ 
pressed  in  terms  of  an  Aerospace  Recommended  Practices  (ARP) 
smoke  number,  as  a  function  of  rated  thrust.  Becaus£®5oduction 
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engines  of  the  same  type  exhibit  a  degree  of  variability  in  perfor¬ 
mance,  and  because  there  is  measurement  uncertainty  and  repeata¬ 
bility  to  contend  with  as  well  as  different  atmospheric  background 
levels  and  conditions,  statistical  compliance  levels  have  been  es¬ 
tablished.  Over  the  years  the  limiting  values  for  NOx  have  been 
progressively  lowered,  and  this  continues,  for  example,  commit¬ 
tee  on  aviation  environmental  protection  (CAE P)/4  rule  (2004), 
with  CAEP/6  and  CAEP/8  to  follow.  For  a  summary  of  the  sta¬ 
tus,  see  Ref.  4.  Discussion  is  taking  place  concerning  regulation 
for  exhaust  emissions  at  altitude.5  Although  the  regulations  exist¬ 
ing  govern  operations  below  900  m  in  altitude,  they  also  result  in 
some  inherent  reduced  emissions  capabilities  at  altitude  although 
they  may  not  be  optimized  for  those  conditions.  Furthermore,  there 
are  growing  concerns  over  the  particulates,  which  can  be  solid 
and  liquid  phase  (VOCs),  and  their  sizes  that  are  associated  with 
smoke.  For  these  reasons,  emissions  control  has  become  a  major 
design  requirement  for  combustors  intended  for  commercial  aircraft 
engines. 

Although  U.S.  military  aircraft  are  exempt  from  the  EPA  emis¬ 
sions  standards  governing  commercial  aircraft,  there  is  a  legal  re¬ 
quirement  currently  applicable  to  military  airbases  that  can  impact 
military  aircraft  emissions.  All  Department  of  Defense  bases  must 
comply  with  the  National  Ambient  Air  Quality  Standards  (N  A  AQS) 
and  State  I  mplementation  plans.  Specifically,  the  military  must  com¬ 
ply  with  the  general  conformity  requirement  described  in  Section 
176(c)(1)  of  the  Clean  Air  Act,  as  implemented  by  the  EPA  in  the 
General  Conformity  Rule  (GCR).  This  requires  that  when  a  federal 
agency  is  proposing  a  new  activity  in  nonattainment  or  maintenance 
areas,  the  agency  must  assure  that  the  activity  conforms  to  the  State 
Implementation  Plan,  which  documents  the  schedule  and  how  the 
state  will  bring  the  region  into  conformity  with  the  NAAQS. 

Basing  of  future  military  aircraft  systems  may  require  emissions 
reductions  to  avoid  deployment  issues  in  areas  of  nonattainment. 
For  a  military  airbase  to  comply  with  the  GCR,  the  military  must 
evaluate  all  emissions  of  the  nonattainment  pollutant  from  new 
stationary  and  mobile  sources,  including  aircraft  operating  below 
3000  ft  and  ships  where  appropriate.  If  the  total  amount  of  crite¬ 
ria  pollutants  [ozone,  CO,  or  particulate  matter  (PM)]  or  precur¬ 
sors  of  ozone  such  as  NOx  and  VOCs  exceeds  the  EPA  established 
minimum  levels,  the  military  must  demonstrate  how  they  will  con¬ 
form  to  the  State  Implementation  Plan  for  the  area.  Typically,  the 
emissions  from  aircraft  dominate  the  emissions  from  an  active  mil¬ 
itary  airbase.  In  this  situation,  an  airbase  in  a  nonattainment  re¬ 
gion  can  have  difficulties  in  deploying  new  aircraft  systems  and 
even  transferring  aircraft  from  one  base  to  another.  Commercial  air¬ 
ports  as  communities  must  also  comply  with  the  NAAQS,  although 
commercial  aircraft  movements  themselves  are  exempt  from  the 
NAAQS. 

Almost  all  of  the  emissions  reductions  technology  extant  has 
been  developed  specifically  for  the  commercial  engine  market.  Fur¬ 
thermore,  it  has  been  directed  toward  satisfying  the  ICAO  landing/ 
takeoff  cycle  emissions  standards.  A  Ithough  lists  of  design  require¬ 
ments  for  ai  rcraft  gas  turbi  ne  engi  ne  combustors  for  commerci  al  and 
military  applications  would  appear  to  be  superficially  similar,  the 
emphasis,  priorities,  and  parameter-values  assigned  to  those  lists 
would  be  quite  different  between  the  two  applications.  For  these 
reasons,  the  suitability  of  various  emissions  reduction  strategies 
for  military  applications  is  not  equal  in  all  cases.  Nevertheless,  al¬ 
though  commercial  and  military  aircraft  can  also  have  very  different 
mission  profiles,  they  can  share  general  emissions  reduction  tech¬ 
nologies  in  principle,  provided  appropriate  balances  are  obtained 
between  emissions  reductions  and  operability  issues.  Flowever,  any 
commercially  developed  emissions  strategy  that  is  considered  for 
military  use  has  to  be  very  carefully  reviewed  against  the  way 
that  military  aircraft  are  operated  by  the  war-fighter.  Under  gun- 
to-gun  combat  conditions,  aircraft  maneuverability  is  paramount, 
with  rapid  high-gee,  high-incidence  turns  taking  place  over  wide 
ranges  of  altitude  and  subsonic  speeds,  with  associated  rapid  and 
extreme  throttle  movements  being  normal.  The  combustion  equip¬ 
ment  must  be  robust  enough  to  keep  functioning  perfectly  at  these 
conditions. 


There  follows  a  broad,  yet  necessarily  brief,  description  con¬ 
cerning  the  development  of  current  emissions  reduction  technology, 
its  capabilities  and  limitations,  and  some  advanced  techniques  that 
might  offer  further  reductions  in  exhaust  emissions.  For  the  sake  of 
brevity,  the  discussion  is  confined  to  the  gaseous  emissions  of  CO, 
U  H C s,  and  NOx  only,  except  for  where  trades  involving  smoke  are 
concerned.  In  addition  to  brevity,  a  reason  for  this  decision  is  that 
visible  smoke  reduction  technology  is  generally  well  understood. 
The  recent  concern  over  very  small  particulates  (PM  2.5s)  that  vis¬ 
ible  smoke  reduction  technologies  tend  to  produce  and  that  exist 
as  solids,  liquids,  and  solids  with  liquid  coatings,  and  that  do  not 
readily  settle  from  the  atmosphere  is  worthy  of  a  separate  study,  as 
some  passing  remarks  in  the  text  suggest.  Furthermore,  the  stan¬ 
dard  filter  paper  used  in  the  ARP  1179  smoke  test  does  pass  dry 
particulates  up  to  117  nm  in  equivalent  diameter.  Because  emis¬ 
sions  reductions  technology  is  largely  considered  to  be  company 
proprietary,  the  work  presented  is  necessarily  confined  to  mate¬ 
rial  available  in  the  open  literature.  Discussion  is  also  limited  to 
efforts  of  the  two  U  .S.  large  engine  manufacturers.  This  is  not  to 
imply  that  other  sources  have  not  contri  buted  to  the  know  I  edge  base. 
Small  engine  manufacturers,  in  particular,  have  a  difficult  ti me  with 
respect  to  low-emissions  combustor  equipment  because  of  obvi¬ 
ous  size  limitations  and  the  strong  cost  driver  that  they  must  live 
with. 

I  mportant  T  radeoffs 

Tradeoff  in  the  area  of  emissions  control  can  involve  two  types 
of  trading:  first,  trades  between  the  different  emissions  and  second, 
trades  between  emissions  and  combustor  performance.  Both  types 
of  trading  have  been  conducted  at  times  to  achieve  overall  emis¬ 
sions  compliance.  Ideally,  any  emissions  control  strategy  should 
represent  a  true  emissions  reduction,  that  is,  a  simultaneous  reduc¬ 
tion  for  all  gaseous  and  particulate  emissions.  Given  the  conflicting 
nature  of  emissions  generation  mechanisms  at  low  and  high  engine 
power  levels,  it  can  be  very  difficult  to  reduce  always  simultane¬ 
ously  all  emissions.  Therefore,  it  is  common  to  employ  some  form 
of  limited  trading  between  emissions.  Extreme  emissions  trades, 
for  example,  reducing  NOx  to  very  low  levels  at  the  expense  of 
vastly  increased  CO,  are  not  usually  acceptable.  Of  course,  the  ma¬ 
jor  trend  of  reducing  fuel  consumption,  and  hence  C02  emissions, 
has  been  achieved  by  increasing  engine  overall  pressure  ratio  and 
peak  temperature  ratio,  along  with  increasing  bypass  ratio.  These 
cycle  changes  make  the  NOx  problem  more  difficult.  Therefore, 
there  is  an  implicit  trade  that  exists  in  modern  engine  design  be¬ 
tween  C02  and  NOx  emissions.  Although  NOx  is  perceived  as 
being  more  important  than  C02  in  aircraft  emissions,  of  course, 
economics  also  play  the  dominant  role  in  the  drive  for  reduced  fuel 
burn. 

Any  component  design  changes  incorporated  for  reasons  of 
achieving  low  emissions  must  allow  the  combustion  system  to  still 
satisfy  the  basic  design  requirements.  Flowever,  once  basic  mini- 
mums  have  been  satisfied,  there  are  usually  adequate  margins  for 
trading  some  combustor  performance  for  improved  emissions,  pro¬ 
vided  that  engine  requirements  are  met.  For  example,  it  is  not  nec¬ 
essary  to  always  achieve  combustor  lean  blowout  fuel/air  ratios  that 
are,  for  example,  as  low  as  l/10th  the  minimum  fuel/air  ratio  that 
the  engine  will  ever  experience. 

Governing  Philosophy 

As  already  above  successful  emissions  control  usually  involves 
two  kinds  of  compromise  and  is,  therefore,  challenging.  It  en¬ 
compasses  considerations  of  initial  control  concepts,  sensitivity 
determinations,  and  optimization  of  both  emissions  and  perfor¬ 
mance  behaviors.  These  necessary  steps  have  to  be  considered  to¬ 
gether  and  not  in  isolation.  Optimization  requires  sufficient  under¬ 
standing  of  the  underlying  chemistry  and  physics  to  allow  for¬ 
mulation  of  some  working  hypotheses  that  frequently  have  to 
be  bounded  by  engineering  pragmatism.  One  constraint  that  has 
to  be  rigidly  applied  at  all  times  is  that  safety  should  never  be 
compromised.  1266 
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Reacting  flow  behavior  in  combustors  is  governed  by  an  ellip¬ 
tic  set  of  simultaneous,  nonlinear,  second-order  partial  differential 
equations.  The  potential  behavior  of  such  an  equation  set  implies 
that  the  fi  ne  detai  I s  of  the  fl ow  are  i  m portant.  F  ortunatel y,  there  is  al¬ 
ways  sufficient  general ity  at  an  engineering  working  level  such  that, 
with  care,  useful  guidance  can  be  obtained  to  make  low-emissions 
approaches  both  possible  and  portable  from  engine-to-engine 
designs. 

Control  Approaches 

Approaches  to  control  emissions  can  be  divided  into  two 
broad  types:  1)  those  approaches  that  may  be  applied  to 
conventional-appearing  combustors  and  2)  those  approaches  that 
result  in  nonconventional-appearing  combustors.  Under  each  type 
of  reduced-  or  low-emissions  combustor,  control  strategies  can  be 
grouped  into  general  categories.  For  conventional-appearing  com¬ 
bustors,  the  general  categories  have  been  separated  into  those  af¬ 
fecting  CO  and  U H Cs  and  those  affecting  emissions  of  NOx.  For 
unconventional-appearing  combustors,  the  general  categories  have 
been  separated  for  convenience  by  geometric  appearance.  Regula¬ 
tory  compliance  is  requiring  movement  to  emissions  levels  so  low 
that  conventional-appearing  combustors  are  unlikely  to  be  satisfac¬ 
tory  for  the  long  term. 

Control  Approaches  for  Conventional  Combustors 

Stoichiometry  Adjustments  for  Reduced  CO  and  UHC 

Well-stirred  reactor  (WSR)  studieswith  vaporized  or  gaseous  hy¬ 
drocarbon/air  mixtures  demonstrate  the  following  for  CO  (Ref.  6): 
For  short-residence  times  and/or  low  reactant  temperatures,  CO 
emissions  will  behigh  due  to  incomplete  combustion.  Forvery  high 
temperatures,  CO  emissions  will  be  high  due  to  dissociation  of  car¬ 
bon  dioxide.  H eavier  fuels  (high  carbon  numbers)  will  have  higher 
CO  emissions  at  given  reactor  temperature.  For  short-residence 
times  and  low  reactor  temperatures,  UHC  emissions  will  be  high 
dueto  incomplete  combustion.  H  eavier  fuels  will  have  higher  U  FI  C 
emissions  at  given  reactor  temperature. 

This  W  SR  behavior,  which  is  reaction  rate  dominated,  appears  to 
be  paralleled  in  engines.  CO  and  U  FI C  are  predominantly  generated 
at  low  engine  power  levels,  when  significant  quantities  of  both  can 
be  evident  at  idle  power  setti  ngs.  Oxidation  of  C  0  by  the  0  FI  radical 
is  an  important  but  relatively  slow  reaction.  It  can  go  to  completion  if 
sufficient  time  is  allowed  for  the  conversion,  or  if  the  reaction  is  ac¬ 
celerated.  It  has  been  shown7  thatfor  earlier  engines  high-idle  power 
levels  of  CO  in  the  exhaust  were  due  to  insufficient  residence  time. 
The  design  trend  toward  smaller  length  combustors8  obviates  the 
i  ncreased  resi  dence  ti  me  approach .  T  he  chemi  cal  reach  on  can  be  ac- 
cel  erated  by  rai  si  ng  the  concentrati  ons  of  the  reactants,  by  i  nc reasi  ng 
the  temperature  of  the  reactants,  and  by  increasing  the  reaction  pres¬ 
sure,  according  the  well-known  Arrhenius  reaction  rate  expression. 

M  oderngas  turbines  tend  to  idle  at  higher  air  pressures  and,  there¬ 
fore,  also  higher  air  temperatures  than  did  earlier  engines.  Flence, 
combustion  conditions  at  low  engine  powers  are  slightly  more  fa¬ 
vorable  than  they  used  to  be.  Note,  however,  that  modern  engines 
are  unlikely  to  idle  at  the  7%  power  setting  that  forms  a  state-point 
in  the  ICAO  emissions  parameters;  lower  values  of  3-5%  are  more 
typical.  The  most  dramatic  reductions  in  CO  emissions  have  been 
achieved  by  increasing  the  idle-power  bulk  equivalence  ratio  in  the 
primary  zone  of  the  combustor,  where  the  flame  is  held.  This  is 
shown  in  Fig.  1  for  an  engine  operating  at  idle  power.9  In  Fig.  1, 
two  idle  overall  fuel/air  ratio  (OFAR)  settings  of  0.0126  and  0.0112 
are  shown,  together  with  variation  in  the  primary  zone  bulk  equiv¬ 
alence  ratio.  The  increase  of  primary  zone  bulk  equivalence  ratio 
increases  the  amount  of  fuel  that  is  burned  at  and  around  the  stoi¬ 
chiometric  value  due  to  fuel/air  unmixedness  effects.10  Therefore, 
the  bulk  flame  temperatures  are  increased,  resulting  inthe  observed 
improvements  in  combustion  efficiency,  which  implies  reduced  CO. 

FI  o w  ever,  i  t  i  s  not  i  m  med  i  atel  y  c I  ear  w  h ether  the  o bserved  effects 
in  Fig.  1  are  truly  chemical  in  origin.  Characteristic  time  studies  have 
been  conducted11  for  engine  primary  zones  at  idle-power  conditions, 
which  relate  the  characteristic  time  r  ratios  for  fuel  vaporization 
to  CO  consumption,  fuel/air  mixing  rates  to  CO  consumption,  and 
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Fig.  1  Effect  of  primary  zone  equivalence  ratio  on  combustion  effi¬ 
ciency;  engine  at  idle  power. 


fuel/airmixing  rates  to  fuel  evaporation  rates.  Individual  characteris¬ 
tic  times  may  be  estimated  by  the  methods  of  Washam  and  M  el  lor.12 
Comparisonof  the  resulting  ratios,  reVap/Tco  =  1.75,rmix/TCo  =  3.75, 
and  Tmix/ievap  =  2.14,  shows  that  CO  emissions  are  physically  con¬ 
trolled,  in  order,  by  the  degree  of  liquid  fuel  atomization  (because 
evaporation  rate  depends  on  atomization  and  atomization  itself  is  a 
very  fast  process,  occurring  in  typically  10~5  s),  fuel  evaporation, 
and  fuel  vapor/air  mixing.  The  behavior  shown  in  Fig.  1  can,  there¬ 
fore,  be  explained  primarily  in  terms  of  the  increased  temperatures 
resulting  in  improved  evaporation  rates  of  the  liquid  fuel  spray. 

The  physical  nature  of  CO  emissions  at  low  powers  suggests 
that  they  might  be  reduced  by  improving  liquid  fuel  spray  evapo¬ 
ration  rates  through  enhanced  atomization  and  by  intensifying  fuel 
vapor/air  mixing  rates.  In  practice,  such  steps  are  difficult  to  accom¬ 
plish  in  a  viable  fashion.  Raising  the  air  pressure  drop  across  the 
combustor  can  increase  air  turbulence;  however,  high  air  pressure 
drop  has  an  adverse  impact  on  engine  specific  fuel  consumption.  At¬ 
omization  from  pressure  atomizers  can  be  improved  by  increasing 
the  fuel  pressure  drop  across  them  at  given  flow  rate,  that  is,  de¬ 
creasing  the  injector  flow  number.  Flowever,  fuel  pump  technology 
has  not  kept  pace  with  the  increased  overall  pressure  ratios  (OPRs) 
of  modern  engines  sufficiently  to  permitthis,  even  with  dual-orifice 
injectors.  Furthermore,  the  increase  in  combustor  OFARs  for  im¬ 
proved  engine  thermal  efficiency  and  higher  specific  thrust  increases 
the  ratio  of  maximum-to-minimum  fuel  flow  rates  (turndown  ra¬ 
tio),  which  increases  the  difficulty  of  pumping  hot,  low-lubricity 
fuel.  Airblast  atomizers  can  benefit  from  an  increased  air  pressure 
drop  across  the  combustor,  but  again,  this  adversely  impacts  engine 
performance.  Atomization  and  fuel/air  mixing  can  be  enhanced  by 
increasing  the  number  of  fuel  injection  points  into  the  combustor. 
U  nfortunately,  this  increases  engine  cost  and  must  be  done  without 
reducing  the  individual  fuel  passage  sizes  to  levels  where  internal 
coke  formation  arising  from  thermal  degradation  of  the  liquid  fuel 
becomes  a  problem.  For  these  reasons,  adjustment  of  the  primary 
zone  bulk  equivalence  ratio  at  idle  power  conditions  remains  the 
most  powerful  tool  for  control  of  CO  emissions  in  conventional 
combustors. 

Recirculation  Zone  Changes  for  Reduced  UHCs 

Characteristic  time  studies  relating  the  rates  of  CO  consump¬ 
tion  to  hydrocarbon  consumption  times  as  a  function  of  primary 
zone  bulk  equivalence  ratio  at  idle  power  conditions  show  that, 
chemically,  hydrocarbon  consumption  istens of  timesf^&fthenCO 
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consumption.11  Therefore,  for  relatively  high  primary  zone  equiv¬ 
alence  ratios  at  idle,  there  should  be  an  insignificant  emission  of 
UHCs.  WSR  studies6  support  this  experimentally.  This  behavior 
was  not  at  all  the  case  in  earlier  engines,  where  the  emission  indices 
(El)  (grams  pollutant  per  kilogram  fuel  burned)  of  CO  and  UHCs 
were  comparable.  Again,  this  suggests  some  physical  control  of 
UHC  emissions. 

Figure  2  shows  the  El  of  U  HC  plotted  against  the  El  of  CO  for 
several  different  engines  along  engine  operating  lines.  The  engines 
are  both  I  arge  and  smal  I  and  are  by  different  manufacturers.  N  ote  that 
the  different  engines  have  similar  characteristics  where,  as  engine 
power  level  is  increased  from  idle  [upper  right-hand  side  (RHS) 
of  Fig.  2],  the  El  of  CO  and  UHC  decrease  exponentially  together 
at  first  as  the  combustion  environments  increase  in  pressure  and 
temperature.  However,  at  some  point,  CO  continues  to  decrease  but 
UHC  emissions  remain  fixed  at  a  plateau  level.  From  a  chemical 
standpoint,  this  behavior  is  counterintuitive  because  CO  is  derived 
from  reaction  of  hydrocarbons  and  CO  consumption  is  much  slower 
than  hydrocarbon  consumption  and,  agai  n,  supports  the  idea  of  some 
physical  control  of  UHC  emissions. 

For  reasons  associated  with  the  recirculation  flow  patterns  con¬ 
tained  within  the  combustor  primary  zone,  liquid  fuel  injection 
systems  have  traditionally  been  designed  to  provide  a  near-90-deg 
hollow-cone  spray  angle,  as  shown  in  Fig.  3.  Liquid  fuel  droplets 
can  be  seen  in  the  flame  structures,  which  are  illuminated  with  a 
green  laser  beam.13  The  upper  and  lower  edges  Fig.  3  represent  the 


Fig.  2  Relationship  between  CO  and  UHC  emissions  for  several  en¬ 
gines  down  an  engine  operating  line. 


Fig.  3  Laser-illuminated  photograph  of  90-deg  hollow-cone  liquid  fuel 
spray  in  model  combustor  primary  zone. 


edges  of  the  optical  access  in  the  combustor  and  not  the  combustor 
liners,  which  are  just  out  of  view.  However,  it  can  be  appreciated 
that  liquid  fuel  droplets,  fuel  vapor,  and  partially  reacted  fuel  vapor 
in  the  narrow  shear  layers  of  the  90-deg  conical  spray  do  reach  the 
combustor  liners  atthelow  engine  power  conditions.  Onthe  surfaces 
of  the  combustor  liners  are  relatively  low -temperature  cooling  air 
films  to  protect  the  liners  from  thermal  damage.  The  cooling  films 
entrain  and  trap  the  liquid  fuel,  fuel  vapor,  and  partially  reacted 
fuel  vapor.  These  entrained  materials  become  chemically  frozen  in 
the  relatively  cool  cooling  air  and  are  progressively  diluted  with 
each  subsequent  addition  of  cooling  air  along  the  liner  surface.  The 
chemically  frozen  constituents  exit  the  combustor  along  with  the 
cooling  air  without  mixing  in  again  with  the  hot  mainstream.  This  is 
primarily  the  origin  of  U  HC  emissions  at  low  engine  power  levels 
and  is  the  reason  for  the  behavior  seen  in  Fig.  2. 

Elimination  of  liner  film  cooling  would  largely  solve  the  UHC 
problem  atlow  engine  power,  andthistechniqueisused  in  industrial 
gas  turbines  for  power-generation  burning  gaseous  fuels  where  high 
exterior  convective  air  velocities  and  extended  surfaces  to  enhance 
heat  transfer  are  used.  The  combi  nation  of  operating  conditions  with 
a  high  radiative  heat  load  in  aircraft  gas  turbines  is  such  that  reliance 
on  combustor  external  cooling  is  not  presently  viable  under  most 
circumstances.  Typical  combustor  liner  cooling  schemes  used  to 
use  about  30-35%  of  the  total  combustor  airflow,  WAb ■  Advanced 
cooling  schemes,  such  as  Pratt  and  W  hitney's  F  loatwal I™ ,  together 
with  advanced  materials,  such  as  cast  turbine  alloysand  singlecrys¬ 
tals,  can  reduce  the  cooling  airflow  down  to  20-25%  I/1/Ab  with 
excellent  durability.  M  ultihole  cooling  schemes  bring  manufactur¬ 
ing  cost  reductions  and  excellent  durability  for  about  22%I/I/Ab  ■  The 
introduction  of  new  molybdenum-based  alloys  together  with  the 
multihole  approach  could  bring  cooling  down  to  20%  1/1/Ab  or  less. 
Thermal  barrier  coatings  (TBCs)  can  be  used  to  advantage  with  all 
of  these  schemes.  T  B  C  s  i  n  aged  conditi on,  are  worth  about  100° F  i  n 
liner  temperature.  A  Ithough  these  represent  very  useful  reductions 
in  cooling  air,  they  are  not  sufficient  of  themselves  to  significantly 
reduce  UHCs. 

The  root  cause  of  the  difficulty,  which  is  one  of  fuel  entrainment 
i nto  the  dome  and  I i ner  cooling  air  fil ms,  i s  associ ated  w i th  the  con- 
ventional  recirculation  zone  traditionally  used  for  flame  stabilization 
in  the  primary  zone.14  As  can  be  seen  from  Figs.  3  and  4a,  when 
used  with  a  90-deg  spray  anglefuel  injector,  this  flow  pattern  directs 
raw  fuel  straight  into  the  combustor  liner  wall  region.  These  diffi¬ 
culties  can  be  addressed  by  turning  the  conventional  recirculation 
zone  inside  out  in  the  manner  of  Fig.  4b. 

The  flow  patterns  of  the  inside-out  recirculation  were  based  on 
visualizations  made  in  a  water  analogy  rig.  The  inside-out  recircula¬ 
tion  can  be  achieved  through  a  combi  nation  of  two  means:  first,  using 
an  airblast  atomizer  fuel  injector  of  modest  air-swirl  angle  and  with 
ai  r  passages  that  converge  on  the  i  nj ector  ti  p  centerl  i  ne  and  second, 
using  a  combustor  dome  within  which  the  two-phase  discharge  from 
the  fuel  injectors  experiences  an  immediate  and  significant  sudden 
expansion  on  entering  the  combustor.  The  swirling  discharge  from 
the  injectors  maintains  its  coherence  for  a  significant  distance  into 
the  combustor.  E  ventual  ly,  the  combi  nati  on  of  sw  i  rl  and  entrai  nment 
demands  cause  large  exterior  recirculations  to  develop  around  and 
between  individual  injector  discharges.  Small  recirculations  internal 
to  the  swirling  jet  flow  are  developed  under  the  combined  influences 
of  vortex  bursting  and  the  backpressure  effects  of  the  penetrating 
transverse  combustion  air  jets  from  the  liners.  The  position  of  the 
combustion  air  ports  is  a  little  farther  downstream  than  is  usual  to 
facilitate  the  initial  coherence  of  the  fuel/air  jet  from  the  injector. 
As  shown  in  Fig.  4b,  there  is  a  flow  conflict  between  the  large  outer 
recirculation  zones  developed  around  the  swirling  jet  and  the  dome 
and  primary  zone  liner  film  cooling  air.  To  optimize  the  flow  pat¬ 
terns,  the  cooling  air  films  in  the  dome  and  primary  zone  could  be 
reversed  in  direction15  so  that  shear  is  reduced  and  recirculation 
strengthened. 

Figure  5a  shows  the  flame  structure  for  an  inside-out  recircu¬ 
lation  at  lower  power  levels  (injector  equivalence  ratios  less  than 
unity)  by  natural  light,  in  the  same  model  combustor  as  in  Fig.  3. 
It  can  be  seen  that  the  flame  is  confined  to  the  central  tzgton  of  the 
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Fig.  4  Comparison  of  recirculation  zones:  a)  conventional  and  b)  in¬ 
side  out. 


combustor.  Flame  holding  isprovided  by  means  of  avery  small  cen¬ 
tral  recirculation  zone  [not  visible  here  but  shown  by  laser  Doppler 
velocimetry  (LDV)  measurements]  and  large  corner  recirculation 
zones  formed  between  the  combustor  dome,  the  liners,  and  the  cen¬ 
tral  flames  and  between  the  dome  and  adjacent  fuel  injectors.16’17 
Composite  planar  laser-induced  fluorescence  (PL  I F)  images  of  OH 
(Fig.  5b)  indicate  regions  of  heat  release  and  show  that  very  little 
reaction  takes  place  in  flow  that  is  recirculated  to  the  liners  and 
back  into  the  dome  for  injector  equivalence  ratios  that  are  less  than 
unity,  which  is  typical  of  idle  power  values.  Separate  laser  doppler 
velocimetry  LDV  and  coherent  anti-stokes  Raman  spectroscopy 
(CARS)  measurements  revealed  the  recirculation  patterns,  which 
were  similar  to  those  shown  in  Fig.  4b. 

The  U  H  C  engine  emissions  for  a  combustor  having  an  inside-out 
recirculation  zone  and  an  advanced  cooling  scheme  are  compared 
in  Fig.  6  with  those  for  an  engine  having  a  conventional  combus¬ 
tor  design.  The  engine  power  level  is  represented  by  means  of  the 
compressor  exit  air  temperatures,  which  essentially  correspond  to 
the  temperature  of  the  cool  i  ng  ai  r  i  ntroduced  onto  the  I  i  ner  surfaces. 
It  can  be  seen  that,  for  the  same  operating  conditions,  the  inside- 
out  recirculation  zone  in  the  primary  zone  yields  significantly  lower 
UHCs.  It  can  be  shown  that  the  major  contribution  of  the  UHC 
reduction  is  due  to  the  recirculation  zone  changes. 

A  reasonable  concern  for  the  inside-out  recirculation  zone  is  that 
the  concentration  of  fuel  in  the  coherent  swirling  jet  and  the  initial 
region  of  the  bursting  vortex  might  result  in  the  generation  of  large 
amounts  of  CO  from  locally  overrich  mixtures.  This  possible  ten¬ 
dency  would  be  exacerbated  by  the  selection  of  a  relatively  high  (but 
less  than  unity)  primary  zone  equivalence  ratio  at  idle  to  speed  liq¬ 
uid  fuel  droplet  evaporation  rates  through  high  flame  temperatures. 
Experience  shows  that  this  is  not  the  case  due  to  burn-up  of  CO  in 
the  intermediate  zone  of  the  combustor.  CO  levels  were  about  half 


a) 


50  too  ISO  200  250 


b)  Relative  OH  Intensity 

Fig.  5  Inside-out  recirculation  zone:  a)  natural  light  flame  photograph 
and  b)  PL  IF  OH  image. 

those  for  a  conventional  recirculation  zone.  Of  course,  it  is  essen¬ 
tial  to  ensure  that  the  design  of  the  intermediate  zone  is  suitable  to 
achieve  the  necessary  CO  burn-up.  This  involves  appropriate  selec¬ 
tion  of  intermediate  zone  bulk  temperature,  mean  residence  time, 
and  intermediate  air  jet  patterns.  For  example,  a  suitable  intermedi¬ 
ate  zone  length  of  one-half  a  dome  height  and  a  mean  equivalence 
ratio  on  0.6  might  represent  appropriate  values. 

Similarly,  the  potential  for  locally  overrich  fuel/air  mixtures  due 
to  the  inside-out  recirculation  pattern,  together  with  the  use  of  high 
primary  zone  equivalence  ratios  at  idle  power,  suggests  a  propensity 
for  excess  smoke  generation  at  high-power  levels.  This  is  a  genuine 
concern  that  is  addressed  by  the  introduction  of  very  smal  I  quantities 
of  smoke  control  air  in  close  proximity  to  the  fuel  sources.  H  owever, 
UHC  emissions  may  then  rise  at  low  power  if  significant  quantities 
of  relatively  cool  compressor  air  are  introduced  directly  into  the 
flame  region.  The  chilling  effects  of  such  air  can  exert  a  powerful 
influence  on  local  reaction  rates  that  is  reflected  in  a  sharp  increase 
in  UHC  emissions.  This  is  shown  in  Fig.  7,  which  shows  the  U  HC 
emissions  at  idle  power  for  an  inside-out  recirculation  zone  as  a 
function  of  the  sum  of  injector  and  smoke  control  air.  The  UHC 
curve  is  essentially  the  reciprocal  of  the  high-power1$ft$ke  curve 
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Fig.  6  Comparison  of  UHC  emissions  for  conventional  and  inside-out 
recirculation  zones. 


Fuel  Injector  Air  +  Insert  Swirler  Air,  %  WAB 


Fig.  7  Effect  on  UHC  emissions  of  air  injection  into  flame  at  idle 
power;  PW  experimental  JT9D-70A  engine. 


Adjustments  of  Time/Temperature  H  istory  for  Reduced  NOx 

Large  amounts  of  NOx  are  produced  at  high  engine  power  lev¬ 
els,  and  at  the  engine  exhaust,  the  NOx  consists  mainly  of  nitric 
oxide,  NO.  Characteristic  time  studies11  at  engine  conditions  relat¬ 
ing  NO  generation  of  hydrocarbon  consumption  illustrate  clearly 
that  NO  is  a  postflame  phenomenon  for  all  ranges  of  likely  equiva¬ 
lence  ratio.  These  studies  also  show  that  N  0  generation  is  a  slightly 
faster  chemical  process  than  is  CO  consumption,  and  hence,  trade¬ 
offs  between  NO  and  CO  will  exist.  WSR  experiments6  confirm 
that  NO  emissions  will  be  high  for  long-residence  times  and/or 
high  reactor  temperatures.  Thermal  NO,  produced  by  the  extended 
Zeldovich- Lavoie  mechanism,  which  represents  oxidation  of  at¬ 
mospheric  nitrogen,  is  a  postflame  phenomenon  that  is  time-at- 
temperature  driven.  Therefore,  early  attempts  at  N  Ox  control  aimed 
to  cut  both  time  and  temperature  by  any  means  available. 

Simply  shortening  the  combustor  can  reduce  the  residence  time. 
However,  significant  reductions  in  NOx  require  significant  reduc¬ 
tions  in  residence  time.  Typically,  a  60%  reduction  in  primary 
zone  residence  time  only  results  in  about  a  40%  reduction  in  NOx 
(Ref.  11).  Unfortunately,  at  the  greatest  reductions  in  residence 
time,  the  combustion  efficiency  has  also  fallen  dramatically  to  lev¬ 
els  considerably  less  than  90%,  and  flame  stability  is  seriously 
impaired. 

NO  is  only  sparingly  soluble  in  water.  Water,  however,  has  a  sig¬ 
nificant  latent  heat  of  vaporization  and,  therefore,  offers  an  effective 
means  of  reducing  flame  temperatures,  especially  if  it  is  introduced 
close  to  the  fuel  source.14  Injection  of  water  equal  to  about  3%  l/l/AB 
will  reduce  NOx  by  80%  (Ref.  11).  Figure  8  shows  the  NOx  reduc¬ 
tion  where  the  water  is  expressed  in  terms  of  the  combustor  airflow, 
and  it  can  be  seen  that  worthwhile  NOx  reduction  requires  a  water 
flow  thatiscomparableto thefuel  flow,  aswell  asthatCO  emissions 
can  be  i  ncreased.  H  owever,  this  represents  a  considerable  quantity  of 


Water  injected  Into  combustor, 
a)  percent  of  combustor  air  flow 


for  this  engi  ne.  1 1  arises  because  excess  ai  r  i  ntroduced  i  n  this  fashion 
results  in  a  dome  equivalence  ratio  that  is  too  low;  minimum  UHC 
emissions  were  achieved  when  thedomeequivalence  ratio  was  unity. 
The  UHC  emission  was  relatively  insensitive  to  the  direction  of 
the  swirl  of  the  smoke  control  air.  With  this  type  of  arrangement, 
peak  exhaust  smoke  is  attained  before  maximum  power.  This  is  due 
to  smoke  particle  burn-up  immediately  downstream  of  the  inside- 
out  recirculation  zone  when  sufficiently  high  gas  temperatures  are 
reached. 

By  the  means  described,  a  favorable  balance  between  low-power 
emission  of  CO  and  UHC  and  high-power  smoke  can  be  obtained. 
This  forms  an  example  of  the  interemission  trading  that  was  referred 
to  earlier.  The  strategy  proved  portable  engine-to-engine  and  was 
even  more  effective  when  used  in  conjunction  with  advanced  liner 
cooling  schemes. 


b)  Water/fuel  ratio 

Fig.  8  Water  injection  into  conventional  combustor  primary  zones: 
a)  NOx  reduction  and  b)  CO  increases.  1270 
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water  so  that  the  technique  would  only  be  used  on  takeoff  and  initial 
climb-out.  Therefore,  there  would  be  no  N  Ox  control  at  altitude  due 
to  water  injection.  The  water  quality  would  have  to  be  boiler-feed 
standard  to  avoid  scale  fouling  of  the  turbine  cooling  system.  The 
mass  addition  of  the  water  can  provide  worthwhile  engine  thrust 
augmentation,  which  can  be  helpful  for  hot  day,  high-altitude  take¬ 
offs.  After  the  water  has  been  injected  the  water  tanks,  distribution 
pipes  and  controls  represent  an  increase  in  aircraft  deadweight. 

Quasi-Staged  Rich-Quench-Lean  Combustion  for  Reduced  NOx 

Use  of  an  elevated  combustor  primary  zone  equivalence  ratio  in 
the  range  of  0.8-0.9  at  engine  idle  to  minimize  low-power  CO  emis¬ 
sions  allows  advantage  to  be  taken  of  the  reduced  flame  tempera¬ 
tures  at  high  power  that  resultfrom  over-stoichiometric  combustion. 
This  over-stoichiometric  primary  zone  behavior  arises  because  of 
the  fixed  geometry  of  the  conventional  combustor,18  where  there 
is  a  linear  relationship  between  primary  zone  equivalence  ratio  and 
0  FA  R .  A  pri  mary  zone  equivalence  ratio  set  to  around  0.8  at  idle  re¬ 
sults  in  a  value  between  1.5  and  2.0  at  takeoff  with  typical  turndown 
ratios.  Rich  burning  at  takeoff  suppresses  the  peak  NOx  emissions 
attained.  The  efficacy  of  the  approach  is  limited  by  fuel/air  unmixed- 
ness  effects,  by  the  existence  of  stoichiometric  interfaces,  and  by 
the  onset  of  excess  exhaust  smoke.  The  first  of  these  limitations  is 
demonstrated  in  Fig.  9.7  M  ixing  studies10  indicate  that  there  is  lit¬ 
tle  benefit  of  operating  with  initial  burning  zone  (IBZ)  equivalence 
ratios  in  excess  of  about  1.4. 

The  process  was  originally  thought  of  simply  as  another  time  vs 
temperature  control  technique.  However,  general  acceptance  of  the 
Fenimore  prompt-NO  process19  modified  the  view  of  the  concept. 
Combustion  at  high  temperatures  in  an  oxygen-deficient  atmosphere 
results  in  atmospheric  nitrogen  reacting  preferentially  with  hydro¬ 
carbon  fragments  produced  by  fuel-cracking  reactions.  Subsequent 
reaction  of  these  modified  fragments  that  now  contain  chemically 
bound  nitrogen,  very  efficiently  and  rapidly  produces  N  0 .  This  sec¬ 
ondary  reaction  usually  takes  place  in  a  fuel-lean  atmosphere.  For 
this  reason  the  process  is  labeled  as  rich-quench-lean  (RQL)  burn¬ 
ing  and  is  given  a  separate  category. 

With  fuel-rich  burning  in  the  primary  zone,  unburned  fuel  (as 
lower  hydrocarbons  containing  bound  nitrogen,  soot,  and  CO)  will 
enter  the  intermediate  zone  [or  secondary  burning  zone  (SB Z)]  of 
the  combustor,  even  with  100%  oxygen  consumption  efficiency  in 
the  IBZ.  The  duty  of  the  SBZ,  therefore,  undergoes  a  shift  in  em¬ 
phasis.  Its  primary  role  shifts  from  CO  burn-up  at  low  powers  and 
high-altitude  cruise  conditions20  to  CO,  UHC,  and  soot  consump¬ 
tion  at  high  power.  To  complete  this  combustion  process,  the  SBZ 
will  operate  fuel  lean.  To  accomplish  its  expanded  function,  the 
combustion  air  jet  array  feeding  the  SBZ  has  to  provide  adequate 


flame  holding  capability  to  confer  satisfactory  static  stability  on 
the  combustor.  The  transverse  air  jet  array  then  becomes  the  major 
source  of  N  Ox  generation  due  to  the  burn-up  of  the  fuel  fragments 
with  their  bound  nitrogen,  which  produces  in-flame  N  O  and,  subse¬ 
quently,  postflame  NO  through  the  Zeldovich- Lavoie  mechanism. 
This  is  shown  in  Fig.  10  for  a  model  combustor,21  where  the  pairs 
of  air  jets  of  equal  and  various  diameters  are  opposed  to  each  other 
and  are  positioned  with  a  pair  of  jets  placed  inline  with  the  fuel 
injector.  Burning  takes  place  around  the  jets  and  over  the  recircu¬ 
lation  zone  formed  by  their  convergence,  on  the  centerline  of  the 
combustor. 

Design  maps  for  this  RQL  approach  as  implemented  in  a  conven¬ 
tional  combustor  geometry  can  be  produced7that  link  relative  NOx 
and  IBZ  and  SBZ  equivalence  ratios.  As  an  example,  from  such  a 
map  an  engine  operating  with  an  I B  Z  equivalence  ratio  of  1.5  would 
have  50%  of  the  N  Ox  of  a  conventional  combustor  of  the  same  res¬ 
idence  time  if  the  SBZ  had  an  equivalence  ratio  of  0.35.  Figure  11 
shows  the  measured  NOx  reduction  achieved  in  an  engine  with  this 
simple  type  of  RQL  compared  to  the  conventional  combustor  for 
the  engine;  engine  power  level  is  represented  by  combustor  O  FAR. 


Fig.  10  Demonstration  in  model  combustor  of  jet  contribution  to  NOx 
for  lean  SBZ  with  rich  IBZ. 

Equivalence  Ratio 


0.147  0.206  0.265  0.324  0.382 


Combustion  Overall  Fuel /Air  Ratio 


Fig.  9  Effects  of  primary  zone  (or  IBZ)  equivalence  ratio  on  normal¬ 
ized  NOx  emissions. 


Fig.  11  E  nginemeasured  NOx  reductions  with  simple  ROL  combustor 
and  with  water  injection.  1271 
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It  can  be  seen  that  with  the  RQL,  NOx  at  idle  is  increased  slightly, 
and  this  reflects  the  elevated  equivalence  ratio  for  enhanced  com¬ 
bustion  efficiency.  Noteworthy  is  the  clear  hesitation  in  NOx  around 
the  approach  power  level,  where  NOx  remains  fixed  although  en¬ 
gine  power  is  increased.  This  hesitation  is  due  to  the  IBZ  reaching 
and  then  just  exceeding  unity  equivalence  ratio,  where  unmixedness 
suppresses  NOx  and  where  the  unburned  fuel  quantities  entering  the 
SBZ  are  low,  giving  very  low  equivalence  ratios  and,  hence,  a  neg¬ 
ligible  SBZ  NOx  contribution.  This  hesitation  is  in  some  respects 
similar  to  fuel  staging,  hence  the  use  of  the  term  quasi  staging  in  the 
heading.  It  represents  a  form  of  axial  staging  and  was  dubbed  quasi 
staging  to  distinguish  it  from  mechanical  axial  staging,  which  is  to 
bediscussed  later.  At  higher  powerlevels,  more  and  moreunburned 
fuel  leaves  the  increasingly  richer  IBZ.  M  ean  equivalence  ratios  in 
the  IBZ,  therefore,  increase,  and  IBZ  NOx  starts  to  dominate  total 
NOx  production.  Further  increases  in  power  setting  give  an  increase 
in  NOx.  However,  notethattheNOxcurvefortheconventional  com¬ 
bustor  is  slightly  but  definitely  concave  upward  whereas  that  for  the 
RQL  combustor  is  slightly  but  definitely  concave  downward.  This 
behavior  of  the  two  curves  results  in  a  favorable  divergence  in  N  Ox 
for  the  RQL  combustor  as  the  engine  power  increases.  This  charac¬ 
teristic  is  due  to  fuel/air  unmixedness  effects  in  the  I B  Z  as  its  equiv¬ 
alence  ratio  increases.  Eventually,  however,  at  higher  power  levels 
than  those  shown,  the  IBZ  would  in  turn  become  stoichiometric, 
resulting  in  another  NOx  hesitation  until  NOx  due  to  burning  in  the 
combustor  dilution  zone  becomes  dominant.  Therefore,  if  smoke 
controllability  limits  the  maximum  IBZ  equivalence  ratio  that  can 
be  used,  then  the  RQL  control  approach  is  apparently  limited  in 
maximum  OFAR  capability. 

As  a  matter  of  interest,  this  RQL  realization  was  also  evaluated 
with  water  injection  (Fig.  11).  The  combination  achieves  a  NOx 
reduction  at  takeoff  power  (to  the  same  OFAR)  of  60%.  The  water 
in  this  instance  was  introduced  in  an  expedient  fashion  and  was 
not  optimized  in  any  way.  NOx  along  an  operating  line  with  water 
injection  would  follow  the  RQL  curve  until  climb.  At  climb,  water 
injection  is  turned  on  and  NOx  drops  instantaneously  to  the  water 
curve,  which  is  then  followed  through  takeoff  power. 

Control  Approaches  for  Unconventional  Combustors 

Optimized  RQL 

There  are  two  major  difficulties  with  the  RQL  as  described  for 
conventional  combustors.  These  are  1)  the  necessary  provision  of 
liner  cooling  resulting  in  the  formation  of  stoichiometric  interfaces 
in  the  IBZ  and  2)  slow  mixing  rates  resulting  in  the  formation  of 
stoichiometric  interfaces  around  the  transverse  air  jets  in  the  SBZ. 
These  two  sets  of  stoichiometric  interfaces  are  responsible  for  the 
generation  of  excess  NOx.  A ddressing  these  issues  results  in  a  com¬ 
bustor  that  is  unconventional  in  appearance. 

As  part  of  NASA's  now  canceled  high-speed  civil  transport 
(HSCT)  program,  Pratt  and  Whitney  produced  an  optimized  RQL 
combustor  design22  that  was  functionally  similar  to  that  described 
earlier  and  embodied  two  burning  zones  in  series  while  addressing 
the  issues  efficiently.  The  fuel-rich  IBZ  of  the  design  was  exter¬ 
nally  cooled  via  a  closely  fitting  shroud  to  provide  high  convective 
cooling  velocities.  The  convective  cooling  air  for  the  IBZ,  having 
completed  its  cooling  task,  then  formed  the  quench  air  jets  neces¬ 
sary  to  lower  the  bulk  equivalence  ratio  to  fuel  lean  for  the  SBZ. 
The  quench  air  jets  were  introduced  in  a  reduced  cross-sectional 
area  mixing  section  that  was  additional  to  the  nonoptimized  RQL 
configuration.  The  reduced  flow  area,  together  with  the  mass  ad¬ 
dition  of  the  quench  air,  accelerated  the  internal  gas  flow  to  high 
velocities  in  an  attempt  to  prevent  burning  from  taking  place  in  the 
mixing  section.  The  SBZ  was  a  short  dump  combustor  immediately 
following  the  mixing  section. 

Several  complications  were  encountered  during  development  of 
this  combustor.  The  best  overall  mixing  for  a  quench  section  is  pro¬ 
vided  with  an  optimum  jet  momentum  flux  for  opposed  jets  that 
precludes  direct  jet  impact.  Therefore,  it  was  extremely  difficult  to 
avoid  a  situation  where,  before  mixing  was  complete,  stoichiomet¬ 
ric  flames  formed  around  the  entering  quench  air  jets.  The  high 
temperature  of  the  spent  cooling  air  forming  the  quench  jets  exac¬ 


erbated  this  tendency.  In  an  attempt  to  address  this  issue,  Pratt  and 
Whitney  introduced  a  can-annular  configuration,  where  the  IBZ  was 
made  up  of  12  individual  circular  cross  section  cans,  each  with  its 
own  fuel  injector,  external  cooling,  and  quench  air  jet  system;  the 
SBZ  was  annular.  A  later  configuration  was  fully  annular  because 
these  problems  were  eventually  solved  by  working  on  the  quench 
air  patterns,  although  details  of  this  have  not  been  released.  It  also 
proved  necessary  to  use  nonmetal  lie  ceramic  composite  liners  for 
the  IBZ.  Finally,  due  to  the  high  OFAR  turndown  ratio  necessary 
forsupersonic  operation  of  the  engine,  thedesign  ran  into  IBZ/SBZ 
equivalence  ratio  and  smoke  problems,  as  mentioned  earlier.  These 
were  solved  through  use  of  variable-geometry  fuel  injectors  that 
provided  a  limited  degreeof  IBZ  air  modulation.  The  resulting  com¬ 
bustor  pressure  loss  changes  were  uncompensated  without  serious 
performance  penalties. 

Pratt  and  Whitney  conducted  parametric  measurements  of  the 
emissions  for  this  combustor  in  rigs  and  determined  the  pressure 
sensitivity  of  NOx.  With  use  of  these  scaling  laws  applied  to  the 
engine  of  Fig.  11  (without  water  injection),  this  optimized  RQL 
design  technology  could  have  a  takeoff  NOx  falling  slightly  lower 
than  halfway  between  the  quasi-staged  RQL  dry  and  the  quasi- 
staged  RQL  with  water  injection.  This  would  represent  an  NOx 
El  of  about  12  g/kg.  This  signifies  a  creditable  performance,  that 
is,  a  65%  reduction  in  takeoff  NOx  compared  to  the  conventional 
combustor. 

Staged  Combustors 

The  consequences  and  limitations  of  a  fixed-geometry  combus¬ 
tion  system  have  been  mentioned  already.  If  some  form  of  staging  is 
introduced,  the  combustor  characteri Stic  governing  zone  and  overall 
equivalence  ratios  can  be  made  much  more  flexible.18  Aeroderiva- 
tive  gas  turbines  for  industrial  power  generation  have  been  success¬ 
fully  produced  (after  great  effort),  with  multiple-stagecombustors.23 
H  ow ever,  whereas  staging  appears  relatively  simple,  control  of  stag¬ 
ing  in  an  engine  with  a  wide  range  of  operating  conditions  is  very 
complex.  Part  of  the  control  complexity  is  that  staging  must  not 
occur  at  any  engine  steady-state  operating  points  to  avoid  hunting. 
Any  staging  system  must  also  have  a  fast  response  in  emergency 
conditions,  and  so  a  design  requirement  is  that  the  combustor  must 
always  be  fully  staged  when  in  the  vicinity  of  critical  flight  con¬ 
ditions.  Staging  of  course,  must  be  completely  transparent  to  the 
pilot.  By  this  is  meant  that  there  should  be  no  thrust  bumps  during 
the  process.  In  addition,  the  pressure  pulse  propagated  upstream  as 
the  mai  n  stage  ignites  must  not  adversely  affect  the  engi  ne  compres¬ 
sion  system.  Furthermore,  there  is  the  issue  of  liquid  fuel  coking  in 
fuel  injector  passages  due  to  heat  soakback  in  stages  that  are  shut 
down  while  the  engine  is  operating  at  some  power  level.  For  these 
reasons,  only  two-stage  combustors  have  been  considered  so  far  for 
aircraft  applications.  Either  the  airflow  (as  in  the  Pratt  and  Whitney 
optimized  RQL  combustorfortheHSCT)  orthefuel  flow  can  be  the 
quantity  that  is  modulated.  Generally,  there  are  serious  difficulties 
associated  with  air  modulation,  and  so  staging  is  usually  applied  to 
the  fuel  supply  only. 

Fuel  staging  normally  implies  that  the  combustor  possess  two 
separate  burning  zones,  each  fueled  separately.  The  separate  burning 
zones  are  commonly  referred  to  as  the  pilot  stage  and  the  main 
stage.  Functionally,  the  pilot  stage  fulfills  most  of  the  duties  of  a 
primary  zone,  whereas  the  main  stage  fulfills  many  of  the  duties  of 
the  intermediate  zone  of  a  conventional  combustor.  Engine  starting 
and  idling  is  accomplished  on  the  pilot  stage.  At  some  point  before 
an  approach  power  condition  is  reached,  the  main  stage  is  fueled 
and  ignited.  For  all  power  levels  above  approach,  both  stages  will 
be  operated;  however,  the  fuel  split  between  stages  can  be  adjusted 
by  the  fuel  controller  if  so  desired,  to  suit  operating  conditions  and 
to  minimize  emissions. 

The  two  burning  zones  can  be  arranged  in  one  of  three  funda¬ 
mental  configurations:  axially,  radially,  or  circumferentially.  The 
circumferential  arrangement  is  extremely  convenient  because  the 
combustor  only  differsfrom  a  conventional  design  in  itsfuel  system. 
However,  the  circumferential  arrangement  is  not  favored  because 
of  the  asymmetric  temperature  distribution  for  pilot-o?i?/?)peration 
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that  can  cause  out-of-roundness  problems  for  the  turbine  casings. 
Also,  the  chilling  effects  of  the  cold  airflows  at  the  edges  of  the 
unlit  main  stage  bordering  the  operating  pilot  stage  can  result  in  an 
increase  in  low-power  CO  and  U  HCs.  Figure  12  shows  an  example 
of  a  radially  staged  combustor  by  General  Electric  (GE).  The  main 
stage  is  placed  inboard  of  the  pilot  stage,  and  the  stage  fuel  injec¬ 
tor  tips  are  placed  on  a  common  support  stem.  The  configuration 
results  in  a  short  and  deep  combustor  that  requires  a  complicated 
prediffuser  design.  The  combustor,  thus,  has  two  separate  flames  ar¬ 
ranged  in  parallel  when  both  stages  are  fueled,  and  these  flames  are 
in  communication  with  one  another.  Two  separate  flames  that  are  in 
communication  can  "talk”  to  each  other,  and  acoustic  coupling  can 
occur.  This  is  a  possible  difficulty  with  the  radial  arrangement. 

Axial  staging,  whereaconventional  upstream  pilotfeedshotgases 
i  nto  the  dow  nstream  main  stage  thereby  assi  sti  ng  mai  n  stage  I  i  g  htoff 
and  subsequent  burning,  does  not  necessarily  result  in  an  increase  in 
combustion  section  length.  Pratt  and  Whitney  (PW)  engine  demon¬ 
strated  an  axially  staged  combustor  (A SC )24  that  had  20  airblast- 
atomizing  fuel  injectors  in  each  stage  and  had  the  same  overall 
burning  length  of  the  quasi -staged  RQL  combustor  it  replaced.  The 
pi  lot  stage  used  inside-out  recirculation  technology.  A  similar  com¬ 
bustor  has  been  explored  by  Rolls-Royce  Deuschland,25’26  where 


Fig.  12  Staged  combustion,  GE  radially  staged  combustor  (Interna¬ 
tional  Symposium  on  Air  Breathing  Engines)  (ISABE  Paper  2003- 
2657).31 


it  was  found  that  careful  optimization  of  the  interactions  between 
the  two  stages  is  necessary  to  achieve  the  best  emissions.  The  PW 
A  S C  had  an  o pti  m i  zed  pi  I  ot  stage,  w  here  at  eng i  ne  i  d  I  e  the  N  0  x  w  as 
acceptably  low  (around  5  g/kg)  while  maintaining  good  stage  effi¬ 
ciency  (greater  than  99.9%)  and  lean  blowout  (LBO)  overall  fuel 
air  ratio  (OFAR)  capability  40%  or  more  below  the  most  severe 
requirement.  The  integrated  emissions  values  for  the  demonstrator 
engine  were  46.6,  35,  and  1.75%  of  the  1996  ICAO  regulations  for 
N  Ox,  CO,  and  U  HCs,  respectively,  although  note  that  the  values  for 
CO  and  U  HCs  were  actually  increased  over  those  for  the  baseline 
engine.  However,  the  baseline  engine  had  very  low  values  of  CO 
and  U  H  C  emissions  so  that  this  was  not  a  concern.  A  gain,  this  is  an 
example  of  emissions  trading.  Figure  13  shows  a  cross  section  of 
the  ASC,  where  the  main-stage  fuel  injectors  for  convenience  are 
shown  in  the  same  plane  as  the  pilot-stage  injectors;  actually,  they 
were  staggered  relative  to  the  pilot-stage  injectors.  The  ASC  was 
accommodated  i  n  the  same  pressure  casi  ngs  as  the  basel  i  ne  combus¬ 
tor,  with  the  only  necessary  modifications  being  the  addition  of  pads 
to  the  outer  casi  ng  to  accept  the  mai  n-stage  fuel  i  njectors.  T  here  was 
only  a  single  ignitor  plane  (in  the  pilot  stage). 

The  behavior  of  staged  combustion  is  important  and  is  best  under¬ 
stood  by  considering  the  individual  emissions  characteristic  varia¬ 
tion  with  engine  power.27  T  he  engi  ne  power  level  is  here  represented 
in  terms  of  combustor  inlet  temperature,  and  Fig.  14  shows  the 
CO,  NOx,  and  UHC  characteristics,  respectively,  for  the  ASC.  The 
staging  pointisclearly  identifiable  by  fairly  massive  increases  in  CO 
and  UHC  emissions  and  by  a  modest  decrease  in  NOx.  The  NOx 
characteristic  should  be  compared  to  that  shown  in  Fig.  11  for  the 
quasi-staged  combustor.  T  he  shift  in  the  NOx  curve  is  ultimately  the 
same,  although  it  is  achieved  differently.  A  Ithough  the  main  stage  of 
theASC  isassisted  by  the  entering  hot  effluent  from  the  pi  lot  stage, 
initial  combustion  in  the  main  stage  when  it  is  fueled  is  not  easy,  and 
the  subsequent  recovery  of  low  CO  and  UHC  emissions  is  slow.  At 
the  staging  point,  the  overall  combustion  efficiency  can  be  as  low  as 
about  90%.  This  behavior  is  typical  for  fuel-staged  systems  what¬ 
ever  their  arrangement.  I  n  some  instances,  the  loss  in  efficiency  and 
slow  recovery  have  been  severe  enough  to  result  in  unacceptable 
fuel-burn  problems  for  the  engine.  The  reason  is  the  very  lean  main 
stage  that  results  as  the  main  fuel  comes  on  immediately  following 
staging.  However,  this  problem  can  be  worked  on  by  means  of  fuel 
scheduling  and  optimized  pilot/main-stage  interaction.  Care  has  to 
be  taken  however,  not  to  introduce  thrust  bumps. 

Staged  combustors  have  been  accepted  as  low-emissions  com¬ 
bustors  because  staging  takes  place  well  away  from  any  operating 
condition  used  for  compliance  evaluation.  How  they  actually  work 
as  emissions  control  devices  can  best  be  illustrated  by  comparing 


Emission  Index  of  NOx,  gm/kg.  H  Emission  Index  of  UHC.  gm/kg.  Emission  Index  of  CO,  gm/kg. 
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Fig.  14  Effectof  power  level  on  emissions  indices  for  staged  combustor 
(PW  A  SC,  first  engine  to  test). 
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Fig.  15  Comparison  of  emissions  tradeoffs  for  ASC  and  quasi-staged 
RQL  combustors. 


NOx  vs  CO  for  the  ASC  and  quasi-staged  RQL  combustors,  in 
Fig.  14. 

For  a  CO  vs  NOx  trade  as  shown  in  Fig.  15,  movements  of  the 
curve  toward  the  origin  represent  true  overall  emissions  reductions, 
and  movements  along  a  curve  represent  a  tradeoff  between  CO  and 
NOx.  In  Fig.  15,  the  solid  triangles  represent  the  quasi -staged  RQL 
combustor  and  the  open  circles  represent  the  ASC  combustor  that 
repl  aced  i  t;  the  engi  ne  model  i  s  the  same  i  n  each  case,  and  the  eng  i  ne 
numbers  and  builds  aregiven.  For  the  quasi-staged  RQL  combustor, 
the  idle  point  is  at  the  lower  RHS  of  Fig.  15,  and  as  engine  power 
is  increased,  the  plot  is  followed  smoothly  up  the  operating  char¬ 
acteristic  to  the  upper  end  of  the  curve,  which  represents  takeoff 
power.  For  pilot-only  operation,  the  ASC  data  points  at  the  lower 
RHS  follow  identically  those  of  the  quasi -staged  RQL  combustor, 
which  isasitshould  be  because  both  use  the  inside-out  recirculation 
and  associated  technology  and  have  identical  numbers  of  fuel  in¬ 
jectors.  When  the  A  SC  is  staged,  however,  the  curve  is  folded  back 
on  itself  and  moves  far  to  the  lower  right  of  Fig.  15,  which  repre¬ 
sents  the  maximum  CO  and  minimum  NOx  condition;  see  Fig.  14 
also.  As  power  is  further  increased  with  both  stages  operating,  the 
CO  slowly  is  reduced  and  the  NOx  increases.  The  after-staging  por¬ 
tion  of  the  ASC  curve  is  displaced  to  the  right  of  the  quasi-staged 
RQL  curve.  Because  the  ASC  curve  is  to  the  right  of  the  quasi- 
staged  RQL  curve,  the  ASC  clearly  represents  an  inferior  overall 
low-emissions  technology.  Itdoesso  well  interms  of  theintegrated 
emissions  parameters  because  1)  the  emissions  are  low  at  the  very 
limited  number  of  set  points  for  which  the  ICAO  integration  is  per¬ 
formed  and  2)  because  the  inside-out  recirculation  technology  is  so 
good  that  it  permitted  some  NOx  vs  CO  trading  to  be  made.  The 
ASC  is,  therefore,  an  example  of  trading  emissions  to  advantage. 

Improved  M ixi rig,  Lean-Burn  Staged  Combustors 

For  staged  combustors,  the  pilot-stage  contribution  to  the  total 
NOx  can  be  dominant  unless  the  pilot  fuel  is  modulated  at  high- 
power  levels.  When  this  is  done,  the  pilot  contribution  to  total  NOx 
can  become  almost  negligible.  Regardless  of  the  pilot  equivalence 
ratio,  the  main-stage  NOx  for  the  ASC  appears  to  be  virtually  in¬ 
dependent  of  the  main-stage  equivalence  ratio.24  These  points  are 
shown  in  Fig.  16,  which  suggests,  with  reference  to  Fig.  9,  that  the 
main  stage,  which  processes  most  of  the  fuel,  is  very  poorly  mixed. 
This  is  not  unexpected  because  nothing  serious  has  been  done  to 
address  fuel/air  mixing  in  these  realizations. 

Appreciation  of  the  preceding  points,  together  with  the  recogni¬ 
tion  of  the  infeasibility  of  premixing  for  aircraft  applications,  has  led 
to  some  consideration  of  and  a  degree  of  concentrator?^,  piloted 
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a)  Overall  Fuel  to  Air  Ratio,  OFAR 


Fig.  16  Contributions  to  NOx  in  staged  combustor:  a)  pilot  stage  and 
b)  main  stage. 


lean  direct  injection  (LDI)  for  advanced  low-emissions  concepts. 
A  pilot  of  some  form  is  still  needed  to  satisfy  engine  operability 
requirements,  but  serious  attempts  are  made  for  most  of  the  fuel 
injected  to  improve  fuel/air  mixing  such  that  combustion  actually 
takes  place  close  to  the  bulk  equivalence  ratio  of  the  main  stage. 

LDI  concepts  can  range  from  those  having  the  pilot  stage  sepa¬ 
rated  from  the  main  stage  (as  in  radial  or  axial  staging  as  described 
earlier)  with  separate  sets  of  fuel  injectors,  to  those  having  the  pi¬ 
lot  stage  central  to  a  surrounding  main  stage  in  an  integrated  fuel 
injector.  The  pilot  stage  design  can  follow  the  design  practices  al¬ 
ready  described  including  fuel  modulation  at  high  power,  whereas 
the  essence  of  the  L  D I  main  stage  is  to  improve  the  presentation  of 
the  stage  fuel  flow  to  the  stage  airflow  to  enhance  mixing  dramati¬ 
cally.  This  is  accomplished  by  injecting  the  stage  fuel  (which  makes 
up  the  majority  of  the  total  fuel  flow)  through  a  large  number  of  at¬ 
omizer  tips.  The  intent  is  to  approximate  the  probability  distribution 
function  for  local  equivalence  ratio  in  the  main  stage  to  a  delta  func¬ 
tion,  that  is,  to  a  single-stage  equivalence  ratio,  that  is  lean.  Some 
designs  incorporate  main-stage  swirl  cups  intended  to  allow  some 
fuel  spray  evaporation  and  mixing  of  the  resulting  vapor  with  air 
before  combustion.  However,  constraints  of  autoignition  severely 
I  i  mi t  thi s  potenti  al .  F or  those  concepts  that  have  a  central  pi  I ot  w  i th 
a  surrounding  LDI  main  stage,  the  resulting  flame  zones  cannot  be 
al  I  ow  ed  to  merge  because  ex  peri  ence  i  nd  i  cates  that  I  ow  N  0  x  cannot 
then  be  achieved.  Unfortunately,  if  the  two  flame  zones,  one  within 


the  other,  are  distinctly  separated,  they  will  have  a  tendency  to  talk 
to  each  other,  and  acoustic  coupling  can  occur. 

How  well  mixed  does  the  main-stage  fuel  and  air  need  to  be  and 
at  what  equivalence  ratio?  Consideration  of  Fig.  9  suggests  that  the 
answers  to  these  questions  are  respectively  very  well  and  quite  low. 
There  are  many  ways  in  which  mixing  can  be  represented  but  a 
mixing  parameter  S  (Ref.  28)  can  be  defined  as 

S  =  o /(p 

where  a  is  the  standard  deviation  for  a  Gaussian  distribution  of 
equivalence  ratio  about  the  mean  of  (p  such  that  S  =  0  represents 
perfect  mixing.  Figure  17  shows  the  influence  of  S  on  the  formation 
rate  of  NO  as  a  function  of  mean  equivalence  ratio.  It  can  be  seen 
that  for  enhanced  mixing  to  be  advantageous,  y  has  to  be  less  than 
0.7  and  S  has  to  be  less  than  0.25  for  lean  combustion.  Figure  18 
gives  estimates  for  S  in  practical  combustors.10  Figure  19  shows  the 
implications  of  Fig.  18  for  a  conventional  pressure  drop  airblast  in- 
jectorfuel  source  combustor  with  a  nominal  lean-burn  primary  zone 
with  mean  equivalence  ratio  of  0.6. 0  ne,  two,  and  three  sigma  bands 


Fig.  17  Effectof  mixing  parameter  on  rateof  formation  of  nitric  oxide 
(Heywood  and  M  ikus28). 
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Fig.  19  Implications  of  fuel/air  mixing  in  conventional  lean-burn 
combustor. 


of  equivalence  ratio  for  the  Gaussian  distribution  are  shown.1011  It 
can  be  seen  that  the  fuel  really  burns  over  a  wide  range  of  equiva¬ 
lence  ratios  and  that  some  fuel  components  will  actually  leave  the 
primary  and  intermediate  zones  of  the  combustor  unburned. 

For  <p<0.6,  Figs.  17  and  18  indicates  an  S  value  equal  to  about 
0.10  would  be  necessary  to  yield  formation  rates  d[NO]/dt  that  are 
low.  To  then  achieve  low  N  Ox  emission  indices,  the  mean  residence 
time  of  products  in  the  hot  reaction  zone  has  to  be  low  also.  These 
requirements  together  establish  the  design  criteria  for  the  L  D I  main 
stage. 

The  mixing  parameter  S  will  have  two  components,  one  that  is 
associated  with  the  total  energy  avai lable  for  mixing  in  the  combus¬ 
tor  and  one  that  is  associated  with  the  way  the  fuel  is  introduced. 
The  total  energy  is  mostly  the  air  pressure  drop  across  the  combus¬ 
tor  and  generally  cannot  be  increased  because  of  the  adverse  effects 
on  engine  specific  fuel  consumption;  the  fuel  introduction  compo¬ 
nent  includes  the  atomization  level  provided  and  the  way  the  fuel 
sprays  are  presented  to  the  air.  It  is  mainly  this  latter  component  that 
LDI  combustors  seek  to  address  by  making  large  increases  in  the 
number  of  fuel  sites.  The  main  stage  of  the  A  SC,  for  example,  had 
20  injectors,  whereas  the  main  stage  of  an  LDI  combustor  might 
have  100-200  fuel  sources  at  a  minimum.  Typically,  there  might  be 
20  injector  supports,  each  carrying  5-10  spray  tips.  One  extreme 
example29  had  864  injection  sites,  and  another  for  the  HSCT  pro¬ 
gram  had  1152  sites. 

The  large  increases  in  the  number  of  fuel  injection  sites  tend  to 
determine  the  type  of  fuel  injection  system  that  might  be  used.  The 
injector  tip  flow  number  (F N tjP)  is  defined  as 


F  N  tip  =  (m,u/n/AP; 

where  n  is  the  number  of  tips,  ( m  f )tot  is  the  engine  fuel  mass  flow 
rate,  and  A  P  f  i  s  the  fuel  pressu  re  d  rop  across  the  ti  p .  B  ecause  (m  f  )tot 
and  A P  f  are  fixed  by  the  engine  cycle  and  the  fuel  pump,  the  in¬ 
dividual  injector  FNtip  decreases  dramatically  as  the  number  of  tips 
i  ncreases,  even  al  I ow  i  ng  for  the  i  ncrease  i  n  fuel  I  i  ne  pressure  I osses. 
Because  the  atomization  performance  in  terms  of  Sauter  mean  di¬ 
ameter  (SM  D)  of  a  simplex  pressure  atomizer  can  be  expressed  as30 


SMD 


(FNtip)0  205 
(AP  f  )0-251 


fairly  good  atomization  (around  40-60  /xm  typically)  can  be 
achieved  without  the  use  of  excessive  fuel  pump  pressures.  This 
allows  the  use  of  macrolaminate  technology  for  inexpensive  manu¬ 
facture  of  the  tips.  Conventional  airblast  atomization  can  usually 
achieve  SM  Ds  around  20  /xm  or  less  at  high-power  conditions,  but 


is  probably  a  prohibitively  expensive  technology  for  this  use.  A  prac¬ 
tical  limitation  occurs  when  the  F N tiP  fall  below  unity.  Even  with 
macrolaminate  technology,  it  is  extremely  difficult  to  manufacture 
to  narrow  tolerances  in  flow  number  without  excessive  production 
rejection  rates.  Significant  local  deviations  in  fuel  flow  rate  that 
result  produce  severe  local  changes  in  S,  causing  high  NOx  gener¬ 
ation.  Care  also  has  to  betaken  in  introducing  the  injector  air  to  not 
col  lapse  thefuel  spray  cones,  particularly  if  someform  of  carburetor 
tube  is  used. 

The  use  of  very  large  numbers  of  injection  sites  necessitates  the 
use  of  multiple  stages  within  the  main  stage  itself  to  ameliorate  the 
typical  increaseinCO  andUHCsat  staging,  such  as  seen  in  Fig.  14. 
This  is  because  the  fuel  flow  rate  per  individual  site  at  staging  would 
be  excessively  small  if  all  sites  were  fueled  simultaneously,  resulting 
in  ultralean  combustion. 

Data  on  the  performance  of  LDI  systems  are  largely  still  propri¬ 
etary.  The  HSCT  program  LDI  configuration  from  GE,  which  had 
1152  main-stage  injection  sites  and  48  injection  sites  in  the  pilot 
stage,  demonstrated  in  rigs  single-digit  NOx  emission  indices  at 
17  atm  pressure  and  811  K  air  inlet  temperature  (supersonic  cruise 
conditions).  There  was  a  very  strong  sensitivity  of  NOx  to  mixer 
tube  fuel/air  ratio,  as  might  be  expected  from  Figs.  17  and  18.  (This 
system  is  only  functionally  an  LDI  combustor.  Fuel  is  introduced 
into  arrays  of  air  tubes  mounted  in  the  combustor  dome.  For  this 
reason,  it  has  been  described  as  a  premixed  system.  However,  the 
degree  of  premixing  actually  achieved  is  negligible,  and  therefore, 
for  convenience,  the  system  has  been  described  as  being  LDI  here. 
S  tri  ctl  y,  i  t  cou  I  d  mo  re  co  rrectl  y  be  referred  to  as  a  parti  al  I  y  prem  i  xed 
system.)  In  addition  to  the  pilot,  the  main  stage  had  five  fuel  stag¬ 
ing  modes  to  bring  it  up  to  full-stage  fuel  flow.  Data  from  a  NASA 
concept29  that  is  not  really  engine-worthy  have  results  that  are  not 
especially  encouraging,  although  this  is  almost  certainly  due  to  the 
particular  implementation  rather  than  to  the  LDI  concept  itself.  All 
of  the  combustor  air  passed  through  the  dome,  which  had  a  substan¬ 
tial  annular  height  to  accommodate  all  of  the  864  swirl-cup  injection 
sites.  Although  the  flame  length  was  very  short,  coupling  the  dome 
to  the  turbine  inlet  height  resulted  in  the  existence  of  an  extensive 
thermal  soak  zone.  It  would  be  expected,  therefore,  thatNOx  would 
correlate  strongly  with  combustor  ex  it  temperature.  F  igure  20  shows 
that  this  is,  indeed,  the  case. 

Comparison  of  the  NOx  vs  CO  trade  curve  for  this  NASA  LDI 
with  that  of  the  quasi-staged  RQL  combustor  given  originally  in 
Fig.  14  suggests  that  this  realization  does  not  actually  represent  an 
emissions  technology  improvement.  This  is  shown  in  Fig.  21.  There 
are  indications  that  the  LDI  trade  curve  might  cross  the  quasi-staged 
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Fig.  21  Comparison  of  NASA  John  H.  Glenn  Research  Center  LDI 
emissions  trade  curve  with  a  quasi-staged  RQL  trade  curve. 


Combustor  Inlet  Temperature,  T3,  °R 


Fig.  22  NOx  comparison  up  engine  operating  lines  of  GE  DAC  TAPS 
LDI  concept  with  the  A  SC  concept. 

RQL  trade  curve.  The  major  benefit  appears  to  be  lower  NOx  at 
low-power  conditions.  These  LDI  test  data  are  sector-rig  results. 

Figure  22  shows  a  comparison  of  GE's  twin  annular  premixing 
swirler(TAPS)  LDI  technology  with  the  A  SC  engine  NOx  data.  The 
TAPS  LDI  rig  database  was  developed  as  functions  of  pressure,  T3, 
and  OFAR  for  each  fuel  staging  mode,  and  the  correlations  were 
used  to  extend  the  data  to  an  engine  with  an  OPR  of  30  (Ref.  31), 
which  is  appropriate  also  for  the  axially  staged  combustor  (A SC ) 
enginetests.TheDAC  TAPS  combustor  has  a  configuration  likethat 
of  Fig.  12,  with  the  substitution  of  theTA  PS  fuel  injectors,  which  are 
of  the  type  using  acentral  pilotwith  staged  secondary  injection  be¬ 
ing  arranged  concentrically  about  each  pilotto  produce  the  flowfi  eld 
shown  in  Fig.  23. 31  The  pilot/cyclone  interaction  zone  is  all  impor¬ 
tant  to  this  design.  It  is  intended  to  allow  the  pilot  flame  to  assist 
ignition  and  burning  of  the  premixed  flame.  There  are  two  design 
limits.  One  is  when  the  pilot  recirculation  zone  is  fully  merged  with 
the  premixing  cyclone  flame  zone,  that  is,  all  interaction  zone.  The 
second  is  when  the  pilot  recirculation  zone  is  completely  separated 
from  the  premixing  cyclone  flame  zone,  that  is,  zero  interaction 
zone.  For  the  first  limit,  experience  teaches  that  the  low  NOx  ca¬ 
pability  is  lost  or  substantially  reduced.  For  the  second  limit,  two 
separate  flame  zones  exist  that  can  talk  to  one  another,  with  poten¬ 
tial  acoustic  problems.  The  secret  to  success  is  to  get  the  interaction 
zone  j  ust  right.  A 1 1  of  the  requi  red  ai  rflow,  w ith  the  exception  of  I  i  ner 
cooling  air,  can  be  passed  through  the  dome  with  this  approach  to 
ensure  lean  operation  of  the  cyclone  stages,  shown  in  Fig.  23.  The 


Fig.  23  GE  TAPS  LDI  concept  showing  pilot,  main  and  interaction 
burning  zones. 


TAPS  data  for  simulated  engine  conditions  are  based  on  annular 
rig  tests  for  OFARs  to  0.037,  combustor  inlet  temperatures  T3  to 
1639°R,  and  pressures  to  23.8  atm.  No  experimental  uncertainties 
for  the  measurements  were  reported  in  the  original  GE  paper. 

The  staging  possibilities  with  the  DAC  TAPS  design  are  some¬ 
what  flexible.  It  can  be  operated  as  a  radially  staged  combustor,  as  in 
the  existing  DAC  system,  as  a  pilot/cyclone  staging  of  all  injectors 
of  both  banks,  or  as  any  combination  of  these.  In  addition,  modu¬ 
lation  as  a  function  of  engine  power  of  the  fuel  split  between  pilot 
stages  and  cyclone  stages  provides  further  flexibility  on  NOx  con¬ 
trol.  Actual  staging  mode  and  staging  points  for  a  given  application 
would  be  determined  by  balancing  emissions,  operability,  and  fuel 
passage  coking  tendencies.  Note  that  the  DAC  TAPS  design  has  30 
fuel  injector  supports,  each  one  mounting  two  tips.  Within  each  tip 
there  is  a  primary  nozzle  and  a  number  of  secondary  nozzles,  so 
that  there  are  several  hundred  fuel  sources  altogether  in  the  com¬ 
bustor.  For  the  same  air  pressure  drop  as  a  conventional  combustor, 
therefore,  the  DAC  TAPS  certainly  achieves  a  lower  value  of  the 
mixing  parameter  5  than  the  standard  DAC,  although  its  values  has 
not  been  assessed.  Introducing  all  of  the  air  through  the  dome  re¬ 
duces  bulk  equivalence  ratio.  Herein  is  the  secret  of  the  low  NOx 
potential  of  the  approach.  Because  the  combustor  was  designed  to 
be  accommodated  in  the  existing  casing,  there  is  no  change  in  bulk 
residence  times.  This  would  not  be  the  case  though  for  a  brand  new 
design,  however. 

It  can  be  seen  from  the  Fig.  22  that  the  pilot  stage  of  the  DAC 
TA  PS  combustor  has  reduced  NOx  compared  to  that  of  the  A  SC .  A  t 
T3  around  800°R,  100%  of  the  engine  fuel  flow  isgoingto  theTAPS 
pilots.  Staging  appears  to  take  place  at  about  1160°R,  which  ismuch 
delayed  in  comparison  with  the  A  SC .  H  owever,  thesubsequentslope 
of  the  NOx  curve  is  steeper  than  that  for  the  A  SC  so  that  the  two 
curves  cross  at  about  T3  =  1500°R.  It  is  not  immediately  clear  why 
the  fully  staged  slopes  are  so  different,  but  it  is  possibly  associated 
with  mixing  differences.  The  potential  benefits  of  multiple  staging 
can  be  appreciated  from  Fig.  22. 

Unfortunately,  no  CO  data  are  available  to  allow  construction  of 
the  NOx  vs  CO  trade  curve  for  the  DAC  TAPS  combustor  and  to 
then  allow  comparison  with  the  quasi-staged  RQL  trade  curve  as 
has  been  done  for  the  other  low-emissions  concepts. 

Situation  Summary 

Except  for  very  high-temperature  rise  combustors,  the  nonequi¬ 
librium  CO  and  U  HC  emissions  resultfrom  incomplete  combustion 
and  are  physically  controlled.  They  can  be  addressed  by  attention  to 
liquid  fuel  atomization,  fuel  placement,  bulk  stoichiometry  adjust¬ 
ments  in  the  combustor  primary  zone,  and  reduced  dome  and  liner 
cooling  air.  Although  CO  and  UHC  can  present  serious  problems 
for  older  engines,  particularly  where  long  ramp  times  are  involved, 
they  are  much  less  of  a  problem  with  modern  engines.  NOx  emis¬ 
sions  constitute  the  major  atmospheric  concern  and  are  much  more 
difficult  to  deal  with. 

In  terms  of  the  international  civil  aviation  organization 
(ICAO)  landing  and  takeoff  (LTO)  integrated  emissioWparameter 
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DP IF oo,  NOx  emissions  are  grouped  by  combustor  design, 
specifically,  by  the  emissions  control  technology  incorporated  in 
the  combustor  and  its  residence  time.  This  is  illustrated  for  some 
PW  engines  in  Fig.  24  as  a  function  of  OPR  using  data  obtained 
from  the  ICAO  emissions  databank.  Engine  data  in  the  ICAO  data¬ 
bank  do  not  usually  quote  measurement  uncertainties.  However,  the 
data  reported  are  normally  for  three  tests  on  a  single  engine,  and 
the  measurements  are  made  with  calibrated  instrumentation  and 
closely  follow  established  EPA  test  protocols.  The  first  group  of 
JT9D  data  isforold  combustors  containing  embryonic  quasi-staged 
RQL  reduced-emissions  technology.  The  second  group,  involving 
the  PW2000,  PW4000  and  IAE  V2500  engines,  are  for  modern 
design  combustors  (lower  residence  times,  more  effective  aerody¬ 
namics  reducing  parasitic  pressure  losses)  utilizing  the  quasi-staged 
RQL  technology.  The  PW4000  Talon  2  combustor  uses  a  refined 
version  of  the  quasi -staged  RQL  technology  and  is  conventional  in 
appearance,  as  can  be  seen  from  Fig.  25.  For  all  of  these  engines, 
the  bypass  ratio  (BPR)  ranges  from  4.1  to  6.8  and  is  not  a  factor. 
Similarly,  in  Fig.  26  for  G  E 's  dual  annular  combustor  (DAC)  1  and 
2  technology  in  the  CFM  56  and  GE-90  engines,  where  the  BPRs 
range  from  5.7  to  8.6,  the  NOx  data  group  by  combustor  design. 

I  f  the  eng  i  ne  data  i  n  F  i  gs.  24  and  26  represent  the  cu  rrent  best  stan¬ 
dard  of  engine  demonstrated  reduced  emissions  technology,  then 
these  data  in  relation  to  the  emissions  regulations  indicate  the  cur¬ 
rent  low  NOx  status.  The  collected  PW  andGE  data  from  Figs.  24 
and  26  do  group  together,  as  is  shown  in  Fig.  27,  where  they  are 
compared  with  the  ICAO  Committee  on  A  ircraft  Environment  Pro¬ 
tection  (CAE P)/4  standard  (for  OPRs  greater  than  30)  adopted  in 
1999  for  2004  enforcement. 
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Fig.  24  PW's  quasi-staged  RQL  NOx  emissions  technology. 


Note  that  the  level  of  low-emissions  technology  has  projected 
NOx  emissions  that  equal  and  exceed  the  CAEP/4  line  for  OPRs 
just  over  50.  B  ecause  carbon  dioxide  is  now  becoming  to  be  consid¬ 
ered  as  important  as  N  Ox  in  terms  of  its  effects  on  the  environment, 
and  because  fuel  burn  is  reduced  by  increasing  OPR  and  BPR,  the 
trend  of  increasing  OPR  will  be  continued  at  least  into  the  50  level. 
Therefore,  for  future  engines  with  increased  OPRs,  further  improve¬ 
ments  in  combustor  low-emissions  technology  over  the  current  best 
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Fig.  26  GE'sDAC  1  and  2  low  NOx  emissions  technology. 


Fig.  27  Comparison  of  current  engine  low  NOx  technology  with 
regulations. 


Fig.  25  PW  Talon  2  combustor  showing  simplicity  and  conventional  appearance. 
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VORTIFS 


b) 

Fig.  28  TVC:  a)  GE  12-in.  planar-sector  rig  (two-passage  diffuser) 
and  b)  schematic  of  TVC . 

engine  standard  are  going  to  be  needed.  TA PS-type  technology, 
together  with  staging  and  reduced  residence  times,  is  a  strong  can¬ 
didate.  At  the  time  of  writing,  recent  verbal  reports  circulating  in 
the  industry  suggest  that  PW's  RQL  technology  in  the  form  of  the 
Talon-X  combustor,  which  represents  a  further  refinement  of  the 
Talon  2  combustor  and  has  been  explored  under  the  NASA  John 
H.  Glenn  Research  Center  Advanced  Subsonic  Technology/Ultra 
Efficient  EngineTechnology  programs,  has  achieved  additional  and 
significant  reductions  in  NOx  beyond  the  curve  given  in  Fig.  28. 
It  is  apparently  still  a  simple  combustor,  if  less  conventional  in  ap¬ 
pearance  than  its  predecessors.  If  this  is  so,  then  it  is  also  a  strong 
candidate. 

The  techniques  for  reducing  CO  and  U  HCs  by  recirculation  zone 
changes  have  been  introduced  into  service  engines.  GE's  radially 
staged  DAC  combustion  system  is  also  in  full  commercial  service. 
PW's  A  SC  combustion  system  was  engine  demonstrated,  but  was 
not  introduced  into  service.  GE's  DAC  TAPS  LDI  combustor  has 
been  rig  demonstrated.  ItrequiressomefurtherworkforCO  and  op¬ 
erability,  and  these  issues  are  being  actively  worked.  PW's  Talon  2 
and  Talon-X  combustors  have  been  rig  demonstrated  and  develop¬ 
ment  continues. 

Although  it  is  really  up  to  the  original  equipment  manufacturers 
to  assign  appropriate  technology  readiness  levels  (TRLs)  to  their 
own  low-  or  reduced-emissions  approaches,  some  provisional  as¬ 
signments  may  be  attempted  based  on  the  published  information 
in  the  open  literature.  The  NASA  LDI  has  seen  limited  component 
testing  and  would  be  a  TRL  of  2  at  best.  The  GE  DAC  1  and  2 
combustors  have  completed  engine  field  service  evaluations  and  are 


in  service  and  so  would  be  TRL  8  or  better.  The  TAPS  LDI  is  in 
component  testing  and  would  be  a  TRL  5.  PW  ASC  completed  an 
engine  demonstration  and  so  would  be  a  TRL  6;  the  Talon  1  and 
Talon  2  might  be  TRL  6  or  higher,  whereas  Talon-X  would  still 
probably  be  a  TRL  5. 

U.S.  Air  Force  Requirements  and  Considerations 

The  brief  survey  of  the  development  of  reduced-emissions  com¬ 
bustors  has  revealed  a  story  of  steps  forward,  trades  between  emis¬ 
sions,  and  an  ever-growing  complexity  in  combustor  hardware  with 
consequent  increases  in  cost  and  weight.  The  major  difficulty  is 
associated  with  NOx  reductions.  Understanding  of  the  details  has 
grown  tremendously,  however.  The  issue  of  exhaust  smoke  has  not 
been  touched  on  here  because  it  is  worthy  of  separate  treatment. 

U.S.  Air  Force  engine  design  requirements  have  tradition¬ 
ally  stressed  advanced  performance  in  the  form  of  increased 
thrust/weight  ratio  and  specific  thrust.  Recently,  affordability  and 
life  have  also  become  issues  of  great  importance.  The  combustor 
is  expected  to  conform  to  previous  design  criteria,  be  fully  afford¬ 
able,  and  have  long  life  with,  now,  the  added  concerns  of  exhaust 
emissions  becoming  important. 

For  engines  to  meetmilitary  design  goals,  combustors  for  fighter 
engines  have  always  faced  the  issues  of  high- temperature  rise  and 
high  combustor  exit  temperatures.  Hand-in-hand  with  these  have 
gone  consequent  reduced  service  intervals  and  high  replacement 
costs.  For  future  engines,  if  compression  technology  does  not  be¬ 
come  limiting,  high  combustor  exit  temperatures  are  possible  with 
only  slight  increases  in  temperature  rise  over  current  levels.  Should 
compression  technology  become  limiting,  high  combustor  exit  tem¬ 
peratures  become  essential,  together  with  high-temperature  rise. 
Clearly,  these  conditions  imply  turbine  and  combustor  durability 
problems  beyond  those  of  today's  engi  nes.  H  owever,  it  is  more  com- 
plicated  than  thissimplepicture.  High  gas  temperatures  imply  inher¬ 
ently  high  combustor  exit  NOx  levels,  and  as  Fig.  17  demonstrates 
for  high  equivalence  ratios,  combustors  that  have  good  fuel/air  mix¬ 
ing  will  have  higher  NOx  than  combustors  that  have  less  perfect 
fuel/air  mixing.  Equilibrium  chemistry  allows  dissociation  of  C02 
to  C  0  at  such  high  temperatures,  such  that  at  an  0  PR  of  35  the  emis¬ 
sion  index  of  CO  is  0.025-g/kg  fuel  burned  for  an  exit  equivalence 
ratio  of  0.5  and  is  15  g/kg  for  an  exit  equivalence  ratio  of  unity.  T reat- 
ing  the  combustor  as  a  perfectly  sti  rred  reactor  with  finite  rate  chem¬ 
istry  at  a  (cold)  combustor  residence  time  of  5  ms,  the  stoichiometric 
equivalence  ratio  of  H2/02  is  reached  for  an  exit  equivalence  ratio 
of  0.5,  the  stoichiometric  equivalence  ratio  of  C2H  2/02  is  reached  at 
0.9  exit  equivalence  ratio,  and  the  stoichiometric  equivalence  ratio 
of  C0/02  is  reached  at  unity  equivalence  ratio.  Because  the  high 
gravitational  forces  experienced  by  the  gases  exiting  the  combus¬ 
tor  in  flowing  through  the  high-pressure  turbine  tend  to  concentrate 
cooler  unburned  gases  and  heavier  molecules,  significant  combus¬ 
tion  can  take  pi  ace  i  n  the  turbi  ne  w  i  th  the  turbi  ne  and  ai  r-seal  cool  i  ng 
air.  Notonly  does  this  constitute  a  durability  problem  and  increased 
pressure  losses,  it  also  implies  further  NOx  generation  downstream 
of  the  combustor.  These  issues  raise  the  question  of  whether  or 
not  future  military  combustors  should  have  near-stoichiometric  exit 
conditions.  In  other  words,  cycle  performance  might  be  traded  for 
durability  and  reduced  cost  of  ownership.  The  U  .S.  Air  Force  versa¬ 
tile  affordable  advanced  turbineengine(VAATE)  program  islooking 
attheoverall  picture,  which  now  involves  notonly  performance,  but 
also  durability,  emissions  and  affordability. 

Clearly,  the  directions  being  pursued  for  low  emissions  in  com¬ 
mercial  engines  are  not  completely  consistent  with  U  .S.  Air  Force 
design  requirements,  exceptfor  transport  aircraft  that  use  derivatives 
of  commercial  engines.  Multiple  injection  sites  and  staging  adds 
system  weight  and  cost,  whereas  multiple-staging  modes  adds  com¬ 
plexity  and  probably  also  has  an  adverse  effect  on  reliability  through 
fuel  passage  coking  propensity.  The  thought  of  a  low-emissions 
combustion  system  repeatedly  staging  and  unstaging  during  com¬ 
bat  maneuvers  is  disconcerting  Mechanically  staged  combustion 
systems,  therefore,  are  most  unlikely  to  be  considered  seriously 
for  combat  aircraft.  It  would  seem  prudent,  therefore  that  some 
alternative  approaches  for  U.S.  Air  Force  applicatidre  knight  be 
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advantageously  considered  in  addition  to  pursuing  TAPS/LDI  tech¬ 
nology.  TheTalon  2/Talon-X  RQL  technology  is  one  approach  that 
offers  some  possibilities  here,  provided  smoke  and  particulates  do 
not  become  serious  issues  from  a  stealth  point  of  view. 

Simpler  Combustor  Approaches 
for  M  ilitary  Applications 
Trapped  Vortex  Combustor 

A  military  combustor  must  have  the  best  possible  pilot  to  satisfy 
severe  engine  operability  requirements.  M  ost  of  the  conditions  for 
good  pilot  design  have  been  described  above.  In  all  of  the  combus¬ 
tor  designs  discussed  so  far,  the  pilot  recirculation  zone  that  holds 
flame  is  exposed  to  the  aerodynamical ly  destabilizing  influences  of 
the  main  flow  in  oneway  or  another.  Therefore,  it  has  to  be  substan¬ 
tial  in  size.  The  large  size  means  long-residence  times  that  contribute 
significantly  to  the  total  NOx  generated.  Furthermore,  smooth  con¬ 
nection  of  the  pilot  with  its  large  annular  height  to  the  turbine  inlet 
results  in  the  formation  of  thermal  soak  zones  that  also  contribute 
to  NOx. 

The  trapped  vortex  combustor  (TV  C)32  was  originally  conceived 
as  a  high-performance  (low-pressure  drop,  high-temperature  rise) 
combustor  specifically  for  advanced  military  applications.  It  also 
has  the  potential  of  reducing  engine  length,  where  in  military  en¬ 
gines  1  in.  in  axial  length  can  be  worth  up  to  about  100  Ibm  in 
installed  engine  weight.  A  TVC  mechanically  anchors  a  pilot  re¬ 
circulation  zone  on  a  time-averaged  basis  by  holding  it  within  a 
specially  designed  cavity.33  The  cavity  protects  the  recirculation 
zone  from  main-stage  flows.  The  recirculation,  therefore,  can  be 
smaller  than  a  conventional  recirculation  zone,  while  having  a  su¬ 
perior  operability  performance.34  The  smaller  recirculation  region, 
through  reduced  residence  time,  offers  the  possibility  of  a  less  se¬ 
vere  impact  of  the  pilot  on  overall  NOx  emissions.  Furthermore,  if 
the  TVC  is  designed  with  its  zones  in  parallel,32  that  is,  with  the 
pilot  being  placed  parallel  to  the  main  flow,  the  overall  combustor 
length  is  further  reduced.  T  his  saves  weight  and  reduces  the  thermal 
soak  zones  for  lower  NOx. 

Figure  28a  shows  a  GE-designed,  TVC35  planar-sector  rig.  The 
configuration  shown  is  a  staged  combustor,  where  the  main-stage 
fuel  is  introduced  into  the  combustor  two-passage  diffuser  section, 
which  has  been  integrated  to  form  the  combustor  dome  to  give  an¬ 
other  reduction  in  section  length.  The  main  stage  forms  an  LDI. 
There  are  inner  and  outer  cavities  placed  in  parallel  to  the  main 
stage  that  are  separately  fueled.  In  a  generic  sense,  the  hot  com¬ 
bustion  gases  are  recirculated  within  the  cavity  and  are  then  ex¬ 
tracted  from  it  by  the  low-pressure  wake  regions  formed  by  the 
mainstream  flow  from  the  diffuser  passing  through  the  combustor 
dome.  An  igniter  plug  is  contained  in  the  outer  cavity;  ignition  of 
the  inner  cavity  occurs  by  flame  transport  across  the  central  bluff- 
body  flameholder  of  the  main  stage.  The  downstream  exit  corners 
of  the  cavities  are  provided  with  film-cooling  slots,  and  thermal  bar¬ 
rier  coating  is  applied  to  all  surfaces.  The  main-stage  flameholder 
and  cavities  have  application  of  angled,  multihole  cooling  passages 
for  enhanced  durability.  The  rig  could  be  operated  as  a  staged  LDI 
combustor,  or  as  a  quasi-staged  RQL  combustor  when  only  the  cav¬ 
ities  are  fuel  ed .  0  perati ng  as  a  staged  L  D I ,  the  overal I  flame  I ength 
isextremely  short.  Emissions  measurements  indicate  that  the  com¬ 
bustor  shown  in  Fig.  28  could  be  shortened  in  exit  length  a  further 
40%  without  driving  up  CO.  The  section  length  of  this  concept  in 
an  engine  is  only  a  fraction  of  that  of  a  conventional  design. 

Figure  28b  shows  the  notional  flow  patterns  described  earlier. 
Note  the  double-vortex  system  formed  in  the  cavities  by  means  of 
mainstream  flow  over  the  cavity  and  the  direct  introduction  of  air 
jets  into  the  cavity.  Flow  patterns  in  the  cavity  proved  to  be  critical 
in  determining  performance.  The  vortex  systems  established  proved 
to  be  remarkably  stable  in  that  flame  movies  shot  at  12,000  frames/s 
still  exhibited  regular,  vigorous,  and  tight  recirculation  zones  fully 
contained  within  the  cavities. 

The  performance  of  the  TVC  of  Fig.  28  was  extremely  encour¬ 
aging  for  a  new  concept  when  operated  over  a  range  of  pressures 
from  subatmospheric  to  20  atm  with  a  nonvitiated  heated  air  supply 
on  liquid  J  P-8+100  fuel.  The  static  stability  (LBO)  was  over  twice 


Fig.  29  NOx  vs  CO  trade  comparison  for  TVC  and  quasi-staged  RQL 
combustor. 


as  good  as  that  of  a  conventional  combustor  at  the  same  combustor 
loading  over  a  wide  range  of  loadings.  Successful  altitude  relight 
was  demonstrated  up  to  engine  conditions  representative  of  over 
20-km  height,  and  stable  combustion  was  maintained  to  conditions 
representative  of  greater  than  40-km  flight  altitude.  Propagation  of 
flame  from  the  outer  cavity  to  inner  cavity  across  the  mainstream 
viathemain-stageflameholder  was  satisfactory  on  starting.  Without 
any  dilution  air  jet  assistance,  combustor  outlet  temperature  distri¬ 
butions  (profile  and  pattern  factors)  were  acceptable  to  a  turbine, 
and  operation  at  stoichiometric  outlet  conditions  was  successfully 
demonstrated.  The  combustion  efficiency  at  idle  conditions  was  in 
excess  of  99%,  and  this  was  held  over  wide  ranges  of  OFAR;  the 
efficiency  at  the  staging  point  was  very  high  also,  in  excess  of  99%. 

When  operating  as  a  staged  LDI  device,  the  NOx  vs  CO  trade 
curve  was  moved  closer  to  the  origin  compared  to  that  for  the  G  E - 
90  staged  combustor  shown  in  Fig.  14,  thereby  representing  a  truly 
reduced  emissions  device.  Note  that  the  initial  main-stage  injection 
system  of  this  LDI  was  far  from  ideal,  so  further  improvements  in 
emissions  could  resultfrom  attention  to  the  main-stage  fuel  system 
design.  W  hen  operated  as  an  RQL  device  (cavities  only  fueled),  the 
NOx  vs  CO  trade  curve  moved  even  closer  to  the  origin  than  that 
for  the  staged  TVC,  whereas  NOx  levels  were  essentially  the  same 
as  for  the  staged  TVC.  Figure  29  shows  a  comparison  of  the  TVC 
NOx  vs  CO  trade  curve  to  that  for  the  quasi -staged  RQL  originally 
given  in  Fig.  15  and  against  which  all  subsequent  concepts  have 
been  compared.  1 1  can  be  seen  that  the  TV  C  emissions  are  either  the 
same  or  slightly  better  than  this  standard.  At  very  high  OFARs,  the 
TVC  NOx  signature  with  engine  power  in  the  RQL  mode  became 
concave  upward,  and  levels  eventual  ly  exceeded  those  of  the  staged 
TVC.  Although  rig  smoke  numbers  should  always  be  viewed  with 
care,  the  smoke  decreased  with  increasing  OFAR,  indicating  that 
the  smoke  originated  in  the  fuel-rich  cavities  and  was  subsequently 
and  progressively  burned  up  in  the  main  stage  as  this  became  hotter. 
Smoke  levels  at  high-power  conditions  were  less  than  10. 

It  was  surprising  that  the  initial  durability  in  the  cavities  where 
combustion  is  intense,  and  on  the  dome,  was  excellent,  apart  from 
the  usual  minorTBC  loss  on  the  dome.  The  multihole  cooling  used 
was  industry  standard  and  did  not  use  excessive  cooling  air.  Indeed, 
the  cavity  cooling  air  was  also  used  to  assist  in  driving  the  vortices. 
The  double-headed  film  cooling  slot  on  the  downstream  lips  of  the 
cavities  suffered  from  the  usual  weaknesses  of  film-cooling  slots 
and  would  need  some  redesign  for  engine  application. 

Although  it  has  a  novel  configuration,  the  TVC  appears  to 
be  a  viable  combustion  device  for  aircraft  applications.  It  cer¬ 
tainly  demonstrated  its  potential  as  a  reduced  length/w^^ft-savings 
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high-temperature  rise  combustor  with  enhanced  operability  for  mil¬ 
itary  applications.  In  addition  and  without  any  specific  attempt  to 
design  for  low  emissions,  it  achieved  the  best  low-emissions  poten¬ 
tial  of  all  of  the  simpler  combustor  concepts  reviewed.  A  full  annular 
rig  demonstration  is  planned  for  the  future.  At  the  present  stage  of 
its  development,  theTVC  would  beaTRL  of  2. 

U  Itracompact  C  ombustor 

The  primary  zone,  where  flame  is  stabilized  and  most  of  the  total 
heat  release  is  achieved,  forms  the  heart  of  a  combustor.  A  poorly 
designed  primary  zone  will  always  result  in  a  poorly  performing 
combustor,  regardless  of  how  much  effort  is  put  into  the  interme¬ 
diate  and  dilution  zones  and  flow  around  the  combustor.  It  is  not 
surprising,  therefore,  that  significant  gains  in  reducing  emissions 
have  come  from  maj  or  changes  to  the  pri  mary  zone,  as  i  n  the  i  nsi  de- 
out  recirculation  (Fig.  4)  and  theTVC  (Fig.  28).  More  aggressive 
versions  of  the  TVC  offer  the  dual  possibilities  of  further  emis¬ 
sions  reductions  through  reduced  mainstream  residence  times  and 
additional  reductions  in  engine  length  and,  hence,  in  engine  weight. 
One  version  of  a  more  aggressive  TVC  has  been  named  the  ultra¬ 
compact  combustor  (UCC).  It  is  presently  a  research  project  only 
and  is  intended  for  feasibility  studies.  However,  itdoes  representa 
conti  nuati  on  of  the  I  i  ne  of  thi  nki  ng  that  combustors  can  be  shortened 
very  considerably  over  existing  designs  with  the  use  of  nonconven- 
tional  approaches.  With  a  short  length,  of  course,  goes  a  reduction 
in  thermal  NO  generation. 

One  UCC  concept  that  is  being  explored  experimentally  com¬ 
bi  nes  the  combustor  with  the  compressor  exit  guide  vanes  (C  EG  V  s) 
and  the  turbine  inlet  guide  vanes.36’37  This  concept  utilizes  a  swirl- 
based  trapped  vortex,  w  here  the  maj  or  axi  s  of  the  sw  i  rl  i  s  the  eng  i  ne 
centerline,  in  addition  to  the  minor  axis  of  swirl  generated  by  flow 
over  a  cavity  normal  to  the  major  flow  direction.  Thus,  the  motion 
of  reacting  flow  within  the  cavity,  which  is  nominally  set  normal  to 
the  flow  through  the  engine,  follows  a  spiral  motion  around  the  en¬ 
gine  centerline.  Swirling  flow  combustors  have  long  held  the  interest 
of  designers  for  high-intensity  combustion  systems  with  the  elim¬ 
ination  of  the  CEGVs,  for  example  in  Ref.  38.  The  large  centrifu¬ 
gal  force  field  generated  by  the  major  swirl  enhances  combustion 
through  high  levels  of  buoyancy-driven  turbulence.39’40 

It  can  be  shown  that  burning  velocity  5b  is  proportional  to  a  swirl 
parameter, 


5b  oc  (Tb/Tu)^/g 


where 


g  =  w2/g0rcw 

Tb  and  are  the  burned  and  unburned  gas  temperatures,  respec¬ 
tively,  w  is  the  swirl  velocity  in  the  cavity,  g0  is  Newton's  constant 
(where  the  units  used  might  necessitate  its  inclusion),  and  rcav  is 
the  mean  radius  of  the  cavity.  A  typical  value  of  gravitational  force 
for  conventional,  swirl-stabilized  combustors  is  about  90,  whereas 
values  experienced  in  the  UCC  rig  are  estimated  to  range  from  350 
to  3500. 

Figure  30  shows  the  UCC  concept.  Itcan  be  seen  that  in  addition 
to  the  main  cavity,  the  wi  de-chord  vanes  also  have  radial  cavities  that 
transport  partially  burned  mixture  out  of  the  main  cavity  to  complete 
combustion  and  distribute  the  hot  gases  across  the  main  flow.  An 
optional  circumferential  flameholder  is  shown,  whose  purpose  is  to 
distribute  hot  gases  circumferentially  and  to  complete  any  remain¬ 
ing  combustion  under  adverse  burning  conditions.  All  combustion 
takes  placein  low -velocity  flow  regions  and  iscompleted  before  the 
gauge  point  of  the  cascade  is  reached  avoid  high  Rayleigh  losses. 
Functionally,  the  circumferential  cavity  serves  as  primary  zone,  the 
radial  cavities  serve  as  the  intermediate  zone  and  the  optional  cir¬ 
cumferential  flameholder  serves  as  a  dilution  zone.  Computational 
fluid  dynamics  (CFD)  studies  of  the  concept  show  flow  behavior  as 
postulated,  withheld  responses  to  geometrical  changes  as  expected. 
To  control  weight  of  the  combined  vane  pack/combustor,  and  for 
cavity  durability,  the  use  of  composite  materials  is  anticipated. 


Turbine 
\  .  Vane 


Flow  Direction 


Circumferential  Strut 
Fig.  30  UCC  concept. 

This  UCC  concept  is  too  early  in  its  development  to  permit  any 
realistic  comparisons  of  its  emissions  characteristics  with  the  engine 
and  developed  rig  combustor  results  presented  earlier.  Nonetheless, 
it  is  interesting  to  look  provisionally  at  some  of  the  emerging  emis¬ 
sions  behavior.  A  small  rig  is  being  used  to  study  the  main  circum¬ 
ferential  cavity  at  atmospheric  pressure.37 

The  initial  rig  consists  of  a  small  cavity  mounted  in  the  outer 
wall  of  a  circular  cross  section  duct  that  carries  the  main  air.  A 
number  of  air  ports  are  positioned  in  the  outer  circumference  of 
the  cavity  to  provide  separately  metered  combustion  air  with  swirl 
around  the  cavity.  All  airflows  are  heated  electrically  to  500°F.  The 
cavity  contains  six  circumferentially  disposed  pressure  atomizing 
fuel  injectors,  also  mounted  in  the  cavity  outer  circumference.  The 
injector  major  axes  can  be  changed  from  0  deg  (straight  radial  in¬ 
jection)  to  37  deg  off  radial  to  give  injection  in  the  direction  of  the 
air  swirl.  The  fuel  is  liquid  J  P-8+100.  A  centerbody  is  provided 
in  the  circular  duct.  This  center-body  is  positioned  by  several  thin 
support  spiders  upstream  of  the  main  cavity.  A  Ithough  not  intended 
to  function  as  simulations  of  the  radial  cavities  of  the  concept,  the 
low-pressure  wakesfrom  these  spiders  nevertheless  do  provide  some 
mass  transport  from  the  main  cavity.  The  major  operating  variables 
are  mainstream  velocity,  air  pressure  drop  across  the  cavity,  and 
cavity  equivalence  ratio.  The  cavity  equivalence  ratios  are  in  terms 
of  the  metered  values.  Because  it  is  known  that  cavities  such  as  this 
can  entrain  considerable  quantities  of  mainstream  flow,  the  actual 
cavity  equivalence  ratios  will  always  be  much  less  than  the  quoted 
values.  The  effects  of  buoyancy-driven  turbulence  on  the  combus¬ 
tion  efficiency  of  the  main  cavity  are  discussed  in  Ref.  41,  where 
many  questions  also  remain  to  be  answered. 

Emissions  results  for  two  fuel  injectors,  C  and  D,  are  pre¬ 
sented.  B  oth  i  njectors  are  pressure  atomizers  usi  ng  Parker  H  annifi  n's 
macrolaminate  technology,  with  some  integral  supplemental  injec¬ 
tor  air  for  an  airblast  contribution  to  the  atomization.  For  the  C  in¬ 
jectors,  the  supplemental  air  was  nonswirling  with  an  effective  area 
of  0.033  in2.  For  the  D  injectors,  the  supplemental  air  was  swirled 
clockwise  relative  to  the  tip  face  with  a  swirl  number  of  0.8  and  an  ef¬ 
fective  area  of  0.0234  in2.  This  swirling  supplemental  air  generated 
a  small  tip  recirculation  zone.  The  injector  flow  numbers  were  in  the 
range  0.7-0. 9  pounds  per  hour  (PPH)/(psi)1/2.  These  small  injector 
differences  resulted  in  significant  differences  in  performance. 

To  have  an  appreciation  for  the  CO  emissions  of  this  UCC  con¬ 
cept,  it  is  necessary  first  to  have  a  feel  for  the  combustion  efficien¬ 
cies  achieved.  The  circumferential  cavity  is  capable  of  delivering 
very  respectable  combustion  efficiencies.  Combustion  efficiency  is 
normally  expressed  in  terms  of  a  primary  zone  loading  parameter 
at  various  values  of  primary  zone  equivalence  ratio.  This  form  of 
presentation  is  used  here,  where  combustion  efficiencies  from  gas 
analysis  are  given  in  terms  of  a  cavity  loadi ng  parameter  (L  P),  expo- 
nentially  corrected  to  400°K,  at  various  metered  cavity  equivalence 
ratios,  where 

LP  =  ftltot/l/P1'8 

and  where 

nijot  =  sum  of  fuel  flow  and  cavity  metered  air,  Ibm/s 
V  =  cavity  volume,  ft3 

P  =  combustion  pressure,  atm  1281 
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Fig.  31  Effect  of  cavity  metered  equivalence  ratio  on  efficiency  for 
D  injectors  at  20-deg  injection  angle. 
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Fig.  32  Effect  of  injection  angle  on  efficiency  for  C  injectors  at  unity 
metered  cavity  equivalence  ratio. 


Figure  31  gives  an  example  for  the  D  injectors  at  20-deg  injection 
angle.  Initially,  efficiency  grows  as  LP  increases  due  to  more  ef¬ 
fective  swirl  enhancing  burning  rates.41  After  reaching  a  maximum 
value,  it  then  falls  due  to  increasingly  inadequate  residence  time 
in  the  cavity  as  LP  grows  further.  This  falloff  in  efficiency  begins 
at  values  of  LP  about  50-60%  those  for  conventional  combustors. 
The  maximum  levels  of  combustion  efficiency  increase  with  me¬ 
tered  equivalence  ratio  <pcav,  and  with  increasing  injection  angle,  as 
Fig.  32  shows  for  the  C  injectors.  U  nder  optimum  conditions,  the 
efficiencies  are  maintained  at  99+%  over  acceptable  ranges  of  LP. 

NOx  vs  CO  trades  are  presented  in  Fig.  33  atO-deg  injection  an¬ 
gle  for  the  C  and  D  i nj ectors  over  a  range  of  <pCSM.  The  data  for  each 
injector  group  reasonably  tightly  and  show  no  systematic  depen¬ 
dence  on  <pcav-  A  Ithough  each  trade  curve  has  the  now  fami  I  i  ar  form, 
the  differences  for  the  two  injectors  are  clearly  apparent  and  result 
directly  from  the  differences  in  combustion  efficiency.  (It  would,  of 
course,  not  be  reasonable  to  compare  this  exploratory  U  CC  rig  data 
with  the  quasi -staged  RQL  engine  trade  data  that  has  been  made  the 
standard  of  comparison  in  this  paper.)  The  two  injector  trade  curves 
cross,  with  the  C  injectors  producing  higher  NOx  at  low  CO  than 
do  the  D  injectors  and,  then,  lower  NOx  at  higher  CO. 

The  effect  of  fuel  injection  angle  on  the  trade  curve  for  the  D  in¬ 
jectors  is  shown  in  Fig.  34,  where  going  from  purely  radial  injection 
to  37-deg  angled  injection  shifts  the  curve  to  higher  NOx  levels. 
The  effect  of  injection  angle  seen  in  Fig.  34  is  again  purely  one  of 
increased  combustion  efficiency,  similar  to  that  shown  in  Fig.  32 
for  the  C  injectors.  However,  the  slope  of  the  trade  curve  at  the 


Fig.  33  NOxvsCO  trade  curves  for  C  and  D  injectors  at  0-d  eg  injec¬ 
tion  angle:  1.0  <  </>cav  <  1.8. 


Fig.  34  Effects  of  injection  angle  on  NOx  vs  CO  trade  curve  for 
D  injectors:  all  </>cav 


Emission  Index  of  CO,  g/kg 

Fig.  35  Effects  of  injection  angle  in  0-20  deg  range  on  NOx  vs  CO 
trade  curve  for  C  injectors:  l.l<</>cav  <1.5. 


higher  injection  angle  is  less  than  that  for  radial  injection.  The  data 
in  Fig.  34  include  all  cavity  equivalence  ratios  from  unity  to  1.8. 

For  the  C  injectors,  the  behavior  of  the  NOx  vs  CO  trade 
curves  with  injection  angle  is  completely  different  than  that  for  the 
D  injectors.  Figure  35  gives  the  trade  curves  for  the  C  injectors 
at  0-deg  injection  anglefor  metered  equivalence  ratios  in  the  range 
1.1  <(pcav  <  1.5.  At20-deg  injection  angle  when  <pcav  >  1.5,thecor- 
relation  breaks  down,  and  there  is  a  systematic  variation  where  indi¬ 
vidual  curves  existfor  each  equivalence  ratio.  This  is  tj$?^/ed  to  be 
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duetofuel  burning  outsideof  the  cavity.  Note  that  for  the  C  injectors 
increasing  the  injection  angle  reduces  the  N Ox. 

For  the  C  injectors  at  37-deg  injection  angle,  the  relationship 
between  NOx  and  CO  breaks  down  into  totally  individual  curves 
for  each  cavity  equivalence  ratio,  as  is  shown  in  Fig.  36.  For  lean 
burning  in  the  cavity  (open  symbols)  the  negative  gradient  of  the 
curves  increases  with  increasing  metered  cavity  equivalence  ratio 
until,  for  <pcav  equal  to  1.16,  NOx  is  virtually  independent  of  CO. 
With  allowance  for  entrainment  of  mainstream  air  into  the  cavity, 
this  latter  condition  probably  corresponds  to  stoichiometric  burning 
within  the  cavity.  The  emission  index  of  CO  here  is  equal  to  about 
15  g/kg.  This  considerably  below  the  equilibrium  value  of  CO  for 
stoichiometric  burning  at  1  atm  (137.9  g/kg);  however,  because  the 
efficiency  is  not  100%  and  UHCs  are  present,  and  with  the  emis¬ 
sions  measurement  being  taken  downstream  from  the  cavity  in  the 
mainstream,  CO  would  be  expected  to  be  below  this  equilibrium 
level.  As  the  lean-burning  cavity  equivalence  ratios  are  increased, 
the  individual  curves  move  toward  the  ordinate  of  the  graph,  that 
is,  a  given  NOx  level  is  achieved  at  progressively  lower  levels  of 
CO.  The  lower  CO  arises  from  the  higher  temperatures  in  the  cav¬ 
ity.  However,  because  the  characteristic  time  for  CO  consumption 
is  greater  than  the  characteristic  time  for  NO  generation  for  lean 
burning,  the  gradients  of  the  curves  increase.  At  equivalence  ratios 
slightly  greater  than  unity,  the  characteristic  times  of  CO  consump¬ 
tion  and  NO  generation  become  about  equal. 

For  rich  burning  in  the  cavity  (solid  symbols  in  Fig.  36)  the  trade 
curves  backtrack  on  themselves  and  become  double  valued.  To  un¬ 
derstand  this  behavior,  it  is  necessary  to  consider  the  constituent 
curves  from  which  Fig.  36  is  made  up.  Figure  37  shows  the  depen¬ 
dency  of  N  Ox  on  the  cavity  L  P  for  metered  cavity  equivalence  ratios 


Fig.  36  NOx  vs  CO  behavior  for  C  injectors  at  37-deg  injection  angle. 


Fig.  37  Dependency  of  NOx  on  cavity  loading  for  rich  burning  in  cav¬ 
ity;  C  injectors  at  37-deg  injection  angle. 


Fig.  38  Dependency  of  CO  on  cavity  loading  for  rich  burning  in  cavity; 
C  injectors  at  37-deg  injection  angle. 


of  1.45  and  1.26;  similarly,  Fig.  38  shows  the  dependency  of  CO  on 
LP  at  these  equivalence  ratios.  LP  is  used  here  as  the  connector  for 
consistency  with  the  efficiency  plots,  Figs.  31  and  32. 

Figures  37  and  38  show  that  NOx  decreases  essentially  linearly 
with  increasing  cavity  LP  with  increasing  metered  cavity  equiva¬ 
lence  ratio  raising  the  levels  of  NOx  and  that  CO  varies  in  essen¬ 
tially  parabolic  fashion  with  increasing  cavity  LP  with  increasing 
metered  cavity  equivalence  ratio  raising  the  levels  of  CO,  respec¬ 
tively.  The  minimum  in  CO  is  reached  at  about  0.44  cavity  LP 
(units  as  given  earlier)  for  both  equivalence  ratios,  and  the  value  of 
the  minimum  CO  is  around  10  g/kg.  The  characteristics  of  Figs.  37 
and  38  explain  the  behavior  seen  in  Fig.  33.  Note  that,  for  the  lean¬ 
burning  cases  given  in  Fig.  36,  NOx  decreases  for  increasing  LP 
with  increasing  metered  cavity  equivalence  ratio  raising  the  lev¬ 
els  of  NOx  and  that  CO  also  increases  for  increasing  cavity  LP 
with  increasing  metered  cavity  equivalence  ratio  reducing  the  levels 
of  CO. 

The  NOx  behavior  of  Fig.  37  is  explained  by  the  decrease  in 
cavity  residence  time  associated  with  the  increase  in  cavity  LP  and 
the  NOx  generated  within  the  high-temperature  cavity  region.  The 
initial  decrease  in  CO  of  Fig.  38  is  explained  by  an  enhancement 
of  burning  rate  in  the  cavity  as  the  swirl  is  increased41  as  cavity  LP 
is  increased.  Eventually,  however,  the  decrease  in  cavity  residence 
time  with  further  increases  in  LP  overcomes  the  burning  rate  en¬ 
hancement  of  i  ncreased  sw i  rl .  T  here  i s  then  i  nsuffi ci ent  ti  me  at  hi  g h 
temperatures  to  burn  the  CO,  so  that  levels  of  it  increase. 

It  can  be  appreciated  that  a  detailed  understanding  of  this  com¬ 
bustor  concept  is  still  being  worked  on.  M  ore  diagnostic  evaluations 
of  the  behavior  seen  in  Figs.  34-36,  for  example,  are  needed  to  com¬ 
prehend  fully  the  combustion  behavior  of  the  intensely  swirling  flow 
in  the  cavity.  In  the  exploration  of  the  behavior  of  the  UCC,  CFD 
is  used  as  a  tool  in  conjunction  with  experiment.  An  example  of 
this  use  is  given  in  Fig.  39,  where  the  objective  was  to  study  mass 
extraction  from  the  circumferential  cavity  by  the  radial  strut  wakes. 
In  this  instance,  there  are  six  fuel  injectors  equally  disposed  around 
the  main  cavity  circumference  and  six  non-turning  struts,  which  are 
placed  inline  with  the  fuel  injectors.  The  fuel  injectors  are  angled  at 
38  deg  off-radial  and  are  positioned  midway  between  pairs  of  angled 
air  jets  that  generate  circumferential  swirl  around  the  main  cavity. 
The  struts  themselves  have  an  angled  cavity  on  the  downwind  side 
of  the  strut.  The  strut  cavity  is  angled  at  45  deg  off  the  vertical  from 
strut  tip  to  hub;  at  the  strut  tip  the  strut  cavity  is  aligned  with  the 
forward  face  of  the  circumferential  cavity.  A I  though  the  wire  frame 
is  a  little  difficult  to  interpret,  the  view  is  from  the  rear,  and  the  strut 
with  its  cavity  can  be  seen.  Figure  39  shows  a  single  fuel  injector 
sector  with  its  two  pairs  of  air  jets  and  the  associated  strut.  It  gives 
contours  of  gas  temperature  at  two  planes  across  the  fore-and-aft 
cavity  width.  The  first  plane  is  taken  through  the  centerline  of  the 
upstream  of  a  pair  of  air  jets,  and  the  second  plane  istaken  through 
the  centerline  of  the  fuel  injector.  It  can  be  seen  frorrl^.  39  that 
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Fig.  39  CFD  of  UCC  research  rig;  isotherms  that  reveal  mass  extraction  from  the  circumferential  cavity  into  radial  strut  cavities:  a)  inline  with  air 
jets  and  b)  inline  with  fuel  injectors. 


hot  gas  is  drawn  from  the  circumferential  cavity  into  the  strut  cavity, 
even  in  the  upstream  plane,  and  that  this  process  is  continued  and 
strengthened  in  the  injector  plane,  which  is  only  a  small  distance 
downstream  from  the  first  plane.  This  mass  extraction  by  the  strut 
cavity,  of  course,  is  the  design  intent.  The  motion  of  mass  from  the 
circumferential  cavity  to  the  strut  cavity  is  generated  by  the  static 
pressure  difference  existing  between  the  two  cavities.  It  is  the  mo¬ 
tion  of  the  mainstream  by  the  strut  cavity  that  creates  the  necessary 
low  wake  pressures  to  drive  the  flow  from  the  circumferential  cavity. 
Note  that  the  existence  of  a  significant  radial  velocity  component 
in  the  mainstream  flow  is  sufficient  to  overcome  the  effects  of  the 
pressure  difference  between  the  circumferential  cavity  and  the  strut 
radial  cavity  and,  thereby,  inhibit  mass  transfer  out  of  thecircumfer- 
ential  cavity.  Therefore,  outward  cant  angles  (away  from  the  engine 
centerline  in  the  downstream  direction)  to  the  A  SC  must  be  avoided. 

Although  the  purpose  of  these  particular  CFD  studies  was  to 
explore  the  strut  cavity  design,  it  can  be  appreciated  that  the  regions 
of  high  temperature  shown  in  Fig.  39  would  also  result  in  high  rates 
of  nitric  oxide  generation,  d[NO]/dt,  and  that  the  CFD  tool  can  also 
be  used  for  the  purpose  of  minimizing  NO  by  reducing  regions  of 
high  temperature  and  by  reducing  the  residence  times  within  such 
regions.  Experimental  investigation  of  the  effect  of  the  radial  struts 
and  their  cavities  is  currently  in  progress. 


Clearly,  the  UCC  concept  itself  is  at  a  very  early  stage  of  ex¬ 
ploration  (TRL  1),  and  much  remains  to  be  done  to  understand 
the  behavior,  to  formulate  design  rules,  and  to  develop  a  reliable 
combustor.  If  these  tasks  can  be  accomplished,  the  low-emissions 
potential  appears  to  be  promising.  When  it  is  considered  that  only 
the  functional  primary  zone  of  the  concept,  that  is,  the  circumferen¬ 
tial  cavity,  has  been  run  experimentally  thus  far,  a  promising  start 
can  be  said  to  have  been  made;  again,  much  more  remains  to  be  ac¬ 
complished.  If  the  effort  is  successful,  the  potential  weight  savings 
in  a  military  engine  are  likely  to  be  considerable  so  that  the  effort  is 
well  worthwhile. 


E  ngine  T  hermodynamic  C  ycle 

The  formulation  of  the  ICAO  emissions  regulations  are  such  that 
engine  fuel  burn  plays  an  important  role  in  the  integrated  emis¬ 
sions.  Thus,  a  rather  mediocre  low-emissions  combustor  concept, 
if  placed  in  a  really  efficient  engine,  can,  in  fact,  satisfy  the  regula¬ 
tions  with  adequate  margins.  Therefore,  the  engine  cycle  itself  can 
be  a  powerful  tool  in  the  effort  to  reduce  emissions.  Reduction  in 
fuel  burn  with  the  Brayton  cycle  translates  into  a  requirement  for 
higherOPRs,  increased  BPRs,  and  higher  fuel/air  ratio  combustors. 
The  aircraft  gas  turbine  is  mounted  in  a  moving  vehicle  that  the 


214 


STURGESS  ET  AL 


overall  efficiency  is  a  product  of  the  propulsive  and  thermal  effi¬ 
ciencies.  The  most  practical  way  to  increase  overall  efficiency  is 
to  increase  propulsive  efficiency  by  reducing  the  exhaust  jet  ve¬ 
locity.  This  may  be  done  by  increasing  BPR.  The  use  of  higher 
peak  temperatures  in  the  core  engine  allows  higher  OPR s  without  a 
fall  off  in  thermal  efficiency,  as  well  as  increasing  thermal  efficiency 
directly.  Combustion  at  high  pressures  with  consequently  high  air 
inlet  temperatures  and  high  turbine  inlet  temperatures  together  with 
higher  combustor  exit  temperatures  makes  control  of  NOx  much 
more  difficult.  The  high  temperatures  also  increase  engine  material 
maintenance  costs  substantially. 

The  difficulties  described  arise  in  part  because  all  of  the  heat  re¬ 
lease  takes  place  in  a  single  stage.  A  gas  turbine  engine  has  been 
proposed  that  uses  a  constant  temperature  (CT)  cycle  and  intratur¬ 
bine  combustion  such  that  gases  enter  the  low-pressure  turbine  at 
the  same  temperature  as  they  enter  the  high-pressure  turbine.  This 
allows  large  amounts  of  power  extraction  to  be  made  from  the  low- 
pressure  turbine  for  a  variety  of  purposes.42’43  A  variant  of  the  CT 
cycle  is  the  near-CT  (NCT)  cycle,  in  which  second-stage  combus¬ 
tion  is  confined  to  the  inter- turbine  duct  between  the  high-  and  low- 
pressure  turbines44  for  two-shaft  engines.  The  cycle  is  not  really 
new  and  has  been  known  since  the  1950s,  but  there  are  many  diffi¬ 
culties  in  the  way  to  achieving  such  an  engine,  although  one  model 
has  been  built  and  sold  for  ground  power  generation.45 

Such  a  N  CT  engi ne  has  been  dubbed  the  i nterturbi ne  burner  (IT B ) 
engine.  High  levels  of  low-pressure  turbine  energy  are  achieved  with 
only  a  modest  temperature  rise  across  the  ITB,  and  with  reduced 
maximum  temperatures  in  the  engine  when  compared  to  the  equiv¬ 
alent  power  Brayton  cycle  engine.  Clearly,  reducing  the  maximum 
temperature  in  an  engine  lowers  its  thermal  efficiency,  and  so  the  ITB 
engine  is  better  for  some  applications  than  others.  Some  examples 
that  have  been  identified  are  some  supersonic  cruise  applications; 
those  applications  requiring  modest  thrust  augmentation,  where  a 
conventional  afterburner  might  be  otherwise  required;  and  military 
applications  demanding  generation  of  large  amounts  of  electrical 
power,  where  a  special  purpose  auxiliary  engine  might  otherwise 
have  to  be  carried.  Note  that  many  commercial  applications  are 
now  facing  similar  difficulties  where  the  growing  electrical  power- 
generation  requirements  can  cause  near-continual  operation  of  the 
auxiliary  power  unit,  which  is  also  a  source  of  exhaust  emissions. 
An  example  of  another  military  application  where  large  amounts 
of  power  extraction  are  needed  for  short  periods  of  time  is  to  drive 
a  lift  fan  for  standard  takeoff  and  vertical  landing  operations.  For 
most  subsonic  commercial  applications,  the  NCT  cycleenginedoes 
not  even  approach  competitiveness  with  the  Brayton  cycle  engine 
until  very  high  OPRs  (greater  than  40)  and  ultrahigh  BPRs  (greater 
than  10)  are  used.  The  use  of  ultrahigh  BPRs  improves  the  propul¬ 
sive  efficiency  and  tends  to  make  up  for  the  reduction  in  thermal 
efficiency. 

For  specifi  c  thrust  to  be  mai  ntai  ned,  no  i  ncreases  i  n  an  I T  B  engi  ne 
length  can  be  allowed.  Therefore,  the  ITB  itself  must  be  exceedingly 
compact.  The  UCC  discussed  earlier  is  a  possible  combustor  con¬ 
cept  for  an  ITB  engine,  being  considered  for  both  the  main  and 
interturbine  combustors.  There  are  two  benefits  to  the  ITB  engine. 
T  h e  I  o w  ered  peak  tern peratu res  i  m p rove  eng  i  n e  d u rab i  I  i  ty,  and  they 
offer  the  possibility  of  reduced  NOx. 

One  ongoing  study46  to  assess  the  NCT  cycle  and  to  evaluate  the 
combustion  possibilities  has  been  applied  to  a  future,  large  (65,000- 
Ibf  class)  long-range  transport,  geared-turbofan  two-shaft  engine  of 
ultrahigh  BPR  and  high  OPR,  where  an  ITB  engine  sized  to  thrust 
for  a  particular  mission  profile  is  being  compared  to  the  equivalent 
advanced  Brayton  cycle  engine.  The  two  engines  were  designed  to 
thrust  and  matched  in  OPR  and  specific  thrust  at  the  aerodesign 
point  (36,000  ft,  0.85  flight  M  ach  number).  This  matching  favors 
ITB  engi  ne  durabi  I  ity  and  low  exhaust  emissions  over  fuel  burn,  and 
the  two  engi  nes  can  have  a  common  nacel  le  that  favors  fuel  burn  for 
the  Brayton  cycle  engine.  At  sea  level  static  conditions,  the  OPR  was 
45.8  and  the  BPR  was  22.  With  referenced  Fig.  28,  itcan  beseenthat 
at  this  OPR  the  current  generation  of  low  NOx  combustors  could 
not  meet  the  CAEP/4  regulation  for  NOx  with  sufficient  margin 
(industry  practice  of  20%)  for  single-engine  certification. 
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Fig.  40  Comparison  of  part-power  specific  fuel  consumption  for  the 
Brayton  and  NCT  cycle  engines  at  initial  cruise:  initial  cruisepoint 
31,000  ft;  and  0.85  Mq. 
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Fig.  41  Durability  assessment  for  high-pressure  turbine  of  the 
Brayton  and  NCT  cycle  engines  around  mission  profile. 

A  comparison  of  thespecific fuel  consumption  forthe two  engines 
at  the  initial  cruise  point  is  given  in  Fig.  40,  where  it  can  be  seen 
that  at  this  flight  condition  there  is  essentially  no  difference  in  part- 
power  performance  between  the  two  engines.  However,  with  the 
design  choices  imposed  on  the  ITB  engine  for  the  comparison,  the 
fuel  burn  for  this  very  long-range  mission  of  7000  n  mi  les  unrefueled 
with  completecrew  of  21  plustheirbaggage,  usual  fuel  reserves  and 
180,000  Ibm  of  payload  was  +3.6%  that  of  the  baseline  Brayton 
cycleengine.  Relaxation  of  the  common  nacellerequirementwould 
allow  the  ITB  engine  to  utilize  a  higher  BPR  and,  thus,  reduce  its 
fuel-burn  penalty. 

Figure  41  enables  a  durability  assessment  to  be  made  for  the 
expensive  high-pressure  turbines  of  the  two  engines  from  their  in¬ 
stalled  performances.  The  temperatures  given  are  around  the  en¬ 
tire  mission  profile.  Note  that  the  advanced  Brayton  cycle  engine 
would  severely  challenge  the  best  of  current  turbine  blade  cool¬ 
ing/materials  technology,  whereas  the  ITB  engine  would  be  more 
than  satisfactory  with  1990s  technology. 

The  main  combustor  temperature  rise  requirements  around  the 
mission  profile  for  the  two  engines,  and  for  the  ITB  combustor, 
are  given  in  Figs.  42  and  43,  respectively.  It  can  be  seen  that  the 
main  combustor  of  the  ITB  engine  has  a  very  easy  task  compared 
to  that  of  the  B  rayton  cycle  engine,  where  the  respective  maximum 
temperature  rises  are  1500°F  vs  2020°F.  The  ITB  engine  intertur¬ 
bine  combustor  has  a  maximum  temperature  rise  of  only  640°F 
at  takeoff  power;  it  is  severely  throttled  back  at  cruise  to  only 
185°F  to  minimize  fuel-burn  penalties.  (Ideally,  it  should  be  shut 
down  completely,  but  this  would  necessitate  either  a^feble  area 
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Fig.  42  C  om  pari  son  of  required  temperaturerisefor  main  combustors 
of  Brayton  and  NCT  cycle  engines  around  mission  profile. 


Fig.  43  Temperature  rise  requirements  for  intertur  bine  combustor  in 
NCT  cycle  engine  around  mission  profile. 


low-pressure  turbine  or  a  variable  area  propelling  nozzle  for  the  core 
engine.) 

At  takeoff  (rotation),  the  maximum  main  combustor  inlet  tem¬ 
perature  Ts  was  1316°F  and  the  exit  temperature  T4  was  2710°F; 
at  the  same  conditions  the  inlet  temperature  to  the  ITB,  T44,  was 
2002°F  and  the  exit  temperature  T45  was  2640°F.  The  combustion 
pressure  for  the  main  combustor,  P4,  was  853  psia,  whereas  the  ITB 
combustion  pressure  P45  was  214  psia.  With  the  modest  temperature 
rise  requirements  given  in  Figs.  42  and  43,  these  are  not  especially 
severe  conditions  to  design  combustors  for,  and  these  combustors 
should  not  be  severe  NOx  producers.  For  the  baseline  engine,  the 
equivalent  main  combustor  inlet  and  outlet  temperatures  were  1306 
and  3310°F,  respectively,  and  the  combustion  pressure  was  825.5 
psia.  To  get  a  general  feel  for  the  magnitude  of  the  impact  of  these 
temperatures  on  possi  ble  N  Ox,  consider  Fig.  20  for  the  NASA  John 
H.  Glenn  Research  Center  LDI  combustor.  The  Brayton  cycle  base¬ 
line  engine  combustor  exit  temperature  of  2094  K  would  indicate, 
with  extrapolation,  a  NOx  El  of  around  100  g/kg,  compared  to  a 
NOx  El  of  around  20  g/kg  (interpolation  only)  for  the  ITB  main 
combustor  at  its  exit  temperature  of  1761  K . 

Note  that  it  was  difficult  to  achieve  a  suitable  engine  flowpath  for 
this  two-shaft  ITB  engine.  The  rotational  speed  of  thefan  was  so  low 
that  the  booster  compressor,  which  rotated  at  the  same  speed  as  the 
fan,  had  either  very  small  annular  passage  heights  in  a  conventional 
arrangement,  or  had  too  many  stages  if  it  was  arranged  inboard  and 
parallel  with  the  fan.  A  three-shaft  engine  would  be  a  preferable 
layout.  A  three-shaft  engine,  with  its  three  turbines,  would  also 
offer  the  possibility  of  using  two  ITB  combustors.  The  use  of  two 


ITB  combustors  is  a  thermally  improved  approximation  to  the  ideal 
CT  cycle  engine. 

T he  I T  B  engi  ne  and  combustor  concepts  I  i  ke  the  U  C  C  that  mi ght 
help  to  make  the  ITB  engine  possible  for  some  applications  are  both 
a  I ong  w ay  f rom  bei  ng  made  service- ready.  T hey  are  i  nc I  uded  here  to 
i ndi cate  some  of  the  ki nds  of  i nnovati ve  thinking  that  are  goi ng  to  be 
necessary  to  continue  the  advancement  of  the  combustion  art  in  the 
face  of  ever-more  demanding  and  restrictive  design  requirements. 

Water  injection  also  offers  the  possibility  of  Brayton  cycle  mod¬ 
ifications  to  reduce  takeoff  NOx  (Ref.  47).  In  this  instance,  rather 
than  direct  injection  into  the  combustor  as  discussed  earlier,  wa¬ 
ter  would  be  injected  into  the  engine  compression  system.  Through 
evaporation  of  the  water  spray,  this  gives  a  cooled  compression  pro¬ 
cess  that  reduces  the  amount  of  work  that  has  to  be  extracted  by  the 
turbines  to  drive  the  compressors.  For  a  constant  thrust,  therefore, 
the  peak  temperatures  in  the  engine  can  be  reduced.  The  mass  of 
the  injected  water  provides  some  thrust  augmentation  potential,  so 
that  again,  for  constant  thrust,  the  peak  temperatures  can  be  lowered 
further.  The  combi  nation  of  a  cooled  compression  and  reduced  peak 
temperatures  provides  for  a  worthwhile  NOx  reduction.  A  system 
might  be  devised  where  this  type  of  water  injection  could  be  used  for 
NOx  control  during  takeoff  and  where  a  low  emissions  combustor 
design  without  water  injection  is  optimized  for  low  NOx  at  altitude 
cruise  conditions. 

Again,  the  reduction  in  maximum  temperatures  for  a  constant 
thrust  condition  with  cooled  compression  from  water  injection  rep¬ 
resents  a  reduction  in  engine  thermal  efficiency,  and  this  could  infer 
a  specific  fuel  consumption  issue.  H  owever,  the  ti  me  of  water  injec¬ 
tion  would  only  cover  aircraft  takeoff,  climbout,  and  initial  climb 
at  most.  Therefore,  any  fuel-burn  penalties  might  not  be  severe.  If 
combined  with  a  low-emissions  burner  for  low  NOx  at  altitude,  the 
injection  of  significant  quantities  of  water  into  the  compressor  might 
exert  some  adverse  effects  on  the  combustion  process,  the  magni- 
tudeof  which  would  depend  on  thetype  of  low-emissions  combustor 
used.  These  could  include  local  flame  extinctions  and  increase  in 
particulates.  An  additional  concern  where  high  stage  loadings  are 
used  in  the  compression  system,  is  the  possible  effect  of  water  in¬ 
jection  on  movement  of  the  operating  line  closer  to  the  stall  line 
for  the  compressor.  Water  injection  requires  careful  consideration 
before  implementation  should  be  considered. 

Summary 

Control  of  engine  exhaust  emissions  has  become  a  leading  design 
requirement  of  combustion  equipment  for  aircraft  gas  turbine  en¬ 
gines.  It  is  an  absolute  requirement  for  commercial  engines  where 
compliance  has  to  be  demonstrated  for  certification.  For  military  en¬ 
gines,  it  is  becoming  increasingly  important  even  during  peacetime, 
where  aircraft  operations  and  deployments  can  be  affected  through 
compliance  with  the  NAAQS.  The  issue  of  direct  emissions  control 
in  military  engines  will  be  addressed  through  the  VA  ATE  program. 
The  story  of  reduced  emissions  combustors  is  one  where  progress 
has  been  made  through  coming  to  understand  the  root  causes  of 
pollutant  generation.  Emissions  of  CO  and  UHCshave  proved  rela¬ 
tively  easy  to  control;  NOx  was  harder,  but  progress  has  been  made, 
albeit  at  the  expense  of  an  ever-growing  complexity,  cost,  and  weight 
of  the  combustion  system.  These  developments  are  contrary  to  the 
desires  of  military  engine  designers,  to  whom  thrust/weight  ratio 
and  specific  thrust  are  vital  issues.  The  complexity  of  these  sys¬ 
tems  also  adversely  affects  the  costand  durability,  and  affordability 
is  of  growing  importance  to  the  military  as  well  as  to  commercial 
operators.  NOx  generated  by  aircraft  has  emerged  as  being  the  re¬ 
ally  serious  pollutant  of  the  three  gaseous  emissions  produced  by 
aircraft  gas  turbine  engines.  The  early  successes  in  emissions  re¬ 
duction  have  resulted  in  a  progressive  lowering  of  the  regulatory 
bar  for  this  pollutant  for  commercial  applications.  However,  the 
easy  things  in  NOx  reduction  have  all  been  done,  and  the  way  ahead 
requires  more  than  incremental  technology  for  continued  successes. 
Itappears  as  though  more  radical  thinking  beyond  incremental  tech¬ 
nology  may  well  be  needed  to  meet  the  challenges  presented  in  NOx 
reductions,  especially  for  military  applications.  The  regulations  are 
now  pressing  low  NOx  technology  to  the  point  wher¥?fianges  to 


216 


STURGESS  ET  AL. 


the  thermodynamic  cycle  are  being  thought  about  seriously  for  the 
future. 

The  issues  of  exhaust  smoke  and  the  particulates  that  make  it 
up,  together  with  the  effects  of  contrails,  have  not  been  discussed 
here.  However,  they  are  growing  in  importance  and  are  likely  to 
receive  increasing  attention  in  the  future,  thereby  exacerbating  the 
difficulties  of  low-emissions  combustor  design. 

The  reduced  emissions  technology  developed  for  commercial  en¬ 
gines  appears  to  be  driven  by  N  Ox  considerations  into  systems  that, 
by  and  large,  are  becoming  ever  more  unsuitable  for  direct  appli¬ 
cation  to  combat  aircraft  through  their  increased  weight,  cost,  re¬ 
liability,  and  operability  penalties.  Emissions  reduction  for  such 
military  applications  can  certainly  borrow  some  of  the  commercial 
engine  technology,  but  becomes  very  challenging  for  achieving  low 
NOx.  Radical  thinking  in  low-emissions  design  combustors  will  be 
needed,  as  well  as  some  consideration  of  possible  cycle  trades,  to 
satisfy  the  military  application. 
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Abstract 

The  acoustic  environment  of  a  pulse  detonation  engine  was  measured.  The  engine  consisted  of  one  to  four 
detonation  tubes  which  were  detonated  at  20  or  40  Hertz.  Fill  fractions  and  equivalence  ratios  of  1  and  0.5 
were  tested.  All  of  the  testing  was  conducted  in  a  test  cell  which  was  not  acoustically  treated.  Measurements 
were  made  near  the  exit  of  the  tubes  and  up  to  a  distance  12  feet.  Time  histories  and  narrow  band  spectral 
analysis  were  generated.  Comparisons  of  sampling  frequencies  of  200K  and  20K  were  conducted.  Numerous 
potential  noise  suppression  approaches  were  evaluated.  The  results  indicate  that  a  very  high  level  pulse  is 
generated  near  the  exit  of  the  tubes  but  tends  to  decrease  in  amplitude  fairly  quickly  with  distance  since  the 
higher  frequency  energy  dissipates  in  the  atmosphere. 

Introduction 

The  pulse  detonation  engine  (PDE)  consists  of  a  single,  or  multiple  tubes,  which  are  utilized  to 
detonate  the  fuel  at  very  high  pressures.  Since  the  detonation  is  occurring  at  a  very  high  pressure  a  shock 
wave  is  generated  in  the  tube  and  exits  at  the  end  of  the  tube.  The  associated  noise  of  the  process  is  of  great 
interest  since  shock  waves  can  generate  very  intense  noise  levels.  The  purpose  of  this  paper  is  to  present  some 
early  developmental  acoustic  data  acquired  during  the  development  of  a  revolutionary  pulse  detonation 
engine  (PDE)  at  the  Air  Force  Research  Laboratory’s  Propulsion  Directorate  (AFRL/PR).  The  new  PDE  is 
being  developed  in-house  with  a  fairly  low  level  of  funding  by  utilizing  existing  engine  components  such  as 
the  head  off  of  a  General  Motor’s  Quad  4  engine.  The  engine  test  setup  is  shown  in  Figure  1.  The 
revolutionary  new  PDE  is  a  single  cycle  air  breathing  propulsion  system  capable  of  efficient  Mach  0-4+ 
operation.  The  new  engine  will  be  substantially  lighter  than  turbine  engines  and  be  at  least  an  order  of 
magnitude  less  expensive.  The  overall  objectives  of  the  program  are  to  develop  the  new  engine,  integrate  it 
into  a  subsonic  manned  airframe  (LongEZ),  and  evaluate  the  flight  performance  of  the  system.  One  of  the 
concerns  of  the  integrated  engine  is  the  acoustic  environment  associated  with  the  detonation  process  of  the 
engine.  The  concerns  are  the  noise  levels  the  pilot  will  be  exposed  to  and  the  potential  structural  damage  from 
the  high  levels.  The  Air  Vehicles  Directorate  (AFRL/VA)  initiated  an  acoustic  measurement  and  suppression 
program  to  define  the  acoustic  levels  generated  by  the  engine  and  propose  methods  to  mitigate  the  radiated 
noise.  Preliminary  acoustic  measurements  have  been  made  while  the  engine  was  operated  at  several 
conditions.  The  different  operating  conditions  included  various  fuel  fill  fractions  (FF=percent  of  the 
detonation  tube  filled  with  fuel)  and  equivalence  ratios  (ER=ratio  of  fuel  to  air  where  an  ER  less  than  one  is 
lean  and  greater  than  one  is  rich).  Since  the  detonation  process  occurs  at  a  very  high  speed,  the  acoustic  data 
were  acquired  at  a  range  of  sampling  rates  up  to  and  including  200,000  samples  per  second.  The  preliminary 
acoustic  data  shows  that  the  detonation  pulse  is  approximately  30  microseconds  in  duration  with  an  average 
amplitude  of  almost  6  pounds  per  square  inch  (psi)  at  a  distance  of  12  inches  from  the  tube  exit.  Figure  2  is  a 
time  history  from  one  of  the  maximum  conditions.  Expressed  in  dB  this  would  be  greater  than  185  dB.  The 
broadband  levels  were  of  the  order  of  154  dB  for  the  worst  case  measured.  By  changing  the  FF  and  ER  the 
pulse  amplitude  could  be  reduced  to  1.7  psi  and  the  broadband  levels  to  143  dB.  Additional  acoustic 
measurements  are  planned  to  more  fully  define  the  levels  of  potential  suppression  concepts  and  directivity 
patterns.  In  addition  to  the  test  cell  measurements,  ground  run-up  and  fly-over  measurements  will  also  be 
conducted.  Background  on  the  performance  of  the  PDE  is  given  in  References  1  and  2  and  will  not  be 
repeated  here. 

A  large  amount  of  research  has  been  directed  to  the  prediction  and  development  of  pulse  detonation 
engines.  Both  computational  and  experimental  efforts  have  addressed  the  problems  associated  with  successful 
operation  of  the  engine.  However,  very  little  effort  has  been  directed  to  the  noise  generated  by  the  engines. 
The  most  extensive  paper  addressing  the  acoustic  environment  of  a  pulse  detonation  engine  is  Reference  3.  In 
it  the  authors  present  the  results  of  an  experimental  test  of  a  single  detonation  tube  2.54  cm  diameter  and 
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60.96  cm  long  operating  in  an  anechoic  test  facility.  The  test  matrix  included  various  exhaust  nozzle 
configurations,  tube  fuel  fill  fractions,  and  detonation  frequency.  Using  an  array  of  microphones  located  2.89 
meters  from  the  exit  of  the  nozzle,  they  recorded  the  acoustic  environment  of  the  detonations.  They  captured 
the  very  short  duration  pulses  generated  by  the  detonations  and  reported  overall  sound  pressure  levels  from 
about  100  dB  to  122  dB  for  the  range  of  parameters  tested.  The  high  frequency  energy  in  the  spectra  due  to 
the  very  short  pulses  was  captured.  They  concluded  that  sound  pressure  levels  increase  with  increasing  fill 
fraction  and  a  converging  nozzle  reduces  the  sound  pressure  level.  A  diverging  nozzle  also  reduced  the  sound 
pressure  levels  in  the  downstream  direction  but  was  not  consistent  for  different  nozzle  lengths  and  fill 
fractions.  No  attempt  to  quantify  the  affect  of  the  different  configurations  on  thrust  was  undertaken  but  it  was 
acknowledged  that  thrust  must  be  a  prime  consideration  in  selecting  an  optimum  noise  suppression  concept. 

Results 

The  acoustic  results  presented  in  this  paper  were  acquired  from  the  same  facility  and  pulse 
detonation  engine  described  in  References  1  and  2.  A  brief  description  will  be  repeated  here  for  the 
convenience  of  the  reader.  The  baseline  configuration  is  shown  in  Figure  1.  The  photo  shows  four  tubes  but 
much  of  the  testing  was  accomplished  with  only  one  tube  operating.  The  time  history  shown  in  Figure  2  is 
representative  of  the  pulse  shape  but  the  maximum  level  varies  with  engine  operating  parameters  and  the 
distance  from  the  exit.  It  was  shown  in  Reference  4  that  the  shock  wave  emanating  from  the  tube  exit  rapidly 
forms  a  vortex  ring  which  also  generates  sound.  The  shock  wave  rapidly  decays  resulting  in  less  energy  at  the 
higher  frequencies. 

Most  of  the  acoustic  data  were  acquired  with  Gulton  MVA  2400  %  inch  microphones.  To  illustrate 
the  lack  of  capability  of  some  transducers  to  capture  the  high  frequency  energy  that  the  shock  wave  generates, 
one  of  the  Larson  Davis  microphones  used  to  measure  the  acoustic  environment  of  the  Long  EZ  propeller 
aircraft  was  recorder  for  the  PDE.  The  results  for  both  microphones  are  shown  in  Figure  3.  It  is  very  evident 
that  the  peak  level  is  not  capture  by  the  Larson  Davis  microphone  since  it  does  not  have  a  fast  enough 
response  time  and  high  enough  frequency  capability.  Thus,  all  data  presented  in  this  paper  will  be  from  the 
Gulton  microphones.  The  data  were  acquired  with  Labview  software  with  a  sampling  frequency  of  200 
kilohertz.  Five  seconds  of  data  were  recorded  from  all  four  of  the  microphones  shown  in  Figure  4.  The 
microphone  mounting  rail  was  located  13  inches  from  the  tube  at  a  45  degree  angle.  The  microphones  were 
spaced  1 5  inches  apart  on  the  mounting  rail  resulting  in  one  being  1 5  inches  behind  the  exit  plane,  one  at  the 
exit  plane,  one  at  15  inches  aft  of  the  exit  plane  and  the  last  one  30  inches  aft  of  the  exit  plane.  The  data  were 
reduced  into  narrowband  spectra  using  custom  written  Labview  software.  A  block  size  of  100,000  samples 
was  used  and  2.5  seconds  of  data  were  analyzed  resulting  in  a  frequency  bandwidth  of  2  Hertz. 

The  resulting  spectra  from  each  of  the  microphones  are  shown  in  Figures  5-8.  The  pulsed  detonation 
engine  was  fired  at  20  Hertz  with  hydrogen  fuel.  The  fill  fraction  was  las  well  as  the  equivalence  ratio.  The 
firing  frequency  tone  of  20  Hertz  is  clearly  evident  in  each  of  the  spectra  except  the  most  aft  location.  The 
tone  is  still  there  but  hidden  by  the  other  noise  being  generated.  It  is  observed  that  there  is  significant  amount 
of  energy  at  the  higher  frequencies,  which  is  expected  since  the  rise  time  of  the  pulse  is  very  short.  This  high 
frequency  energy  contributes  to  the  sharp  pressure  pulse  but  it  is  believed  that  it  will  not  be  a  contributor  to 
hearing  concerns  or  structural  vibration  problems. 

Besides  defining  the  absolute  noise  levels  of  the  PDE,  methods  to  suppress  the  noise  were 
investigated.  Many  different  concepts  were  assessed  as  to  their  effectiveness  in  suppressing  the  generated 
noise.  The  range  of  designs  included  notches  at  the  exit  of  the  nozzle,  small  secondary  air  jets  at  the  exit, 
elbow,  tee,  and  a  Helmholtz  resonator.  Five  of  the  tested  configurations  are  shown  in  figure  9  through  13.  The 
results  of  these  evaluations  are  summarized  in  Figure  14.  The  pressure  pulse  amplitude  is  shown  in  dB  for 
convenience.  The  values  shown  in  the  figure  are  based  on  an  average  of  the  four  microphones.  As  observed 
in  the  Figure,  essentially  only  the  fill  fraction  and  equivalence  ratio  had  any  significant  affect  on  the  noise 
levels.  Figure  15  shows  in  detail  the  effects  of  fill  fraction  (FF)  and  equivalence  ratio  (ER).  Both  were  run  at 
1.0  and  0.5.  Each  alone  reduced  the  levels,  FF  by  4  dB  and  ER  by  2  dB.  When  both  are  tested  simultaneously 
the  reduction  is  the  sum  of  the  two  individually,  or  6dB.  The  affect  on  thrust  of  each  of  the  concepts  was 
measured  but  the  results  are  not  presented  in  this  paper.  Any  noise  suppression  concept  selected  for 
application  must  have  minimal  impact  on  engine  thrust. 

The  question  arises  as  to  how  fast  the  sampling  rate  is  required  to  be  to  capture  the  data.  Since  the 
pulses  have  a  very  short  rise  time,  it  is  assumed  that  the  sampling  rate  will  have  to  high  enough  to  capture 
high  frequency  data.  Figure  16  shows  a  comparison  of  spectra  for  samplings  rates  of  200K  and  20K.  It 
appears  that  the  data  sampled  at  20K  is  on  top  of  the  200K  data  and  there  is  only  1  dB  difference  in  over  all 
sound  pressure  level  between  the  two  curves.  There  is  energy  at  the  high  frequencies  but  very  little  in 
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comparison  to  what  is  at  the  lower  frequencies.  Figure  17  shows  the  two  spectra  up  1000  Hertz.  As  seen  in 
the  figure  they  truly  do  lie  on  top  of  each  other.  Thus,  it  can  be  concluded  that  for  structural  response 
purposes,  sampling  at  20K  will  capture  essentially  all  of  the  acoustic  energy  which  will  be  exciting  the  local 
structure.  Also,  for  environmental  noise  concerns,  the  high  frequency  energy  will  not  propagate  a  long 
distance  because  of  atmospheric  attenuation.  Thus,  a  20K  sampling  rate  would  be  sufficient  if  higher  rates  are 
not  available. 

To  illustrate  the  amount  of  reduction  in  the  sound  pressure  levels  at  further  distances  from  the 
detonation  tube,  Figure  18  shows  the  time  histories  from  a  nominal  1  foot  and  12  foot  location.  Clearly  the 
change  in  the  amplitude  is  quite  large.  Figure  19  shows  the  related  spectra  out  to  50K.  At  the  12  foot  location 
the  higher  frequency  levels  are  lower  than  the  noise  floor  of  the  data  acquisition  and  thus  appear  flat.  The 
decrease  in  the  overall  sound  pressure  level  is  25  dB.  For  true  spherical  spreading  one  would  expect 
approximately  23  dB.  Since  the  measured  level  is  lower  than  the  expected  level,  one  can  conclude  that  the 
additional  reduction  is  due  to  the  atmospheric  attenuation  at  the  higher  frequencies.  The  same  spectra  are 
shown  in  Figure  20  out  to  10K.  The  same  amount  of  reduction  is  observed  only  going  out  to  10K  which 
seems  to  counter  the  high  frequency  argument.  A  possible  explanation  could  be  that  the  higher  frequencies 
could  include  energy  below  10K. 

In  conclusion,  the  noise  generated  by  a  pulse  detonating  engine  was  measured  and  the  affect  of 
several  noise  suppression  concepts  was  evaluated.  The  overall  sound  pressure  levels  were  shown  to  be  in  the 
range  of  147dB  to  159  dB  at  the  microphone  array  located  13  inches  from  the  exit  of  the  detonation  tube. 
There  is  a  high  amplitude  pressure  pulse  generated  as  can  be  observed  in  the  time  history,  but  much  of  the 
energy  contained  in  the  pulse  is  at  the  very  high  frequencies  above  hearing  and  structural  frequencies  of 
interest.  Numerous  noise  suppression  concepts  were  evaluated  but  with  very  limited  success. 
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Figure  1.  Baseline  Configuration  Showing  Four  Tubes 


Figure  2  Typical  Time  History  for  20  Hertz  Firing  Frequency,  Fill  Fraction  and  Equivalency  Ratio  of  1.0 
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Figure  3  Comparison  of  Time  Histories  From  Two  Different  Microphones 


Figure  4  Picture  of  Microphones  Relative  to  Detonation  Tube 
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Spectrum  From  Microphone  at  15  Inch  Ahead  of  Tube  Exit  Plane 
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Figure  6  Spectrum  From  Microphone  at  Tube  Exit  Plane 
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Figure  7  Spectrum  From  Microphone  15  Inches  Aft  of  Tube  Exit  Plane 
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Figure  8  Spectrum  From  Microphone  30  Inches  Aft  of  Tube  Exit  Plane 
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Figure  1 1  Secondary  Air  Jet 


Figure  12  Split  Exit 


Figure  13  Helmholtz  Resonator  at  Near  Exit 
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Figure  14  Comparison  of  Effectiveness  of  Noise  Suppression  Concepts 
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Figure  15  Effect  of  Fill  Fraction  and  Fuel  Ration  on  Noise  Levels 
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Figure  16  Comparison  of  200K  and  20K  Sampling  Rates  for  Single  Tube 


Figure  17  Comparison  of  200K  and  20K  Sampling  Rates  for  Single  Tube  up  to  1000  Hertz 
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Figure  18  Time  History  Comparison  for  1  Foot  and  12  Foot  Locations 
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Figure  19  Spectral  Comparison  for  1  Foot  and  12  Foot  Locations 


11 

American  Institute  of  Aeronautics  and  Astronautics 


1299 


SPL-dB 


SPECTRA  COMPARISON  FOR  1  FOOT  AND  12  FEET  LOCATIONS,  10-31-01 
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Figure  20  Spectral  Comparison  for  1  Foot  and  12  Foot  Locations  up  to  10K 


12 

American  Institute  of  Aeronautics  and  Astronautics 


1300 


44th  AIAA  Aerospace  Sciences  Meeting  and  Exhibit 
9-12  January  2006,  Reno,  Nevada 


AIAA  2006-1021 


Performance  Assessment  of  a  Large  Scale  Pulsejet-Driven 

Ejector  System 


Daniel  E.  Paxson 

NASA  Glenn  Research  Center,  21000  Brookpark  Road,  Cleveland  OH  44135 
Paul  J.  Litke^  and  Frederick  R.  Schauer§ 

Air  Force  Research  Laboratory,  Propulsion  Directorate,  Wright-Patterson  AFB,  OH  45433 

and 

Royce  P.  Bradley  and  John  L.  Hoke^ 

Innovative  Scientific  Solutions,  Inc.,  Dayton,  OH  45440 


Unsteady  thrust  augmentation  was  measured  on  a  large  scale  driver/ejector  system.  A  72 
in.  long,  6.5  in.  diameter,  100  lbf  pulsejet  was  tested  with  a  series  of  straight,  cylindrical 
ejectors  of  varying  length,  and  diameter.  A  tapered  ejector  configuration  of  varying  length 
was  also  tested.  The  objectives  of  the  testing  were  to  determine  the  dimensions  of  the 
ejectors  which  maximize  thrust  augmentation,  and  to  compare  the  dimensions  and 
augmentation  levels  so  obtained  with  those  of  other,  similarly  maximized,  but  smaller  scale 
systems  on  which  much  of  the  recent  unsteady  ejector  thrust  augmentation  studies  have  been 
performed.  An  augmentation  level  of  1.71  was  achieved  with  the  cylindrical  ejector 
configuration  and  1.81  with  the  tapered  ejector  configuration.  These  levels  are  consistent 
with,  but  slightly  lower  than  the  highest  levels  achieved  with  the  smaller  systems.  The 
ejector  diameter  yielding  maximum  augmentation  was  2.46  times  the  diameter  of  the 
pulsejet.  This  ratio  closely  matches  those  of  the  small  scale  experiments.  For  the  straight 
ejector,  the  length  yielding  maximum  augmentation  was  10  times  the  diameter  of  the 
pulsejet.  This  was  also  nearly  the  same  as  the  small  scale  experiments.  Testing  procedures 
are  described,  as  are  the  parametric  variations  in  ejector  geometry.  Results  are  discussed  in 
terms  of  their  implications  for  general  scaling  of  pulsed  thrust  ejector  systems. 


I.  Introduction 

IN  recent  years  there  has  been  renewed  interest  in  the  concept  of  ejectors  or  thrust  augmentors  driven  by  unsteady 
propulsion  devices.  The  reason  for  this  stems  primarily  from  the  interest  in  Pulse  Detonation  Engine  (PDE)  based 
propulsion  systems,  which  are  decidedly  unsteady,  and  which  therefore  seem  natural  candidates  on  which  to  use  an 
ejector.  It  has  been  suggested  in  the  past1,  and  shown  convincingly  in  numerous  recent  experiments2"9  that  under  the 
proper  operating  conditions,  and  with  a  well  designed  ejector,  thrust  augmentation  levels  approaching  or  even 
exceeding  2.0  can  be  achieved  with  unsteady  thrust  sources  as  drivers.  Thrust  augmentation,  </>is  defined  as  the  total 
time-averaged  thrust  provided  by  the  ejector  and  driver  system,  Ftotal  divided  by  the  thrust  of  the  driver  alone, 
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It  has  further  been  shown  that  these  high  levels  can  be  reached  using  remarkably  small  ejectors  in  comparison  to 
their  steady  state  counterparts.  Several  studies  have  been  conducted  using  actual  PDE’s  as  drivers5, 7’ 9;  however  a 
number  have  used  alternative  unsteady  thrust  sources  including  simple  pulsed  valves2’8,  Hartmann-Sprenger 
resonance  tubes4,  synthetic  jets6,  and  pulsejets3.  The  results  from  each  of  these  varied  experiments  have  helped 
identify  the  factors  which  contribute  to  the  superiority  of  unsteady  ejector  systems  in  general  (and  therefore  how 
they  can  be  optimized),  and  which  factors  are  unique  to  the  particular  driver.  For  example,  it  is  now  generally 
agreed  that  the  frequency,  unsteadiness  level  (the  standard  deviation  of  the  exhaust  velocity  for  example),  and 
exhaust  gas  temperature  of  the  thrust  source  play  a  significant  role  in  the  maximum  thrust  augmentation  that  can  be 
achieved6.  These  and  other  parameters10  characterize  the  emitted  vortex  associated  with  each  pulse  of  any  unsteady 
thrust  device.  This  vortex  plays  a  critical  role  in  determining  thrust  augmentation,  though  the  physical  mechanism  is 
not  understood.  It  has  been  shown  through  experimental  measurements  for  example  that  vortex  diameter  is  closely 
matched  to  the  diameter  of  the  ejector  yielding  maximum  thrust  augmentation5,  6’  10,  n.  On  the  other  hand,  it  is 
believed  that  the  strong  emitted  shock,  uniquely  associated  with  the  PDE  pulse,  has  a  large,  though  currently  not 
well  understood,  influence  on  the  maximum  attainable  thrust  augmentation. 

Despite  the  many  unsteady  ejector  experiments  performed  to  date,  and  the  growing  body  of  understanding 
associated  with  them,  generalization  of  some  results  is  not  yet  possible  because  the  experiments  have  shared  a 
common  scale,  which  is  to  say,  small.  The  thrust  levels  have  been  low  (less  than  15  lbf),  and  the  driver  diameters 
have  been  between  1  and  2  inches.  Rules  have  been  suggested  relating  the  optimal  diameter  of  the  ejector  as  a  fixed 
ratio  relative  to  that  of  the  driver;  however,  they  are  not  definitive  because  all  the  drivers  tested  are  nearly  the  same 
size.  The  experiment  described  in  this  paper  was  developed  to  at  least  partially  address  this  issue. 

A  large  pulsejet,  approximately  an  order  of  magnitude  larger  in  exhaust  cross-sectional  area  and  thrust  than 
most  recent  tests,  was  operated  with  a  series  of  ejectors  of  varying  diameter,  length,  and  shape  (cylindrical  and 
tapered).  The  geometric  ejector  parameters,  along  with  the  spacing  between  the  pulsejet  tailpipe  and  ejector  inlet 
were  systematically  varied  in  order  to  determine  the  configuration  yielding  the  highest  thrust  augmentation,  as 
measured  by  the  thrust  stand  to  which  the  system  was  mounted.  The  results  were  then  compared  to  previous 
experiments  both  in  terms  of  augmentation  achieved,  and  in  terms  of  optimized  ejector  dimensions.  This  paper  will 
describe  the  experiment  including  the  major  components  (pulsejet,  ejector  sets,  and  thrust  stand),  construction, 
testing  procedures,  and  parametric  variations  of  ejector  dimensions.  Results  will  then  be  presented,  and  a  discussion 
of  findings  will  follow. 


II.  Experimental  Setup 

The  experimental  setup  is  shown  in  Fig.  1  with  the  major  components  labeled.  These  are  the  ejector  (1  of  4 
tested),  the  pulsejet,  and  the  thrust  stand.  Each  will  be  described  below. 
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A.  Pulsejet  Driver 

The  pulsejet  tested  and  discussed  in  this  paper  is  a  Solar  PJ32,  originally  developed  and  manufactured  by  the 
Solar  Aircraft  Company  for  the  Globe  Corporation  Aircraft  Division  in  1951.  Details  of  the  device  and  performance 
characteristics  are  described  in  Ref  13.  Relevant  dimensions  are  shown  in  the  schematic  of  Fig.  2. 

In  brief,  it  is  a  self-aspirating,  valved,  unit 
which  operates  on  liquid  fuel  (Avgas  in  this 
experiment)  that  is  fed  directly  into  the  combustion 
chamber  via  a  pressurized  fuel  line.  Like  most 
pulsejets  it  requires  forced  air  directed  at  the  inlet 
and  a  high  frequency  sparking  system  in  the 
combustion  chamber  in  order  to  initiate  operation. 

However,  once  operation  has  commenced,  the 
resonant  nature  of  the  device  does  not  require 
forced  air  or  spark.  The  fact  that  that  fuel  supply  is 
pressurized  (as  opposed  to  a  venturi-based 
arrangement  found  in  small  scale  units3)  allows  the 

pulsejet  to  be  throttled  in  a  reasonably  predictable 
fashion.  Figure  3  shows  the  relationship  between 
measured  thrust  and  fuel  flow  rate.  Fuel  flow  rate 
is  measured  using  an  in-line  turbine-type  flow 
meter.  Data  is  shown  both  from  previous  testing 
done  to  characterize  the  pulsejet13,  and  from 
baseline  testing  done  in  the  present  experiment 
without  an  ejector  installed.  Also  shown  are  a 
cubic  fit  to  the  data,  and  the  bounds  representing 
two  standard  deviations  above  and  below  the  fit.  It 
can  be  seen  that  a  certain  amount  of  scatter  is 
present,  which  appears  to  be  typical  for  pulsejets. 

For  the  present  experiment,  the  pulsejet  was 
operated  near  the  maximum  thrust  point  during  all 
testing.  The  scatter  in  this  operating  region  results 
in  a  maximum  uncertainty  of  ±7%.  For  the  present 
baseline  data  shown,  the  root-mean- square  error 
between  measured  and  curve-fit  thrust  was  3.7%. 

The  maximum  error  was  6% 

The  thrust  stand  can  only  measure  total  system  thrust  (pulsejet  and  ejector  combined);  however,  thrust 
augmentation  can  only  be  determined  if  the  thrust  of  the  jet  alone  is  known.  One  way  to  determine  this  is  to  simply 
run  the  pulsejet  on  the  thrust  stand  without  an  ejector  and  use  that  thrust  value  as  the  baseline  for  all  subsequent 
ejector  tests.  However,  it  is  prohibitively  time  consuming  to  do  this  for  each  of  the  many  ejector  configurations 
tested.  Instead,  this  measurement  was  made  on  average  of  once  every  sixteen  operational  runs  of  the  engine.  This 
method  of  determining  jet-alone  thrust  will  be  referred  to  as  Method  I  in  subsequent  sections  of  the  paper  where 
results  are  presented.  If  the  rate  of  fuel  flow  could  be  accurately  controlled,  this  method  would  suffice,  save  for  the 
run-to-run  uncertainty  already  described.  The  fuel  flow  rate  through  the  system  varied  over  time  however,  possibly 
due  to  clogging  at  the  injectors.  As  a  result,  the  same  pressure  in  the  fuel  system  did  not  always  yield  precisely  the 
same  flow  rate.  To  account  for  this,  the  jet- alone  thrust  was  also  determined  using  the  curve-fit  presented  above  and 
the  measured  fuel  flow  rate  from  each  run.  This  estimation  method,  referred  to  later  as  Method  II,  could  be  made 
each  run,  with  or  without  an  ejector  present. 

The  frequency  of  operation  of  this  pulsejet  was  69  hz,  with  a  standard  deviation  of  2  hz  for  all  of  the  testing 
performed.  The  operational  frequency  is  weakly,  and  inversely  related  to  the  fuel  flow  rate.  The  observed 
frequency  of  the  present  tests  was,  like  the  thrust  values,  consistent  with  that  observed  in  previous  tests.  It  is 
interesting  to  note  in  passing  that  the  product  of  operational  frequency  and  length  on  this  pulsejet  is  15%  higher  than 
that  for  the  small  scale  unit  used  in  Ref.  3.  Pulsejets  are  often  thought  of  as  gasdynamic  devices  with  a  frequency 
that  is  determined  by  the  end-to-end  transit  time  of  a  fixed  set  of  dominant  waves.  All  other  things  being  equal,  this 
conception  implies  that  the  product  of  frequency  and  length  should  be  a  constant.  The  observed  difference  therefore 
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Figure  2.  Pulsejet  schematic. 
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Fuel  Flow  Rate,  lbm/min. 

Figure  3.  Pulsejet  thrust  as  a  function  of  fuel  flow. 
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either  indicates  that  the  average  temperature  of  the  combustion  products  is  30%  higher  in  the  large  unit  (which 
would  probably  melt  the  steel),  or  that  there  are  other  elements  contributing  to  the  resonance  than  simply  wave 
reflections  (e.g.  Helmholtz-like  behavior,  heat  release  rate,  etc.). 

B.  Ejectors 

Four  ejectors  were  constructed  from  mild-steel  sheet  ranging  in  gage  from  18  to  20.  Scaled  drawings  of  each 
are  shown  in  Fig.  4,  which  also  shows  symbolic  nomenclature  for  the  relevant  dimensions.  Those  dimensions  are 
listed  in  Table  1.  The  commercially  available  bellmouth  inlets  were  seamless,  and  terminated  with  a  1.0  in.  long 
straight  section.  The  main  body  of  each  cylindrical  ejector  was  composed  of  a  single  rolled  piece  with  a  welded 
seam  along  the  length.  It  was  joined  to  the  bellmouth  with  a  circumferential  weld.  The  main  body  of  the  tapered 
ejector  was  composed  of  two  symmetric  halves.  The  conical  shape  was  achieved  through  a  process  called 
“bumping”  whereby  a  small  bend  is  applied  approximately  every  inch  along  the  circumference.  This  actually 
creates  a  many-sided  polygon  rather  than  a  pure  circular  cross-section.  The  two  halves  were  welded  together  along 
the  entire  length.  The  finished  body  was  then  attached  to  the  inlet  with  a  circumferential  weld. 


Table  1  Ejector  dimensions  (as-built) 


R 

(in.) 

L 

(in.) 

D 

(in.) 

Straight,  cylindrical 

3 

64 

13 

4 

65 

16 

4 

65 

20 

Tapered,  conical 

4 

69 

16 

The  dimensions  of  the  ejectors  were  chosen  by 
a  geometrical  scaling  of  the  small  scale  ejectors 
tested  in  the  pulsejet-based  experiments  of  Ref.  3. 
The  length  and  diameter  of  the  Ref.  3  ejector 
yielding  the  highest  thrust  augmentation  was 
normalized  by  the  diameter  of  the  pulsejet  driver 
(1 .25  in.).  Those  ratios  were  then  multiplied  by  the 
pulsejet  diameter  in  the  present  work  (6.5  in.)  to 
obtain  the  length  and  diameter  of  the  central 
ejector.  The  other  two  diameters  were  then 
selected  as  20%  smaller  and  25%  larger  than  the 
central  value  with  the  supposition  that  this  span 
would  be  sufficient  to  bound  the  value  of  the 
optimal  diameter.  The  inlet  radius,  R  was  not 
variable  because  the  bellmouth  inlets  were 
commercially  available  stock-items,  and  the  radius 
was  pre-determined  based  on  the  selected  diameter, 
D.  However,  it  has  been  shown  that  while  inlet 
rounding  is  necessary  (a  sharp-edged  inlet  will 
produced  almost  no  augmentation),  rounding 
beyond  values  of  R/D= 0.15  shows  little  benefit. 
The  ejectors  used  in  this  experiment  had  R/D> 0.20. 


Figure  4.  Ejector  schematics  and  symbols  for  relevant 
dimensions. 


C.  Thrust  Stand 

Details  of  the  thrust  stand  have  been  presented  elsewhere  in  the  literature9, 14.  As  such  only  a  brief  description 
will  be  given  here.  It  consists  of  a  cart  with  linear  bearings  which  ride  along  a  pair  of  fixed,  low-friction  rails.  The 
test  article  (pulsejet  or  pulsejet  and  ejector  combination)  is  rigidly  attached  to  the  cart.  The  cart  pushes  against  a 
damped,  calibrated  spring,  one  end  of  which  is  fixed.  Thrust  is  ultimately  determined  by  measuring  the  cart 
displacement  with  a  positional  sensor  which  is  low-pass  filtered  with  a  cut-off  frequency  of  0.5  hz.  A  time  trace  of 
measured  thrust  during  a  typical  test  run  is  shown  in  Fig.  5.  The  damping  and  filtering  system  is  evidently  quite 
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effective,  as  there  are  no  oscillations  in  the  measured  thrust.  It  is  noted  that  there  is  a  small  positive  thrust  measured 
prior  to  engine  ignition.  This  is  the  result  of  a  preload  applied  to  the  spring  at  the  zero  point  of  the  positional  sensor. 


D.  Test  Procedure 

Each  test  run  was  approximately  30  seconds  in  duration  and  consisted  of  the  following  sequence.  Fuel  pressure 
was  set.  Starting  air  was  then  turned  on  as  was  the  spark.  Shortly  thereafter  the  fuel  flow  valve  was  opened,  and 
engine  operation  commenced.  The  starting  air  and  spark  were  then  shut  off.  After  approximately  1 5  seconds,  the 
thrust  reading  would  level  off  and  for  the  next  15  seconds  thrust  was  measured  at  approximately  1.0  second 
intervals.  After  the  thrust  measurement  was  acquired  the  fuel  valve  was  closed,  and  the  starting  air  was  re-activated 
in  order  to  provide  cooling.  The  thrust  data  to  be  presented  represents  a  simple  time-average  over  the  15  second 
sampling  period.  This  basic  sequence  is  illustrated  in  Fig.  5  which  shows  actual  test  data  from  a  typical  run. 

For  each  ejector  tested,  the  baseline  thrust  of  the  pulsejet  was  first  measured  without  the  ejector  present.  A 
straight-sided  ejector  was  then  mounted  on  the  thrust 


stand,  with  its  axis  of  symmetry  aligned  with  that  of  the 
pulsejet.  Thrust  measurements  were  made  with  the 
ejector  inlet  placed  at  various  axial  positions  relative  to 
the  exhaust  plane,  as  shown  in  Fig.  6.  For  each  ejector, 
an  optimal  spacing  value  was  found  which  yielded  the 
highest  thrust  augmentation.  This  procedure  was 
followed  for  each  of  the  three  straight  ejector  diameters. 

The  diameter  yielding  the  highest  thrust 
augmentation  was  then  selected  for  length  variation 
testing.  It  was  first  lengthened  by  welding  a  19.5  in. 
extension  to  the  cylindrical  section,  at  the  exhaust  end. 
This  modified  ejector  was  then  tested  according  to  the 
procedure  just  described.  The  length  of  the  ejector  was 
then  reduced  by  simply  cutting  off  a  portion  of  the 
exhaust  end.  The  length  reduction  was  done  in 
increments  of  one  pulsejet  diameter  (6.5  in.). 

Due  to  resource  limitations,  it  was  possible  to  test 
only  one  tapered  ejector.  The  minimum  diameter  of 
this  ejector  was  chosen  to  be  the  same  as  that  of  the 
cylindrical  ejector  yielding  the  highest  thrust 
augmentation.  A  tapered  ejector  made  the  same  way 
was  tested  on  several  small  scale  rigs  and  found  to  yield 
very  high  thrust  augmentation  levels1, 5’ 15.  The  spacing 
and  length  of  this  ejector  were  varied  in  the  manner 
described  above;  however,  no  extension  was  made  to 
the  initial  70  in.  length. 


Thrust - Fuel  Flow  Rate - Starting  Air  Flow  Rate  X  0.05  | 
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Figure  5.  Measured  thrust  as  a  function  of  time  for  a 
typical  pulsejet  and  ejector  combination.  Fuel  and 
starting  air  flow  rates  are  also  shown. 


Figure  6.  Schematic  of  ejector  spacing  variation, 
schematic  is  to  scale. 


The 


III.  Results  and  Discussion 


A.  Straight,  Cylindical  Ejectors 

1.  Driver-to-Ejector  Spacing  Variations 

Although  spacing  variation  testing  was  performed  on  every  ejector  configuration,  the  results  tended  to  be  similar 
in  trend.  As  such,  results  from  only  one  configuration  will  be  shown.  Figure  7  displays  the  thrust  augmentation  as  a 
function  of  driver- to-ejector  spacing  for  the  16  in.  diameter  ejector,  of  65  in.  length.  The  spacing  has  been 
normalized  by  the  driver  diameter,  d.  Results  are  presented  using  both  Methods  I  (baseline  measured  pulsejet  thrust) 
and  II  (pulsejet  thrust  estimated  from  the  fuel  flow  rate  curve-fit  of  Fig.  3)  to  compute  thrust  augmentation.  Also 
shown  are  the  results  from  the  small  scale  pulsejet  experiment  of  Ref.  3.  Negative  values  of  ejector  spacing  indicate 
that  the  exhaust  plane  of  the  pulsejet  was  actually  inside  the  ejector.  In  the  Ref.  3  experiment,  such  measurements 
were  not  possible  as  the  pulsejet  would  cease  to  operate  at  low  spacing  values.  The  same  phenomenon  occurred  in 
the  present  experiment,  but  at  much  smaller,  even  negative  values.  It  is  interesting  to  note  that  the  augmentation 
reaches  a  peak  as  the  ejector  and  driver  are  brought  closer  together.  It  then  decreases  to  a  minimum,  and  begins  to 
rise  again  as  the  driver  is  brought  into  the  ejector  interior.  It  is  not  known  whether  a  second  peak  exists  because,  as 
mentioned,  the  pulsejet  stopped  operating.  Such  Twin  peak’  behavior  was  observed  in  the  PDE  driven  experiment 
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of  Ref.  5.  The  spacing  yielding  peak  performance  is 
approximately  2.0  pulsejet  diameters.  This  value  is 
similar  to,  but  slightly  larger  than,  the  value  found  in 
the  small  scale  experiment.  Comparison  with  other 
experimental  results4,5  indicates  that  the  value  varies 
between  1  and  2.5  driver  diameters.  It  therefore 
appears  to  be  a  somewhat  experiment  specific 
parameter,  perhaps  depending  on  both  the  physical 
geometry  of  the  driver  and  the  characteristic  of  the 
unsteady  pulse. 

Optimal  ejector  spacing  was  found  to  be  invariant 
with  changing  ejector  length.  However,  it  should  be 
kept  in  mind  that  only  one  diameter  ejector  was  varied 
in  this  manner. 

For  variations  in  diameter  using  a  fixed  length,  the 
optimal  spacing  followed  a  nearly  perfect  linear 
relationship  described  by 


Ejector  Spacing,  8/d 


Figure  7.  Thrust  augmentation  as  a  function  of 
driver-to-ejector  spacing  for  the  D/d=2A6 ,  L/d=  10.0 
ejector. 


optimal 


(2) 


The  general  increase  in  optimal  spacing  as  ejector  diameter  increases  is  consistent  with  the  results  of  Refs.  3-5. 


2.  EjectorDiameter  Variations 

Thrust  augmentation  levels  obtained  with  optimally  spaced,  fixed  length  ejectors  are  shown  as  a  function  of 
ejector  diameter  in  Fig.  8.  The  ejector  diameter  has  been  normalized  by  the  driver  diameter.  Once  again,  results 
using  both  Methods  I  and  II  to  obtain  pulsejet  thrust  are  shown.  For  comparison,  results  from  the  Ref.  3  small  scale 
pulsejet  experiment  also  appear.  There  is  a  clear  optimal  ejector  diameter,  and  for  both  the  large  and  small  scale 
experimental  results  it  appears  to  be  very  nearly  2.5  driver  diameters.  This  result  is  remarkably  consistent  over  a 
range  of  drivers.  Table  2  lists  the  ejector  to  driver  diameter  ratios  at  which  peak  augmentation  levels  were  found  in 
a  number  of  experiments  using  cylindrical  or  nearly  cylindrical  ejectors.  The  values  all  fall  between  2.4  and  3.0, 
indicating  that  the  optimal  ejector  diameter  is  a  near  constant  multiple  of  the  driver  diameter,  probably  having  a 
weaker  secondary  dependence  on  other,  as  yet  unknown  parameters.  This  result  supports  the  notion  that  the  vortex 
emitted  with  each  pulse  of  the  driver  plays  a  key  role  in  unsteady  thrust  augmentation  since,  as  was  pointed  out  in 
Refs.  5  and  6,  its  size  (bounding  diameter)  appears  to  follow  the  same  ratio  when  divided  by  the  driver  diameter. 

It  is  noted  that  although  the  optimal  value  of  D/d  is  nearly  the  same  for  all  of  these  ejectors,  the  thrust 
augmentation  obtained  is  not.  Part  of  the  reason  for  this  may  be  that  while  all  of  the  unsteady  drivers  emit  a  vortex, 
the  amount  of  vorticity  present,  its  velocity,  the  balance 


Table  2  Optimal  D/d  values. 


Ref. 

Driver  Type 

&max 

Optimal 

D/d 

d 

(in.) 

Present 

Large  Pulsejet 

1.71 

2.4 

6.50 

2 

Chopped  Pulse 

1.45 

3.0 

3.14 

3 

Small  Pulsejet 

1.83 

2.5 

1.25 

4 

Resonance  Tube 

1.38 

2.7' 

1.50 

5 

PDE 

2.00 

3.0 

1.00 

6 

Synthetic  Jet 

1.67 

2.4+ 

0.93 

7 

PDE 

2.10 

3.0 

1.93 

*  Using  the  hydraulic  diameter  of  the  driver  275  hz. 
driver. 

+  Using  ‘effective  diameter’  measured  w/  PIV. 

1.0  2.0  3.0  4.0  5.0 

Ejector  Diameter,  D/d 


Figure  8.  Thrust  augmentation  as  a  function  of  ejector 
diameter  for  the  L/d=10.0  ejectors.  The  ejectors  are 
optimally  spaced  for  each  point.  Data  from  the  Ref.  3 
small  scale  experiment  is  also  shown. 
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between  fluid  trapped  in  the  vortex  and  that  which  follows  behind,  and  the  interaction  between  vortex  bound  fluid 
and  trailing  jet  fluid  may  be  vastly  different.  These  features  may  play  a  key  role  in  the  entrainment  of  and 
momentum  transfer  to  the  secondary  fluid  in  the  ejector,  although  the  mechanism  isn’t  clear  6’ 16. 

It  was  suggested  in  Ref.  6  (and  based  on  the  observations  of  Ref.  17)  that  a  characterizing  feature  of  the  emitted 
pulse,  essentially  a  type  of  inverted  Strouhal  Number,  may  be  a  correlating  parameter  to  the  peak  thrust 
augmentation  achievable  with  an  ejector  that  has  been  optimized  for  length  and  diameter.  In  that  paper,  the 
parameter,  heretofore  referred  to  as  the  non-dimensional  formation  time,  was  defined  as 


(3) 


where  /is  the  frequency  of  operation,  and  yu'2  is  the  root  mean  square  of  the  periodic  velocity  fluctuations  in  the 
exit  plane  of  the  driver.  This  velocity  can  be  estimate  from  measured  thrust,  mean  flow  rate  and  temperature  of  the 
driving  jet.  It  was  argued  that  peak  thrust  augmentation  should  rise  with  formation  time  up  to  some  critical  value, 

rjlt .  Beyond  this  value,  peak  thrust  augmentation  should  slowly  fall.  Figure  9  shows  the  peak  thrust  augmentation 

obtained  as  a  function  of  formation  time  for  the  present  experiment  and  several  others  for  which  sufficient  data  was 
available  A  simple  parabolic  fit  through  the  data  is  also  shown.  The  data  seems  to  follow  the  expected  trend, 

indicating  a  value  of  zcJlt  near  40;  however,  the  data  is  admittedly  sparse  and  much  more  is  needed.  Furthermore,  it 


was  noted  in  Ref.  6  that  other  experimental  results  don’t 
fall  on  this  same  curve.  This  implies  that  other  factors 
such  as  the  exhaust  gas  temperature  (relative  to  the 
entrained  secondary  flow)  may  play  a  significant  role  in 
determining  peak  thrust  augmentation.  The 
experiments  represented  in  Fig.  9  have  vastly  different 
exhaust  temperatures  for  which  no  accounting  has  been 

made  other  than  the  effect  on  V u ,2  .  Beyond  this,  the 
use  of  formation  time  as  is  done  here  provides  no 
insight  into  the  physical  mechanism  of  unsteady  thrust 
augmentation.  It  only  provides  a  potentially  predictive 
correlating  parameter,  albeit  one  that  is  fairly 
compelling. 
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Figure  9.  Peak  thrust  augmentation  as  a  function  of 
3.  Ejector  Length  Variation  formation  time  for  the  present,  and  several  other 

As  stated  earlier,  length  variation  tests  were  only  experiments 
performed  on  a  single  cylindrical  ejector.  The  16  in. 

diameter  ejector  was  chosen  (D/d=2A6)  since  it  had  yielded  the  highest  performance  at  the  as-built  65  in.  length. 
The  variation  in  thrust  augmentation  as  a  function  of  ejector  length  is  shown  in  Fig.  10.  The  length  has  been 
normalized  by  the  driver  diameter.  Results  from  the  small  pulsejet  experiment  of  Ref.  3  are  also  shown.  The  trends 
of  the  two  experiments  are  somewhat  different;  however,  it  is  noted  that  the  peak  value  of  thrust  augmentation 
occurs  at  the  same  value  of  L/d=  10  for  both.  This  turned  out  to  be  the  as-built  length  in  the  present  experiment. 

This  ratio  does  not  hold  for  the  other  unsteady  experiments;  however,  it  is  not  clear  that  it  should.  There  are 
several  conceptual  models  for  the  mechanism  by  which  fluid  is  entrained  and  energized  in  the  ejector.  One  posits  a 
sort  of  piston-like  behavior  of  the  driver  flow  which  delivers  momentum  to  the  secondary  flow  via  direct  pressure 
exchange  as  the  two  flows  collide  within  the  ejector.  A  second  notion  suggests  that  the  mechanism  of  entrainment 
and  momentum  exchange  is  the  same  as  that  for  a  steady  ejector,  namely  shear  flow  and  mixing  (most  likely  driven 
by  turbulence).  Secondary  fluid  is  literally  dragged  into  the  ejector  and  accelerated.  In  this  concept,  the  emitted 


*  For  the  Ref.  5  PDE  experiment  the  rms  velocity  was  obtained  from  a  numerical  simulation  matching  flow  rate  and 
thrust.  Because  the  thrust  producing  period  of  a  typical  PDE  is  only  a  small  fraction  of  the  operating  period,  only 
the  thrust  producing  period  was  used  in  the  rms  velocity  calculation.  The  inverse  of  this  period  was  used  for  /  in 
Eqn.  3 


7 

American  Institute  of  Aeronautics  and  Astronautics 


1307 


vortex  serves  the  function  of  vastly  increasing  the  shearing  surface  area  (compared  to  a  steady  jet)  due  both  to  its 
initial  structure  and  to  its  observed  disintegration §. 

If  the  latter  mechanism  is  correct,  it  might  be  expected  that  the  emitted  vortex  would  decelerate  (even  as  it  broke 
apart)  at  a  rate  proportional  to  its  surface  area  and  to  the  square  of  the  difference  between  its  velocity  and  that  of  the 
secondary  flow.  That  is 


dUv 

dx 


i  -a 


(  \ 

Ps 

Pv 


X](UV-US)2 


(4) 


where  pv  is  the  density  of  the  vortex,  V  is  the  vortex  volume,  S  is  the  surface  area,  Uv  is  the  velocity  of  the  vortex,  Us 
is  the  average  velocity  of  the  secondary  flow  (assumed  constant),  a  is  a  constant,  and  ps  is  the  density  of  the 
secondary  flow.  Assuming  that  the  vortex  volume  and  surface  area  are  proportional  to  the  cube  and  square  of  its 
diameter  respectively,  and  assuming  further  that  its  diameter  is  proportional  to  the  diameter  of  the  driver,  the  ratio 
(S/V)  in  Eqn.  4  simply  becomes  proportional  to  (1  Id),  i.e. 


U, 


d(U v  ~U s ) 

d(x  /  d  ) 


Ps 

\Pv  J 


(UV-UJ2 


(5) 


With  k  a  constant,  Eqn.  5  can  be  solved  numerically  to  yield  x/d  as  a  function  of  (Uv-Us),  for  any  given 
ps  / pv  and  jjlvmtial  /iJ s  ,  which  is  the  initial  vortex  velocity  as  it  enters  the  ejector  divided  by  the  average  secondary 
flow  velocity.  If  the  optimal  ejector  length,  Lopt  is  defined  as  that  value  of  x  for  which  (U/Us-\)  is  less  than  some 
specified  small  value  such  as  0.1,  and  if  estimates  of  U ™ltml  /Us  and  ps  / pv  are  available,  then  Eqn.  5  can  be  used 
to  obtain  Lop/d.  This  is  illustrated  in  Fig.  11  which  shows  the  numerical  solution  to  Eqn.  5  for  different  values  of  the 
parameters  U™ltml  /lJs  and  pj pv  . 

Estimates  for  U lvmtial  and  Us  were  obtained  for  the  Refs.  3,  4,  and  5  experiments  using  PIV  data  from  Refs.  11, 
16,  and  12**.  They  are  listed  in  Table  3.  Values  of  ps  / pv  were  not  available.  For  the  Ref.  4  resonance  tube,  this 
ratio  should  be  near  1.0  since  the  driver  gas  was  at  near  ambient  temperature.  For  the  Refs.  3  and  5  pulsejet  and 
PDE  driven  experiments,  the  ratio  was  estimated  at  approximately  3.0.  This  estimate  assumes  that  the  very  hot,  low 
density  gas  from  each  driver  entrains  a  certain  amount  of  cooler  air  as  it  forms  the  emitted  vortex. 


Table  3  Vortex  and  secondary  flow  velocities,  and 


Ref. 

Driver  Type 

Uv 

(ft/s) 

Us 

(ft/s) 

Ps_ 

Pv 

Lopt/d 

3 

Small  Pulsejet 

460 

303 

3.0 

10.1 

4 

Resonance  Tube 

275 

245 

1.0 

6.5 

5 

PDE 

800 

115 

3.0 

14.6 

Ejector  Length,  L/d 

Figure  10.  Thrust  augmentation  as  a  function  of 
ejector  length  for  the  D/d=2A6  ejector.  The  ejectors 
are  optimally  spaced  for  each  point.  Data  from  the 
Ref.  3  small  scale  experiment  is  also  shown. 


§  Observations  of  vorticity  in  the  ejector  exit  region  of  the  Refs.  11  and  12  indicate  no  coherent  vortical  flow 
structure  at  radial  distances  less  than  the  ejector  diameter. 

For  the  Ref.  4  experiment,  Us  was  obtained  from  hotwire  measurements  taken  in  the  exit  plane  of  the  ejector. 
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Table  4  Optimal  ejector  and  actual 
driver  operational  frequencies. _ 


Ref. 

Driver  Type 

fopt 

(hz) 

f driver 

(hz) 

3 

Small  Pulsejet 

350 

220 

4 

Resonance  Tube 

335 

275 

5 

PDE 

135 

20 

x/d 

Figure  11.  Numerical  solution  to  Eqn.  5  for  several 
relevant  parameters  of  density  ratio  and  vortex 
velocity  ratio.  The  value  of  k  in  Eq.  5  is  0.32 


When  these  values  of  u™ltml ,  Us,  and  ps  / pv  were  used  in  the  numerical  solution  of  Eqn.  5,  together  with  an 

ending  criterion  (UyUs- 1)  =0.1,  it  was  found  that  for  a  single  value  of  x=0.32,  the  values  for  Lopt/d  calculated  were 
almost  exactly  the  values  found  experimentally,  and  listed  in  Table  3.  This  result  is  by  no  means  proof  of  the  shear 
mechanism  for  ejector  entrainment  and  thrust  augmentation,  particularly  given  the  scarcity  of  data  and  the  density 
estimates  used.  It  is  nevertheless  suggestive  that  this  mechanism  predominates. 

Note  that  Eqn.  5  may  be  rewritten  as  an  ordinary  differential  equation  in  time  as 


d(Uv~Us) 

dt 


f A  ^ 

\Pv  J 


(Uv 


-Us) 


2 


(6) 


Integrating  this  equation  using  the  parameters  listed  above  presumably  gives  the  time  required  for  the  emitted 
vortex  to  travel  down  the  ejector,  decelerate,  degenerate,  and  accelerate  the  secondary  fluid.  The  inverse  of  this  time 
provides  an  estimate  for  the  optimal  operational  frequency  from  the  perspective  of  shear-driven  momentum  transfer. 
For  the  Refs.  3,  4,  and  5  experiments,  these  frequencies  are  listed  in  Table  4,  along  with  the  actual  operational 
frequencies  of  the  devices.  All  other  things  being  equal,  it  would  be  intuitively  expected  that  the  closer  together  the 
optimal  and  operational  frequencies,  the  higher  the  thrust  augmentation.  If  this  is  true,  it  suggests  that  PDE’s  which 
for  a  given  length  ideally  operate  at  a  much  higher  frequency  than  that  listed  in  Table  3,  could  obtain  even  higher 
augmentations  levels  than  have  been  reported  to  date.  It  would  also  suggest  that  the  present  experiment,  while 
generally  exhibiting  lower  overall  thrust  augmentation  values  compared  to  those  of  the  small  scale  pulsejet 
experiment  of  Ref.  3,  is  actually  better  matched  in  terms  of  this  optimal  frequency  criterion.  The  reason  for  this  is  as 
follows.  The  value  of  Lopt/d  found  in  the  present  experiment  is  identical  to  that  of  Ref.  3.  It  is  expected  that  the 

values  of  ps  /pv  ,  U  lvmtml  ,  Us  are  therefore  quite  similar.  These  can  be  used  to  integrate  Eqn.  6  but  with  the  larger 
diameter  of  the  present  experiment.  The  resulting  optimal  frequency  is  found  to  be  67  hz,  which  is  very  close,  and 
therefore  better  matched,  to  the  actual  operating  frequency  of  69  hz. 

B.  Tapered,  Conical  Ejector 

As  mentioned  earlier,  only  one  diameter  of  tapered,  conical  ejector  was  tested.  The  length  was  varied  using  the 
same  technique  as  that  for  the  cylindrical  ejector.  Similarly,  at  each  length  the  driver- to-ejector  spacing  was  varied 
until  the  highest  augmentation  was  achieved.  As  with  the  straight  ejectors,  this  optimal  spacing  was  very  nearly  2 
driver  diameters  for  every  length.  The  results  of  the  length  variation  tests  are  shown  in  Fig.  12,  along  with  those 
from  the  small  scale  pulsejet  experiment  of  Ref.  3.  Like  the  small  scale  experiment,  the  maximum  augmentation 
achieved  was  higher  with  the  tapered  ejector  than  with  the  best  of  the  straight  type.  Both  experiments  also  show 
much  more  sensitivity  at  the  shorter  lengths  than  was  seen  with  the  straight  ejectors.  However,  the  small  scale 
experiment  has  a  clear  length  at  which  peak  augmentation  is  observed,  whereas  the  present  experiment  exhibits 
nearly  flat  region  where  the  augmentation  is  high  and  insensitive  to  length.  The  start  of  this  region  and  the  peak 
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performance  point  of  the  small  experiment  both  appear 
to  occur  between  8<Lopt/d<8.5.  The  peak  augmentation 
obtained  in  the  present  experiment  was  1.83,  while  the 
small  scale  experiment  yielded  a  value  of  1.98.  The 
same  trend  was  seen  with  the  straight  ejectors.  As 
mentioned  earlier,  part  of  the  reason  for  this  may  be  due 
to  the  somewhat  different  vortex  parameters  associated 
with  the  two  drivers  (despite  their  both  being  valved 
pulsejets). 

Some  of  the  difference  may  also  be  attributed  to  the 
slightly  different  nature  of  the  ejectors  used  in  the  two 
experiments;  however,  these  are  fairly  subtle.  Figure 
13  shows  a  profile  of  the  best  performing  straight  and 
tapered  ejectors  used  in  the  Ref.  3  work.  The  straight 
ejector  is  seen  to  actually  have  a  short  diffusing  section 
at  the  exhaust  end,  and  both  have  a  half  circle  inlet 
profile  as  opposed  to  the  quarter  round  profile  of  the 
present  work. 

Another  possible  explanation  for  the  comparatively 
lower  peak  augmentation  in  the  large  system  may  lie  in 
the  scale  of  the  turbulence  which  is  involved  in  the 
exchange  of  momentum  between  the  driver  and  the 
secondary  flow.  There  are  numerous  potential 
turbulence  length  scales  in  a  pulsejet.  Some  are 
governed  by  the  physical  size  of  the  unit,  but  others  are 
not.  It  is  possible  that  the  scales  from  say,  combustion, 
and  the  exhaust  plane  shear  layer  coincide  in  the  small 
unit  and  thus,  being  encased  in  the  emitted  vortex, 
efficiently  transfer  the  large  scale  vortex  rotational 
energy  to  the  secondary  flow.  In  the  large  unit,  this 
matching  of  scales  may  not  hold.  Of  course,  there  is  no 
proof  yet  for  this  (rather  intuitive)  explanation  other 
than  the  observation  that  the  measured  turbulence  levels 
in  the  emitted  vortex  of  several  unsteady  thrust 
experiments  are  quite  high6,  u’ 12 .  Clearly,  much  more 
investigation  is  needed  into  the  issue  of  peak  thrust 
augmentation  in  unsteady  thrust  systems  in  general,  and 
in  large  versus  small  systems  in  particular. 


2 
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-■-Present  Experiment-Method  I,  D/d=2.46,  R/d=0.62 
-■-Present  Experiment-Method  n,  D/d=2.46,  R/d=0.62 
-•-  Small  Scale  Experiment,  D/d=2.40,  R/d=0.60 
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Figure  12.  Thrust  augmentation  as  a  function  of 
ejector  length  for  the  D/d= 2.46  tapered  ejectors.  The 
ejectors  are  optimally  spaced  for  each  point.  Data 
from  the  Ref.  3  small  scale  experiment  is  also  shown. 

~A 
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Figure  13.  Straight  and  tapered  ejector  profiles 
used  in  the  small  scale  pulsejet  experiment  of  Ref.  3. 


IV.  Conclusion 

A  large  scale  pulsejet-driven  ejector  system  was  tested  with  the  objective  of  obtaining  ejector  dimensions  which 
maximize  thrust  augmentation.  Tests  were  conducted  using  ejectors  of  various  length,  diameter,  and  cross  sectional 
profile.  The  spacing  between  the  pulsejet  exit  and  ejector  inlet  was  also  examined  for  its  influence  on  performance. 
Comparisons  with  other  unsteady  ejector  experiments  were  also  made  both  in  the  level  of  augmentation  achieved 
and  in  the  dimensions  of  the  optimized  ejectors.  A  peak  thrust  augmentation  value  of  1.71  was  obtained  with 
straight  ejectors.  The  optimized  ejector  diameter  was  found  to  be  2.46  times  the  pulsejet  driver  diameter  of  6.5  in. 
This  ratio  was  observed  to  be  nearly  constant  over  numerous  experiments  and  may  therefore  be  a  sizing  rule.  The 
optimal  length  was  found  to  be  10  times  the  driver  diameter.  This  result  was  found  to  be  the  same  as  another,  small 
scale  pulsejet  experiment,  but  somewhat  different  from  those  where  another  driving  source  was  used.  It  was  found 
that  the  tapered  profile  ejector  yielded  a  higher  thrust  augmentation  than  the  best  of  the  straight  profile  series.  The 
value  obtained  was  1.81.  This  result  was  consistent  with  numerous  other  unsteady  thrust  augmentation  experiments. 
Additional  research  is  needed  to  determine  if  there  is  an  optimal  ejector  taper  angle,  and  if  that  angle  can  be  related 
to  parameters  of  the  driver. 
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Experimental  studies  were  performed  on  a  set  of  pulse  detonation  engine  (PDE)  driven 
straight  and  diverging  ejectors  to  determine  the  system  performance.  Ejector  performance 
was  quantified  by  thrust  measurements.  The  effects  of  PDE  operating  parameters  and 
ejector  geometric  parameters  on  thrust  augmentation  were  investigated.  PDE  operating 
parameters  of  fill-fraction  and  operating  frequency  were  varied.  Augmentation  was 
observed  to  decrease  with  increasing  PDE  frequency.  Axial  placement  of  the  ejector  was 
varied  over  a  broad  range  covering  both  upstream  and  downstream  positions.  It  was  found 
that  for  all  cases  tested  the  maximum  thrust  augmentation  occurred  at  a  downstream  ejector 
placement.  Ejector  geometries  tested  covered  five  lengths,  ranging  from  an  LEJECt/I>eject  of 
2.61  to  6.61.  The  exhaust  sections  tested  had  half-angles  of  0,  4,  8,  and  12  degrees.  It  was 
found  that  the  exhaust  section  of  half-angle  4  degrees  performed  better  than  the  others.  The 
optimum  ejector  geometry  was  determined  to  have  an  overall  length  of  LEJECT/DEJECT=5.61. 
A  maximum  thrust  augmentation  of  85%  was  observed  with  the  optimized  ejector 
configuration  at  a  fill-fraction  of  0.6  and  30  Hz  operating  frequency. 


DpdE 

Deject 

DR 

ff 

Leject 

LsTRAIGWY 

LeXHST 

X 


Nomenclature 

detonation  tube  diameter 
ejector  diameter 
ejector-to-PDE  diameter  ratio 
fill-fraction 
ejector  length 

intermediate  straight  section  length 
exhaust  section  length 
ejector  position 


I.  Introduction 


THE  pulse  detonation  engine  (PDE)  is  an  innovative  propulsion  technology  that  could  potentially  provide 
significant  advantages  over  more  traditional  propulsion  systems.  Engine  cycles  based  on  detonation  combustion 
offer  a  theoretical  increase  in  thermal  efficiency  as  compared  to  deflagration  combustion  based  systems.  For 
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practical  PDE  applications,  one  of  the  key  challenges  facing  researchers  is  to  make  use  of  the  increased  efficiency  of 
energy  conversion  due  to  detonative  mode  combustion,  and  most  effectively  convert  that  into  a  propulsive  thrust 
force.  A  common  measure  of  propulsion  system  performance  is  specific  impulse  (ISp),  which  is  defined  as  the  ratio 
of  thrust  generated  to  the  weight  flow  rate  of  fuel.  Greater  values  of  ISp  are  desirable  as  this  will  decrease  the 
specific  fuel  consumption.  It  has  been  suggested  that  the  use  of  ejector  augmenters  on  PDEs  may  be  an  effective 
way  to  increase  the  system  thrust  being  generated,  thus  leading  to  an  increased  ISp. 

An  ejector  is  a  simple  device  used  to  augment  the  thrust  of  an  engine.  Essentially,  an  ejector  consists  of  a  coaxial 
duct  placed  around  the  exhaust  of  an  engine  performing  as  a  fluidic  pump.  The  surrounding  ambient  air  is  entrained 
by  the  primary  exhaust  flow  and  directed  into  the  ejector.  The  entrained  air  causes  an  increase  in  momentum  of  the 
engine  exhaust  flow.  This  leads  to  the  generation  of  a  larger  system  thrust  force.  The  theory  and  application  of 
ejectors  to  a  steady  primary  flow  is  well  established.  For  steady- flow  ejectors,  the  secondary  flow  is  entrained 
primarily  through  viscous  shear  mixing1.  Ejectors  being  driven  by  an  unsteady  primary  flow  have  not  been  as 
heavily  studied.  In  particular,  little  work  has  been  performed  on  PDE  driven  ejector  systems.  However,  a  number  of 
ejector  studies  have  been  performed  using  various  other  means  to  generate  an  unsteady  primary  flow.  These  include 
cold  flow  studies  employing  fluctuating  air  streams2,  and  unsteady  combustion  studies  using  pulsejets  to  drive  the 
ejectors3,4.  This  previous  research  has  shown  that  unsteady  ejectors  are  capable  of  producing  more  thrust 
augmentation  than  comparable  steady- flow  ejectors4.  The  increased  performance  of  unsteady  ejectors  has  been 
attributed  to  a  more  efficient  energy  transfer  process  between  the  primary  and  secondary  flows  due  to  dominant 
inviscid  effects.  Since  PDEs  are  highly  unsteady  devices,  it  has  been  proposed  that  PDE  driven  ejectors  have  the 
potential  to  be  highly  effective  at  providing  thrust  augmentation. 

Recent  experimental  work  has  shown  promising  results  for  ejectors  in  augmenting  the  thrust  of  PDEs.  Studies 
have  been  performed  on  the  effects  of  PDE  operating  parameters  as  well  as  on  ejector  geometric  parameters.  It  has 
been  observed  that  ejector  performance  is  sensitive  to  the  axial  position  of  the  ejector  inlet  relative  to  the  PDE  tube 
exit.  There  have  been  conflicting  results  reported  in  the  literature  as  to  the  optimum  ejector  location  for  maximum 
thrust  augmentation.  Some  research  shows  that  a  downstream  ejector  placement  performs  better  than  an  upstream 
placement5,6,  while  some  have  observed  the  opposite  trend7.  The  internal  surface  geometry  of  the  ejector  is  an 
important  geometric  parameter.  An  experimental  study  by  Allgood  et  al6  was  carried  out  using  a  contoured  bell- 
mouth  inlet  with  several  ejector  configurations.  Results  from  those  experiments  showed  maximum  thrust 
augmentation  levels  of  28%  for  straight  ejectors  and  65%  for  diverging  ejector  geometries.  It  is  apparent  that  the 
diverging  ejectors  tested  were  much  more  effective  at  producing  thrust  augmentation  than  were  the  straight  ejectors. 
This  performance  increase  with  the  diverging  ejector  is  attributed  to  the  additional  thrust  surface  area  of  the 
diverging  section.  The  study  performed  by  Allgood  et  al,  was  limited  to  a  diverging  ejector  with  a  half-angle 
divergence  of  4  degrees,  and  with  a  fixed  length  diverging  section.  To  the  author’s  knowledge,  no  data  has  been 
published  studying  the  effect  that  changing  the  diverging  section  half-angle  has  on  thrust  augmentation. 

The  current  experimental  work  thoroughly  investigated  the  effects  of  PDE  operating  parameters  and  ejector 
geometry  on  thrust  augmentation.  The  operating  parameters  varied  include  fill-fraction,  and  operating  frequency. 
The  ejector  geometric  parameters  studied  were  ejector  axial  position,  ejector  length,  and  ejector  divergence  angle. 
Ejector  performance  was  quantified  through  thrust  measurements  of  the  PDE  ejector  system.  Data  from  this  work 
will  serve  to  aid  researchers  in  designing  an  optimized  PDE  ejector  system,  and  provide  performance  trends  over  a 
range  of  engine  operating  conditions. 


II.  Experimental  Setup 


A.  Description  of  PDE  System 

Experimental  testing  for  the  current  work  was  carried  out  at  the  Air  Force  Research  Laboratory  PDE  test  facility 
at  Wright-Patterson  Air  Force  Base8.  The  detonation  tube  was  constructed  of  type  316  stainless  steel,  and  the 
geometry  tested  consisted  of  a  5.08  cm  inner  diameter  with  154.94  cm  length.  The  system  was  operated  in  a 
premixed  manner,  using  hydrogen  and  air  as  the  reactants.  Injection  of  fuel  and  air  into  the  detonation  tube  was 
accomplished  using  a  mechanical  valve  system.  This  valve  system  was  constructed  from  a  modified  four-cylinder 
automotive  valve  head  with  4  valves-per-cylinder.  The  valve  train  was  driven  with  a  variable  speed  electric  motor. 
The  2  intake  ports  are  used  to  deliver  premixed  hydrogen  and  air,  while  the  2  exhaust  ports  deliver  purge  air.  The 
purge  air  cycle  is  used  to  cool  the  detonation  tube  and  provide  a  buffer  between  the  hot  combustion  products  and  the 
fresh  reactants  being  injected  into  the  tube  for  the  next  cycle.  Due  to  the  nature  of  automotive  valving,  the  division 
of  the  cycle  timing  for  various  events  such  as  fill-time,  purge-time,  and  detonation- time  were  fixed  to  be  each  1/3  of 
the  cycle.  Spark  ignition  was  accomplished  using  a  capacitive  discharge  stock  automotive  spark  system  delivering 
approximately  40mJ  of  energy.  In  order  to  accelerate  the  deflagration-to-detonation  transition  process  a  Shchelkin- 
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type  spiral  was  used.  The  spiral  was  mounted  near  the  headwall  and  had  an  overall  length  of  40.64  cm,  extending 
into  approximately  the  first  26%  of  the  detonation  tube  length. 

The  PDE  system  was  mounted  on  a  damped  thrust  stand  designed  to  measure  the  time-averaged  thrust  generated 
by  the  PDE.  The  thrust  stand  consisted  of  linear  pillow-block  bearings  riding  along  a  pair  of  linear  bearing  rails.  The 
PDE  was  allowed  to  move  freely  on  the  rails  but  its  motion  was  resisted  by  springs  to  prevent  any  resonance  effects. 
A  novel  approach  was  used  to  remove  the  effects  of  static  friction.  The  PDE  was  continuously  actuated  forward  and 
backward  by  a  linear  pneumatic  actuator.  Since  the  actuator  produces  a  net  zero  average  force,  the  average  position 
of  the  thrust  stand  is  a  function  of  the  PDE  average  thrust.  The  thrust  stand  was  calibrated  by  placing  static  weights 
on  a  pulley/cable  system  to  simulate  a  thrust  force  and  measuring  the  average  position  of  the  thrust  stand  with  a 
displacement  sensor.  The  maximum  uncertainty  of  the  thrust  stand,  which  was  determined  through  repeated 
calibration  tests,  was  found  to  be  approximately  +/-  1 . 1  N  for  the  range  of  PDE  thrust  loading  observed  during  these 
tests. 

Operation  of  the  PDE  system  was  computer  controlled  using  a  Lab  View  interface  program.  The  Lab  View 
interface  provided  the  flexibility  of  specifying  engine  operating  parameters  such  as  PDE  operating  frequency,  fill- 
fraction,  and  equivalence  ratio.  Unless  otherwise  stated  all  of  the  current  tests  were  performed  at  an  operating 
frequency  of  30  Hz  and  an  equivalence  ratio  of  1.0.  Ionization  probes  were  mounted  along  the  detonation  tube 
length  to  verify  that  Chapman- Jouguet  (CJ)  detonations  were  obtained.  For  a  stoichiometric  mixture  of  hydrogen 
and  air  the  CJ  wave  speed  is  1957  m/s.  Data  from  these  sensors  was  collected  at  5  MHz  using  a  16  channel  data 
acquisition  system.  This  fast  sampling  rate  was  adequate  to  accurately  resolve  the  detonation  wave  speed. 


B.  Ejector  Hardware 

The  ejector  hardware  was  mounted  on  the  PDE  system  to  determine  its  effect  on  the  thrust  generated  by  the 
PDE.  All  of  the  ejectors  tested  were  mounted  coaxially  to  the  detonation  tube.  The  ejectors  were  suspended  from 
two  parallel  rails  mounted  above  the  detonation  tube.  The  rails  extended  along  the  length  of  the  tube  allowing  the 
axial  position,  x,  of  the  ejector  inlet  to  be  varied  from  -12  to  +6  tube  diameters  from  the  PDE  tube  exit  plane.  A 
negative  axial  position  value  corresponds  to  the  ejector  inlet  placed  upstream  of  the  PDE  exit  with  the  ejector 
overlapping  the  detonation  tube.  For  a  positive  value  the  ejector  is  mounted  downstream  of  the  detonation  tube  exit. 

An  ejector  as  used  in  these  tests  consisted  of  an  inlet  section,  an  intermediate  straight  section,  and  an  exhaust 
section  as  shown  in  Fig.  1.  The  diameter  of  the  ejector  (DEject)  was  defined  as  the  diameter  of  the  intermediate 
straight  section,  as  this  was  the  minimum  diameter  for  any  given  ejector  geometry.  For  the  current  work,  DEJECT  was 
held  at  a  fixed  value  of  13.97  cm.  The  ejector-to-PDE  diameter  ratio  (DR)  of  2.75  was  therefore  constant  throughout 
the  testing.  This  value  closely  matched  the  optimum  diameter  ratios  reported  in  other  ejector  experiments5, 9 .  Two 
inlet  sections  were  used  for  this  testing.  The  first  inlet  is  a 
contoured  bell-mouth  inlet  of  elliptic  cross-section6,  and  the 
other  inlet  used  has  a  rounded  inlet  lip  with  a  radius  of  3.81  cm. 

The  non-dimensional  length  of  the  intermediate  straight  section 
was  varied  from  an  LStraight/DEjEct  of  0  to  3,  in  increments  of 
Lstraight/DEjEct=1-  For  the  limiting  case  where 
Lstraight/DEjEct  of  the  intermediate  straight  section  is  zero,  the 
ejector  consisted  of  the  inlet  section  with  the  exhaust  section 
directly  connected  to  it.  The  exhaust  sections  tested  had  a  half¬ 
angle  divergence  of  0,  4,  8,  and  12-degrees.  For  each  divergence 
angle  investigated,  2  separate  length  exhaust  sections  were 
tested.  In  all,  29  separate  ejector  geometric  configurations  were 
tested. 
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Figure  1.  Diagram  of  the  ejector 
geometry  used  for  the  current  work. 


III.  Results  and  Discussion 


A.  Baseline  Testing  of  PDE  System 

The  baseline  PDE  system  for  these  tests  consisted  of  the  detonation  tube  with  no  ejector  installed.  For  the  current 
tests,  the  amount  of  PDE  thrust  augmentation  produced  by  use  of  an  ejector  is  defined  by  the  following 

a  =  ^PDE-EjEer-TpDE)  .1QQ  (1) 

T 

1  PDE 
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where  Tpde.eject  is  the  thrust  generated  by  the  PDE 
with  an  ejector  installed,  and  TPDE  is  the  baseline 
thrust  of  the  system  with  no  ejector  installed.  As  can 
be  seen  from  the  definition  of  thrust  augmentation, 
initial  testing  of  the  baseline  PDE  system  had  to  be 
performed  in  order  to  calculate  ejector  thrust 
augmentation.  A  suitable  test  duration  time  was 
determined  which  gave  steady  thrust  measurements. 

Normalized  thrust  as  a  function  of  experiment  run 
time  is  shown  in  Fig.  2.  It  can  be  seen  that  due  to 
the  thrust  averaging  process  employed  by  the  thrust 
stand,  it  takes  approximately  20  seconds  to  reach  a 
steady  thrust  value.  All  experiments  reported  in  this 
work  were  run  for  a  sufficient  duration  to  achieve  a 
steady  thrust  measurement.  The  PDE  operating 
parameters  that  were  varied  during  baseline  testing 
were:  1)  Operating  frequency  from  10  to  30  Hz,  2) 

Fill-fraction  from  0.6  to  1.0,  and  3)  Equivalence 
ratio  from  0.4  to  1.2.  These  operating  parameters 
have  been  studied  in  previous  work  for  a  PDE  with  no  ejector  installed8.  In  these  previous  studies,  thrust  was  seen  to 
increase  linearly  with  increasing  operating  frequency.  The  fill-fraction  is  defined  as  the  ratio  of  the  tube  volume 
filled  with  a  detonable  mixture  to  the  total  tube  volume.  It  has  been  shown  that  the  fill-fraction  is  an  effective  way  of 
throttling  a  PDE.  It  is  interesting  to  note  that  as  well  as  a  simple  scheme  to  control  the  thrust  output,  significant 
performance  efficiency  gains  can  be  attained  by  decreasing  the  fill  fraction  due  to  partial  fill  effects.  Varying  the 
PDE  equivalence  ratio  has  the  effect  of  changing  the  initial  composition  of  the  fuel-oxidizer  mixture.  Previous 
experimental  work10  has  shown  that  the  CJ  detonation  parameters,  such  as  wave  speed  and  pressure  ratio,  are  a 
function  of  the  initial  mixture  composition,  and  can  therefore  be  controlled  by  varying  the  equivalence  ratio. 

B.  Effect  of  PDE  Operating  Parameters 

Testing  was  performed  in  order  to  determine  the  effects  of  several  key  PDE  operating  parameters  on  ejector 
thrust  augmentation.  The  ejector  hardware  installed  for  all  of  the  operating  parameter  tests  performed  had  a  total 
Leject/Deject  of  5.61.  The  diverging  exhaust  section  used  had  an  LEXhst/Deject  of  2.36,  with  a  half  angle  divergence 
of  4  degrees.  The  ejector  was  mounted  at  a  downstream  axial  position  of  x/Dpde=+2. 

The  PDE  operating  frequency  was  varied  from  10  Hz  to  30  Hz,  with  30  Hz  being  the  highest  achievable 
frequency  of  the  current  PDE  setup.  In  the  range  of  frequencies  tested  thrust  augmentation  was  observed  to  decrease 

with  increasing  frequency.  This  trend  can  be  seen  in  Fig.  3, 
which  includes  data  taken  at  two  fill-fractions.  It  should  be 
noted  that  as  the  frequency  approaches  30  Hz,  the  change 
in  thrust  augmentation  appears  to  be  leveling  off.  The 
effect  of  PDE  fill-fraction  is  also  shown  in  this  figure. 
Decreasing  the  fill-fraction  increases  the  amount  of  thrust 
augmentation  produced.  To  better  understand  why  the 
augmentation  decreases  with  increasing  frequency, 
normalized  thrust  values  as  a  function  of  PDE  frequency 
are  plotted  in  Fig.  4a.  The  baseline  PDE  thrust  increases 
approximately  linearly  with  operating  frequency.  Thrust 
levels  with  the  ejector  installed  also  increase  with 
frequency.  The  difference  between  these  two  curves  gives 
the  thrust  increase  due  to  the  ejector.  Thrust  augmentation 
was  previously  defined  as  the  increase  in  thrust  due  to  the 
ejector  divided  by  the  baseline  PDE  thrust.  It  can  be  seen 
from  this  figure  that  the  amount  of  change  in  thrust  due  to 
the  ejector  is  also  increasing  with  frequency.  This  data  is 
re-plotted  in  Fig.  4b,  where  both  baseline  PDE  thrust  and 
the  amount  of  thrust  increase  due  to  the  ejector  are  shown 
as  a  function  of  frequency.  As  both  PDE  thrust  and  thrust 


Figure  3.  Thrust  augmentation  as  a  function  of 
operating  frequency,  for  two  fill-fractions. 
Ejector  geometry  used  had  LEjECT/Deject=5.61, 
LExhst/Deject=2.36  with  4  degree  divergence. 

x/Dpde=+2,  0=1. 


Figure  2.  Determination  of  the  PDE  run  time  to 
achieve  a  steady  thrust  measurement. 
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increase  are  fairly  linear,  each  data  series  is  fitted  with  a  linear  trend-line  as  shown.  From  this  figure  it  can  be  seen 
that  the  slope  of  the  baseline  thrust  line  is  larger  than  that  of  the  ejector  thrust  increase  line.  Hence,  the  baseline 
thrust  is  increasing  at  a  greater  rate  than  is  change  in  thrust.  This  amounts  to  a  decrease  in  thrust  augmentation  as  the 
denominator  in  Eq.  1  is  increasing  faster  than  then  the  numerator.  If  both  lines  had  equal  slopes,  the  augmentation 
would  remain  a  constant  with  frequency.  As  thrust  and  change  in  thrust  were  seen  to  follow  approximately  linear 
trends  within  the  frequency  range  tested,  it  is  useful  to  speculate  on  the  behavior  of  thrust  augmentation  at  higher 
frequencies  not  achievable  with  the  current  PDE  system.  By  dividing  the  equation  of  the  straight  line  found  for  the 
change  in  thrust  by  the  equation  found  for  the  baseline  thrust,  augmentation  can  be  projected  for  any  given 
frequency.  Fig.  5  shows  results  from  this  simple  analysis  applied  to  frequencies  up  to  100  Hz.  The  current 
experimental  data  points  are  also  plotted  along  with  the  projected  augmentation  data.  Although  the  theoretical  thrust 
augmentation  continues  to  decrease  with  frequency,  it  is  seen  to  be  leveling  off  asymptotically. 


Figure  4.  PDE-ejector  system  thrust  levels:  Baseline  thrust  and  system  thrust  with  ejector  installed 
are  shown  in  4a.  In  4b,  the  data  has  been  re-plotted  to  show  baseline  thrust  and  amount  of  change  in 
thrust  due  to  the  ejector.  Ejector  geometry  used  had  LEJECT/DEJECT=5.61,  LEXhst/Deject=2.36  with  4 
degree  divergence  angle.  x/Dpde=+2,  0=1. 


C.  Effect  of  Ejector  Axial  Position 

Previous  work  has  shown  that  ejector  performance  is 
sensitive  to  the  axial  position  of  the  ejector  relative  to  the 
PDE  tube  exit.  As  previously  discussed  there  have  been 
conflicting  results  reported  in  the  literature  as  to  the 
optimum  ejector  position.  In  an  effort  to  resolve  these 
inconsistencies,  a  detailed  mapping  of  ejector  performance 
as  a  function  of  axial  position  was  carried  out.  Results 
from  this  mapping  are  shown  in  Fig.  5,  which  includes 
data  for  two  separate  ejectors.  Both  of  the  ejectors  shown 
are  of  length,  LEject/Deject=5.61,  with  one  being  a  straight 
ejector  and  the  other  being  a  diverging  ejector.  The 
diverging  ejector  has  an  exhaust  section  length  of 
Lexhst/DEject=2.36,  with  a  4  degree  divergence  angle.  It 
can  be  clearly  seen  that  for  both  of  the  ejector 
configurations  tested,  a  downstream  ejector  placement 
provided  optimum  performance.  Maximum  thrust 
augmentation  occurred  at  x/Dpde=+1  for  the  diverging 


Figure  5.  Projected  thrust  augmentation  as  a 
function  of  operating  frequency. 


ejector  at  all  fill-fractions  tested.  For  the  straight  ejector,  the  position  for  maximum  augmentation  was  found  to  be  at 
x/Dpde=+2.  At  the  downstream  positions  the  inverse  relationship  between  fill-fraction  and  thrust  augmentation  can 
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be  seen.  As  the  ejectors  were  moved  upstream,  thrust  augmentation  was  observed  to  continually  drop  off  to  levels 
approaching  zero.  At  the  upstream  positions,  fill-fraction  was  not  seen  to  have  a  significant  impact  on  thrust 
augmentation.  The  benefit  of  using  a  diverging  ejector  is  apparent  as  the  diverging  ejector  showed  approximately 
2.37  times  the  maximum  thrust  augmentation  of  the  straight  ejector. 

A  comparison  was  made  between  the  two  separate  ejector  inlets  used  in  these  studies.  The  first  inlet  is  a 
contoured  bell-mouth  inlet  and  the  second  inlet  has  a  rounded  inlet  lip.  Results  are  shown  in  Fig.  7  for  both  inlets 
over  a  range  of  axial  positions  and  PDE  fill-fractions.  The  maximum  thrust  augmentations  for  both  inlets  occurred  at 
a  downstream  position.  Maximum  augmentation  levels  for  both  inlets  were  within  1%  of  each  other  at  all  fill- 
fractions.  Although  the  augmentation  levels  were  approximately  the  same  between  the  inlets,  one  noticeable  effect 
was  that  the  optimum  axial  position  for  the  rounded  inlet  was  shifted  further  downstream  from  the  optimum  axial 
position  for  the  bellmouth  inlet. 


Ejector  Axial  Position  (x/Dpde) 

Figure  6.  Effect  of  ejector  axial  position  on  thrust  augmentation. 


(7a)  (7b) 

Figure  7.  Comparison  between  bellmouth  and  rounded  ejector  inlets.  7a  shows  results  for  a  fill- 
fraction  of  0.6,  and  7b  is  for  a  fill-fraction  of  1.0.  Ejector  geometries  used  had  LEJECt/Deject=5.61, 
LExhst/Deject=2.36  with  4  degree  divergence  angle.  x/Dpde=+2,  0=1. 
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D.  Effect  of  Ejector  Length 

The  ejector  length  could  be  varied  by  changing  the  length  of  the  intermediate  straight  section,  changing  the 
length  of  the  exhaust  section,  or  by  a  combination  of  the  two.  Due  to  the  lengths  of  these  sections  it  was  possible  to 
test  ejectors  with  an  equal  overall  LEjECt/DEject  but  made  up  of  a  different  combination  of  straight  and  exhaust 
sections.  The  effect  of  the  length  of  the  intermediate  straight  section  on  augmentation  was  first  studied.  The  ejector 
geometry  consisted  of  the  bellmouth  inlet  section,  an  intermediate  straight  section,  and  a  diverging  exhaust  section 
of  4  degree  half  angle.  The  intermediate  straight  section  length  was  varied  from  an  LStraight/Deject  of  0  to  3,  and 
data  was  taken  for  3  PDE  fill-fractions.  Results  from  this  study  are  plotted  in  Fig.  8.  It  can  be  seen  that  as  the 
straight  section  length  is  increased,  an  optimum  length  is  reached  which  gives  maximum  thrust  augmentation.  The 
optimum  length  for  the  straight  section  was  found  to  be  LStraight/DEjEct=2,  which  corresponds  to  an  overall 
Leject/DEjEct=5.61.  The  optimum  straight  section  length  was  not  observed  to  vary  with  changing  fill-fraction. 

Another  ejector  geometric  parameter  of  importance  is  the  length  of  the  diverging  exhaust  section.  Two  lengths  of 
exhaust  sections  were  tested,  LEXhst/Deject  of  1.36  and  2.36,  both  with  a  diverging  half  angle  of  4  degrees.  The  data 
shown  in  Fig.  9  shows  the  combined  effects  of  varying  both  the  intermediate  straight  section  and  the  exhaust  section 
lengths.  Each  of  the  curves  shown  corresponds  to  a  constant  length  of  the  exhaust  section,  with  different  values  of 
Leject/Deject  achieved  by  changing  the  intermediate  straight  section  length.  Comparing  the  2  ejectors  tested  with  an 
overall  LEjECT/DEJECT=5.61  highlights  the  effect  of  the  length  of  the  diverging  exhaust  section.  Although  the  total 
lengths  of  the  ejectors  are  the  same,  they  incorporate  different  length  diverging  sections,  with  the  difference  in 
ejector  length  made  up  by  the  length  of  the  intermediate  straight  sections.  The  trend  that  can  be  seen  is  that  by 
increasing  the  length  of  the  diverging  section,  thrust  augmentation  is  increased.  At  LEjECt/DEjEct=5.61,  the  ejector 
with  the  longer  diverging  section  has  a  thrust  augmentation  approximately  15%  greater  than  the  short  diverging 
section  case. 


Leject/Deject 


Figure  8.  Effect  of  increasing  the  length  of  the  intermediate  straight  section  on  thrust 
augmentation.  Exhaust  section  had  LEXhst/Dexhst=2.36,  with  4  degree  divergence 
angle.  Ejector  axial  position  of  x/Dpde=+2,  0=1. 
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Figure  9.  Effect  of  varying  the  intermediate  straight  section  length,  along  with  the  length  of  the  diverging 
exhaust  section.  Ejector  axial  position  of  x/Dpde=+2.  ff=1.0,  0=1. 


E.  Effect  of  Divergence  Angle 

For  all  of  the  data  reported  so  far,  the  diverging  section  half- angle  has  been  set  to  4  degrees.  This  angle  is  an 
important  geometric  parameter  of  the  ejector  system,  and  no  known  data  has  been  reported  in  the  published 
literature  on  the  effect  that  varying  this  angle  has  on  thrust  augmentation.  Diverging  angle  data  is  shown  in  Fig.  10 
for  ejectors  over  a  range  of  LEJECT/DEJECT  ratios  at  a  fill-fraction  of  1.0.  In  Fig.  10a  the  exhaust  section  length  is  fixed 
at  LEXhst/Deject=2.36.  Different  LEJECT/DEJECT  ratios  were  obtained  by  changing  the  length  of  the  intermediate 
straight  section  alone.  The  4  degree  diverging  section  shows  the  best  performance  at  all  lengths  tested.  The  12 
degree  diverging  section  performed  much  worse  than  the  others;  this  can  be  explained  by  increased  flow  separation 
on  the  diverging  section  leading  to  a  low  pressure  zone  causing  a  drag  force  on  the  system.  Optimum  intermediate 
straight  section  length  did  not  change  with  divergence  angle,  as  the  optimum  LEJECT/DEJECT  was  always  seen  to  be 
5.61.  It  was  observed  that  interactions  exist  between  the  geometric  variables  of  diverging  section  length  and 
divergence  half-angle.  In  Figure  10b,  the  exhaust  section  length  is  fixed  at  LEXhst/Deject=1.36.  The  shorter 
diverging  exhaust  sections  also  showed  the  same  optimum  straight  section  length  as  the  longer  diverging  sections. 
However  due  to  shorter  length  of  the  exhaust  section,  the  optimum  total  ejector  length  is  decreased.  For  the  short 
exhaust  sections,  the  8  degree  outperformed  both  the  4  and  12  degree  sections  at  all  lengths  tested.  The  interactions 
between  geometric  parameters  are  apparent  in  Fig.  11.  Data  is  plotted  as  a  function  of  diverging  section  half-angle 
for  2  different  length  exhaust  sections.  Straight  ejector  data  is  also  shown  in  this  figure  with  a  diverging  angle  of  0 
degrees.  The  long  diverging  section  shows  a  peak  augmentation  at  4  degrees  divergence.  While  the  short  diverging 
section  shows  a  peak  augmentation  at  a  half-angle  of  8  degrees.  This  data  suggests  that  each  divergence  angle  has  an 
optimum  length.  The  4  degree  half-angle  showed  the  largest  increase  in  augmentation  with  increasing  diverging 
section  length.  It  appears  that  the  4  degree  section  has  not  yet  attained  its  optimum  length  and  thus  it  would  be 
beneficial  to  test  a  longer  4  degree  diverging  section. 
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(10a)  (10b) 

Figure  10.  Thrust  augmentation  as  a  function  of  intermediate  straight  section  length  for  2 
separate  exhaust  section  lengths.  Exhaust  section  in  10a  has  LEXhst/Dexhst=2.36.  Exhaust  section 
in  10b  has  LEXhst/Dexhst=1-36.  Ejector  axial  position  of  x/Dpde=+2. 


-4  0  4  8  12  16 


Divergence  Angle  (degrees) 

Figure  11.  Thrust  augmentation  as  a  function  of  exhaust  section  divergence  angle. 

Ejector  axial  position  of  x/Dpde=+2.  ff=1.0,  0=1. 

IV.  Conclusion 

A  parametric  study  was  performed  on  a  set  of  straight  and  diverging  ejectors.  Testing  was  performed  to  study  the 
effects  of  the  PDE  operating  parameters  of  fill- fraction  and  frequency  on  thrust  augmentation.  It  was  verified  that  at 
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a  downstream  ejector  placement,  fill-fraction  has  an  inverse  relationship  with  thrust  augmentation.  It  was  seen  that 
over  the  range  of  10  to  30  Hz,  increasing  the  operating  frequency  of  the  PDE  decreased  thrust  augmentation. 
Through  a  simple  analysis  it  has  been  speculated  that  augmentation  will  continue  to  decrease  with  frequencies  above 
30  Hz.  From  this  analysis  thrust  augmentation  does  appear  to  level  off  asymptotically  as  frequency  is  increased  to 
higher  levels.  The  axial  placement  of  the  ejectors  was  studied  in  detail.  Axial  position  was  varied  from  x/Dpde=-12 
to  +6.  For  all  ejectors  tested,  straight  and  diverging,  a  downstream  placement  gave  maximum  thrust  augmentation. 
Thrust  augmentation  decreased  towards  zero  as  the  ejectors  were  moved  upstream,  and  at  upstream  placements  fill- 
fraction  had  almost  no  effect  on  augmentation.  The  key  ejector  geometric  parameters  were  varied  and  showed  an 
optimum  length  of  the  intermediate  straight  section  to  be  LStraight/Deject=2.  For  the  4  degree  diverging  sections 
tested,  increasing  the  length  of  the  diverging  section  gave  increased  augmentation.  This  large  increase  in 
augmentation  with  diverging  section  length  suggests  that  the  4  degree  diverging  section  has  not  yet  attained  its 
optimum  length.  The  divergence  angle  of  the  exhaust  section  was  varied  from  0  to  12  degrees.  Interactions  were 
observed  between  the  variables  of  divergence  angle  and  exhaust  section  length.  The  4  degree  diverging  section 
performed  the  best  overall  of  the  divergence  angles  tested.  Use  of  a  diverging  ejector  was  seen  to  provide 
approximately  2.37  times  more  thrust  augmentation  than  a  purely  straight  ejector  of  equal  length.  The  optimum 
ejector  configuration  gave  thrust  augmentations  of  71%  at  a  fill-fraction  of  1.0,  and  85%  at  a  fill-fraction  of  0.6. 
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Detonation  initiation  remains  an  impediment  to  pulsed  detonation  technology 
efficacy.  Practical  fuels  can  now  be  detonated  regularly  in  the  laboratory  using 
conventional  oxygen-rich  predetonators  or  extended  deflagration-to-detonation 
transition  (DDT)  geometries;  however,  these  systems  are  not  suited  for  field  use  due  to 
the  excess  oxygen  required  for  the  predetonator  and  the  reduced  performance  due  to 
drag  of  DDT  mechanisms.  The  performance  of  a  hydrogen-air  multi-cycle  pulsed 
detonation  engine  is  examined  using  two  initiation  schemes,  a  predetonator  and  a  DDT 
device  to  determine  a  suitable  initiation  mechanism.  DDT  mechanisms  typical  for 
initiation  of  hydrogen  and  those  typical  of  insensitive  hydrocarbon  fuels  are  examined. 
Because  of  the  relative  ease  of  detonation  initiation,  hydrogen  is  the  fuel  used  in  the 
main  detonator  tube,  even  with  the  longer  DDT  mechanisms  used  for  insensitive  fuels. 
The  predetonator  uses  aviation  gasoline  and  nitrous  oxide  in  a  small  (1  to  3%  of  the 
volume  of  the  main  tube)  chamber  to  initiate  a  detonation  and  generate  an  upper  limit 
on  the  expected  performance  of  DDT  initiators.  A  fuel-specific  impulse  value  of 
approximately  3900  sec  is  achieved  with  the  predetonator  at  10  Hz  and  an  equivalence 
ratio  and  fill  fraction  of  unity.  For  DDT  initiation,  a  Schelkin-like  spiral  located  in  10 
to  70%  of  the  main  detonation  tube  volume  is  used.  Below  10%  of  the  main  tube 
volume,  DDT  is  found  to  generate  identical  impulse  to  the  predetonator  initiation,  while 
for  the  longest  DDT  mechanism,  located  throughout  70%  of  the  main  tube  volume,  a 
reduction  in  fuel-specific  impulse  of  44%  is  measured.  Head  pressure  measurements 
show  a  reduced  thrust  wall  pressure  for  the  DDT  initiation,  probably  owing  to  the  drag 
and  dissipation  of  the  retonation  wave  traveling  upstream  through  the  DDT 
mechanism. 


I.  Introduction 

PULSED  detonation  engines  (PDEs)  require  efficient  detonation  initiation  for  practical  operation. 

Typically  detonation  initiation  is  obtained  via  the  use  of  predetonators,  which  utilize  a  more  readily 
detonable  mixture  in  a  small  initiation  tube  that  subsequently  propagates  a  detonation  into  a  main  thrust 
detonation  tube,  and/or  flame  acceleration  through  successful  deflagration-to-deflagration  transition  (DDT)1. 
Depending  on  the  sensitivity  of  the  fuel,  the  amount  of  excess  oxygen  or  DDT  distance  can  become  excessive. 
In  recent  years,  kerosene-air  mixtures  have  been  detonated  successfully  in  a  variety  of  engine  scale  detonation 
tubes2'5;  however,  the  practicality  of  the  methods  used  to  achieve  hydrocarbon  detonations  continues  to  be  an 
obstacle  to  PDE  development. 

Although  predetonators  can  produce  extremely  short  detonation  initiation  times  and  distances,  they 
typically  employ  highly  reactive  components  to  overcome  the  difficulties  associated  with  hydrocarbon-air 
detonation  initiation.  In  addition  to  the  logistic  and  hardware  penalties  associated  with  typical  predetonator 
systems,  minimizing  the  required  size  and  obtaining  efficient  transition  to  a  practical  hydrocarbon-air  mixture 
remain  challenges.  Typically  oxygen  is  utilized  due  to  its  high  reactivity  and  nominal  detonation  initiation 
requirements  with  hydrocarbon  fuels.  Oxygen  is  unpleasant  to  work  with  due  to  its  proclivity  for 
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exothermically  oxidizing  structural  components.  Additionally,  even  a  2%  by-volume  predetonator  requires  a 
significant  oxygen  supply. 

DDT  has  been  demonstrated  successfully  in  hydrocarbon-air  mixtures.  Although  high-energy  ignition 
system  or  excess  oxidizer  may  not  be  required,  DDT  typically  requires  both  long  distances  and  times  for 
practical  hydrocarbon-air  mixtures.  Significant  cycle  time  penalties  and  inefficiencies  have  been  identified  as 
the  negative  consequences  of  hydrocarbon-air  DDT  used  for  the  initiation  process6.  Most  hydrocarbon-air 
mixtures  can  be  readily  detonated  with  a  48"  Schelkin  spiral  if  good  mixing  can  be  obtained5.  However,  the 
performance  penalties  for  using  long  spirals  can  be  quite  significant.  Kailasanath’s  review  found  that  the 
generally  recognized  fuel  based  specific  impulse  for  hydrogen  air  mixtures  is  around  4000-4500  seconds  (with 
a  fully  detonating  tube)7. 
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Figure  1.  Specific  impulse  versus  frequency  for  stoichiometric 
hydrogen-air  with  16 "  and  48"  spirals  in  a  72 "  long,  2" 
diameter  tube. 

Our  past  work6  demonstrated  that  even  a  16"  spiral  in  a  72"  tube  has  an  Isp  below  4000  seconds,  and  as 
shown  in  Fig.  1,  the  performance  penalties  associated  with  a  long  spiral  are  nearly  50%.  These  penalties  were 
found  to  be  caused  by  DDT  obstacle  drag  in  the  blow-down  processes  and  are  in  addition  to  pressure  drop 
penalties  which  occur  during  the  tube  fill  cycle.  The  authors  found  that  turbulence  and  pressure  effects  can 
promote  detonation  initiation  and  enhance  performance  as  shown  by  the  Isp  increasing  with  frequency  with  a 
16"  spiral.  However,  losses  offset  gains  when  longer  spirals  are  utilized,  such  as  the  48"  Schelkin  spiral,  (the 
performance  of  which  is  shown  in  Fig.  1.)  which  may  be  required  for  initiation  of  conventional  hydrocarbon- 
air  mixtures5. 

Shepherd  and  co-workers  found  similar  penalties  associated  with  DDT  processes  in  their  detonation 
impulse  measurements8.  This  paper  will  further  quantify  the  performance  of  DDT  initiation  and  transmission 
mechanisms  in  comparison  to  predetonators. 

II.  Experimental  Setup  &  Procedures 

Experiments  were  conducted  using  the  research  PDE  at  the  Air  Force  Research  Laboratory’s  Pulsed 
Detonation  Research  Facility.  This  PDE  uses  the  “head”  of  a  General  Motors  automotive  engine  to  control  the 
airflow  into  the  detonation  tube.  The  PDE  cycle  consisted  of  equal  time  allotted  for:  i)  filling  the  detonation 
tube  with  pre-mixed  hydrogen  and  air  at  an  equivalence  ratio  of  one,  ii)  ignition,  detonation,  and  blow-down, 
and  iii)  purging  of  the  detonation  tube  with  air.  For  these  experiments  the  pressure  upstream  of  the  automotive 
poppet  valves  was  controlled  such  that  during  the  fill  cycle  the  mass  flow  of  pre-mixed  fuel  and  air  was 
equivalent  to  the  volume  of  the  tube  times  the  density  of  the  fuel-air  charge  at  the  gas  temperature  upstream  of 
the  poppet  valves  and  atmospheric  pressure  times  the  operating  frequency.  This  was  defined  as  a  fill  fraction 
(FF)  of  one,  and  all  tests  during  this  research  were  conducted  at  a  fill  fraction  of  one  unless  otherwise  noted. 
The  purge  fraction  (PF)  was  defined  in  the  same  manner  and  was  held  constant  at  one-half  for  all  experiments. 
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The  fuel-air  mixture  was  ignited  with  a  115  mJ  spark  at  the  closed  end  of  the  main  tube  or  predetonator. 
Further  details  of  this  engine  are  given  by  Schauer  et  al9. 

The  PDE  was  operated  at  10Hz  in  order  to  minimize  turbulent  and  dynamic  pressure  effects  on  the 
initiation  processes  and  PDE  performance.  Unless  otherwise  noted,  a  stoichiometric  mixture  of  hydrogen-air 
was  used  in  the  main  detonation  tube  (equivalence  ratio  of  unity).  Detonation  tubes  were  instrumented  with  a 
dynamic  pressure  transducer  at  the  closed  end  of  the  tube  and  ion  probes  at  various  intervals  along  the  length 
of  the  detonation  tube.  Thrust  was  measured  on  a  damped  thrust  stand  where  displacement  was  proportional  to 
thrust.  The  thrust  stand  was  oscillated  during  each  test,  and  the  displacement  averaged  over  several  seconds  to 
eliminate  hysteresis  and  improve  accuracy.  The  repeatability  of  the  thrust  measurement  has  been  shown 
previously  to  be  within  +2%6. 


diameter  detonation  tube.  Additional  details  of  the  2"  initiation  section  and  -17°  half-angle 
transmission  section  are  shown  on  the  right. 

For  the  purposes  of  assessing  initiation  on  performance,  two  tube  diameters  were  chosen  and  two  initiation 
mechanisms  were  employed.  A  2"  diameter,  16"  long  Schelkin-type  spiral  was  located  in  the  head  end  of  a 
16"  long  2"  diameter  pipe  which  was  then  connected  to  either  more  2"  diameter  pipe  (as  described  in  previous 
work  and  in  Fig  3a.),  or  through  a  -17°  half-angle  coupling  (2"  to  4"  pipe  reducer  fitting)  to  a  3.5"  diameter 
pipe  as  shown  in  Fig.  2  and  3b.  The  initiation  section  was  approximately  10  and  20%  of  the  tube  volume  of 
the  3.5"  and  2"  main  tubes  respectively. 


a).  2"  tube  with  spiral 


engine  head 
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-24" 


b).  3.5 ff  tube  with  spiral 

Figure  3.  Geometry  and  instrumentation  locations  of  2"  (a)  and  3.5 fr  (b) 
diameter  detonation  tubes,  each  initiated  via  a  2"  diameter  x  16 "  long 
Schelkin-type  spiral  section  located  adjacent  to  the  closed  ignition  end. 


An  avgas-nitrous  oxide  predetonator  was  the  second  initiation  scheme.  The  predetonator,  pictured  in  Fig. 
4,  consisted  of  an  outboard  marine  company’s  (OMC)  two-stage  injector  originally  developed  for  2-stroke 
direct  injection  applications  as  well  as  an  automotive  company’s  high  pressure  direct  injection  injector.  In  this 
application,  the  fuel  was  injected  at  approximately  120  psig  by  the  OMC  injector  and  liquid  nitrous  oxide  was 
injected  by  the  high  pressure  direct  injector  at  600  to  800  psig,  (dependant  on  the  bottle  supply  temperature.) 
The  second  stage  of  the  OMC  injector  was  used  to  purge  the  predetonator  at  the  end  of  a  cycle  with 
compressed  air  at  95  psig.  The  injectors  were  attached  to  a  1"  pipe  cap  that  screwed  onto  a  1"  tube  attached  to 
an  adapter.  In  this  manner,  the  detonation  was  transferred  from  the  predetonator  to  the  main  detonation  tube. 
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Figure  4.  Avgas-nitrous  oxide  predetonator  consisting  of  three  fuel 
injectors,  lrr  tubing  and  a  spark  plug. 

The  predetonator  transmitted  the  resultant  detonation  to  either  a  2"  or  3.5"  diameter  main  detonation  tube 
containing  a  hydrogen-air  mixture  supplied  by  the  research  engine  head.  The  transmission  section  was 
carefully  designed  to  propagate  the  detonation  from  the  predetonator  to  the  main  tube  without  quenching. 
Hardware  configuration  and  instrumentation  ports  for  the  predetonator  initiated  hardware  are  shown  in  Fig.  5. 


Predetonator  attachment  point 


Predetonator  attachment  point 


b).  3.5 "  tube  with  predetonator 

Figure  5.  Geometry  and  instrumentation  locations  of  2"  (a)  and  3.5 ff 
(b)  diameter  detonation  tubes,  each  initiated  via  a  1"  diameter 
predetonator  near  the  head  end. 

The  predetonator  was  found  to  operate  reliably  with  either  vapor  or  liquid  fuels,  although  liquid  avgas  was 
used  here.  Nitrous  oxide  was  found  to  have  the  detonability  of  pure  oxygen,  but  without  the  special  handling 
and  design  requirements  associated  with  pure  oxygen.  The  use  of  liquid  nitrous  oxide  was  also  beneficial 
because  of  the  cooling  from  the  heat  of  vaporization  upon  injection,  which  kept  the  injector  assembly  cool  as 
shown  in  Fig.  6.  The  V  diameter  predetonator  produced  a  detonation  consistently  within  6".  Consequently  a 
7"  long  predetonator  was  employed,  producing  a  predetonator  volume  -1-3%  of  the  main  detonation  tubes. 
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Figure  6.  Temperature  of  predetonator  head,  predetonator 
combustion  tube,  and  main  thrust  tube  versus  run  time.  H2 
pressure  plotted  for  reference.  Data  acquired  between  30  and 
40  seconds. 


In  order  to  obtain  consistent  blow-down  dynamics,  all  four  geometries  described  were  within  10%  of  the 
same  length.  Subsequently  the  four  geometries  will  be  referenced  by  main  tube  diameter  and  initiation 
method,  e.g.  “3.5"  tube  with  spiral”  refers  to  the  geometry  shown  in  Fig.  3b.,  “2"  tube  with  predetonator” 
corresponds  to  the  geometry  shown  in  Fig.  5a.,  etc. 

Operation  consisted  of  setting  frequency,  main  combustion  air  and  purge  air  flow  rates,  followed  by 
turning  on  the  ignition  system  and/or  predetonator.  The  main  tube  hydrogen  fuel  was  then  enabled  and  data 
collection  commenced  once  the  hydrogen  fuel  flow  rate  was  stabilized.  Consequently,  the  main  detonation 
tube  wall  temperatures  were  ~300°F  for  all  experiments.  As  typified  in  Fig.  6,  data  were  collected  between  30 
and  40  seconds  for  the  all  experiments. 

In  some  cases,  the  predetonator  geometries  were  operated  with  a  conventional  spark  in  the  main  tube  head 
with  the  predetonator  off.  As  there  was  no  geometry  to  aid  DDT  in  these  cases,  no  measurable  detonation 
wavespeeds  were  observed.  Consequently,  these  cases  are  subsequently  referred  to  as  “spark  (no  DDT)”. 

III.  Experimental  Results 

With  both  the  spiral  and  predetonator  initiatiors,  DDT  was  obtained  for  both  tube  diameters,  as  shown  in 
Fig.  7.  The  limited  measurements  presented  here  demonstrate  that  stable  detonation  wavespeeds  were 
obtained  for  all  four  cases.  Additional  measurements  indicated  that  detonation  was  achieved  within  the  spiral 
or  predetonator  (as  appropriate)  and  successfully  transferred  down  the  main  detonation  tube. 

Although  no  wavespeeds  were  observable  with  ion  probes  for  the  spark  only  case,  dynamic  head  pressure 
and  average  thrust  measurements  indicated  significant  pressure  was  achieved  despite  the  failure  to  achieve 
detonation.  This  is  clear  in  Fig.  8,  in  which  the  dynamic  head  pressures  are  compared  for  the  varying  tube 
sizes  and  initiation  methods.  Head  pressures  are  off-set  200psi  for  each  case  in  the  interest  of  intelligibility  for 
Fig.  8,  but  will  be  compared  in  further  detail  below.  Previous  measurements  of  ‘bare’  tubes’  with  high  speed 
pressure  transducers  indicated  that  the  flame  was  nearly  detonating  at  the  end  of  the  tube  under  similar 
conditions  but  did  not  transition  according  to  the  current  instrumentation. 
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Figure  7.  Ion  probe  wavespeed  measurements  confirming 
detonation  initiation  for  the  both  tube  diameters  and  initiation 
schemes.  Note  that  the  Chapman-Jouget  wavespeed  for 
stoichiometric  hydrogen-air  is  1970  m/sec11. 


For  some  cases,  the  head  pressure  could  be  integrated  with  time  and  area  to  provide  a  measure  of  pressure 
thrust8,  as  shown  in  Fig.  9  for  the  2"  tube  with  predetonator  case.  The  average  thrust  was  measured  via  the 
damped  thrust  stand.  Before  placing  much  significance  on  such  thrust  comparisons,  it  should  be  noted  that  the 
dynamic  pressure  transducers  are  noisy  and  sometimes  experience  significant  thermal  and  DC  drift.  The 
integrated  head  pressure  thrust  measurement  is  highly  sensitive  to  small  DC  offsets  or  changes  in  slope  to  the 
dynamic  pressure  signal. 


Time  (msec) 

Figure  8.  Head  pressure  traces  versus  time.  Times  are 
normalized  to  spark  discharge  and  each  pressure  is  offset  200psi 
for  clarity. 
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Figure  9.  Integrated  head  pressure  trace  for  one  cycle  in  the  2" 
tube  with  predetonator.  The  average  thrust  is  also  plotted  for 
comparison  purposes  and  was  obtained  via  the  damped  thrust 
stand. 


Test  data  is  summarized  in  Table  1,  which  indicates:  the  total  tube  length,  the  blow-down  time  as 
measured  from  beginning  of  pressure  rise  to  the  zero  crossing  of  blow-down  pressure  (gauge),  the  ignition 
time  from  spark  discharge  to  the  beginning  of  head  pressure  rise,  the  DDT  time  from  ‘ignition’  pressure  rise  to 
the  first  ion  probe,  the  air  thrust,  the  air  thrust  plus  predetonator  thrust,  thrust  (total)  as  measured  by  the 
damped  thrust  stand,  and  the  integrated  head  pressure  indicates  the  integrated  head  pressure  thrust  as 
demonstrated  in  Fig  9.  In  several  instances,  ‘na’  indicates  the  relevant  parameter  is  not  applicable.  As  defined 
above,  the  ignition  time  poorly  reflects  the  actual  predetonator  performance  as  pressure  rise  begins  well  before 
the  head  pressure  transducer  indicates.  Integrated  pressure  thrust  is  calculated  based  upon  an  assumed  area 
and  as  noted  by  Shepherd  et  al.8,  is  not  very  accurate  when  obstructions  such  as  spirals  are  present. 


Table  1.  Summary  of  test  data. 


Test  Configuration  and  Data 
Summary 

2"  tube 
with  16" 
spiral 

3.5"  tube 
with  16"x 

2"  dia 
spiral 

2"  tube 
with  1 "  dia 
predet 

2"  tube, 
spark  (No 
DDT) 

3.5"  tube 
with  1 "  dia 
predet 

units 

Total  Length 

83 

91 

82 

82 

88 

in 

Blow-down  Time 

3.9 

5.0 

5.1 

7.7 

4.9 

msec 

Ignition  Time 

1.2 

0.8 

1.7 

1.2 

2.0 

msec 

DDT  Time 

1.5 

1.7 

0.1 

na 

0.3 

msec 

Air  Thrust 

1 

3.8 

1 

0.9 

3.8 

lbf 

Air  +  Predet  Thrust 

na 

na 

1.6 

na 

4.8 

lbf 

Thrust 

6.4 

25.7 

9.4 

5.8 

30.8 

lbf 

Integrated  Head  Pressure 

4.4 

25.5 

9.2 

5.8 

30.2 

lbf 

Using  damped  thrust  stand  measurements,  a  fuel-based  specific  impulse  was  calculated  for  the  subsequent 
plots.  For  these  calculations,  the  predetonator  mass  flux  was  neglected.  It  is  debatable  whether  this  is  a  good 
assumption,  but  as  noted  previously,  the  predetonator  volumes  were  small  (-2%)  and  similar  results  have  been 
demonstrated  via  cross  tube  ignition  without  the  predetonator  fuel  and  oxidizer  penalties12. 
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The  specific  impulse  was  plotted  versus  initiator  section  volume  fraction  as  shown  in  Fig.  10,  included  are 
several  previously  obtained  results6.  The  initiator  volume  fraction  is  defined  as  the  initiator  section  tube 
volume  (either  the  entire  spiral  or  predetonator  section)  divided  by  the  total  tube  volume. 
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Figure  10.  Specific  impulse  (fuel  based  and  predetonator 
neglected)  versus  initiator  volume  fraction. 

The  above  data  enable  an  assessment  of  detonation  initiation  performance.  Several  additional  parameters 
were  varied  in  order  to  appraise  performance  sensitivity.  Variations  in  equivalence  ratio  and  fill  fraction  have 
dictated  detonation  performance  results  in  the  past;  so  these  parameters  were  examined  in  the  context  of 
initiation  performance. 

Having  varied  equivalence  ratio  using  spirals  previously,  the  main  tube  stoichiometry  was  varied  with  the 
predetonator  initiated  schemes  and  compared  to  Shepherd’s  model9,13.  Figure  11  illustrates,  as  before,  that 
good  agreement  (within  10%)  was  obtained  with  Shepherd’s  predicted  value  of  4335.4  seconds  at 
stoichiometric  conditions.  Conventional  spiral  initiated  tubes  had  lower  DDT  limits  of  0.6-0. 8  equivalence 
ratio  for  2 "  tubes  and  0. 8-0.9  equivalence  ratio  for  3.5"  tubes.  The  sudden  decreases  in  specific  impulse  show 
that  the  predetonator  initiator  improved  only  modestly  at  best  upon  these  limits,  but  surprisingly,  Chapman- 
Jouget  detonations  were  observed  intermittently  at  even  the  lowest  equivalence  ratios  as  shown  by  the  open 
symbols. 

Similarly,  varying  fill  fraction  with  both  the  most  efficient  of  the  initiation  schemes  (3.5tube  with  spiral 
and  predetonators)  produced  good  agreement  with  Shepherds  model14  as  shown  in  Fig.  12.  The  model  was  fit 
to  an  Isp  of  4000  sec  at  a  fill  fraction  of  one  (fully  detonating  tube),  which  is  about  the  best  our  group  has  been 
able  to  obtain  experimentally  with  multi-cycle  experiments.  It  should  be  noted  that  it  is  difficult  to  determine 
the  exact  fill  fraction/local  equivalence  ratio  during  multi-cycle  operation  as  previous  experiments  have  shown 
that  the  fill  process  is  far  from  slug-flow15.  This  is  not  to  say  that  the  fuel  and  air-flow  rates  through  the  engine 
were  not  precise,  but  rather  that  there  was  mixing  between  the  purge  air  and  the  fuel-air  charge  of  the  next 
cycle  as  well  as  mixing  of  the  fuel-air  charge  with  ambient  air  at  the  end  of  the  detonation  tube.  At  the  end  of 
the  detonation  tube,  the  momentum  of  the  in-flowing  fuel-air  charge  carries  it  slightly  past  the  exit  of  the 
detonation  tube,  creating  a  slight  vacuum  in  the  detonation  tube  (similar  to  the  overexpansion  that  occured 
after  the  blow-down  process,  but  smaller  in  magnitude),  which  caused  a  mixture  of  fuel-air,  purge  air,  ambient 
air  and  possibly  exhaust  to  be  pulled  into  the  exit  of  the  detonation  tube  in  a  spring-like  action.  The 
equivalence  ratio  in  the  last  12  to  18"  of  the  detonation  tube  is  at-best  unknown  and  the  wave  speed  in  this 
region  typically  deteriorates. 
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Figure  11.  Specific  impulse  versus  equivalence  ratio  for 
predetonator  initiated  tubes  in  comparison  with  Shepherd’s 
model9’13. 
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Figure  12.  Specific  impulse  versus  fill  fraction  (detonation 
reactant  volume/total  tube  volume)  in  comparison  with 
Shepherd’s  model15. 


IV.  Performance  Analysis  &  Discussion 

From  the  head  pressure  traces  of  Fig.  8,  it  is  clear  that  predetonator  initiated  detonations  produced  near 
direct  initiation  of  the  main  detonation  tubes,  as  evidenced  by  the  near  von  Neuman  pressure  peaks  obtained. 
The  spiral  initiated  cases  universally  produced  sub  Chapman- Jouget  head  pressures  and  it  appears  that  spiral 
drag  significantly  weakens  the  retonation  wave  in  addition  to  attenuating  pressure  thrust,  as  confirmed  by 
Shepherd8.  The  obstruction- weakened  retonation  wave  is  more  clearly  visible  in  Fig.  13.  below,  where  head 
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pressure  has  been  normalized  to  the  blow  down  time  for  the  three  2"  diameter  tube  cases.  The  spark  with  no 
DDT  case  clearly  shows  more  thrust  pressure  than  the  spiral  case  in  both  Fig.  13  and  Table  1.  Yet  the  actual 
thrust  measurement  shows  that  it  is  better  to  have  DDT  even  with  the  losses  due  to  drag  associated  with  the 
DDT  mechanism  (the  spiral).  Dynamic  pressure  transducer  measurements  in  multi-cycle  detonating 
environments  are  qualitative  due  to  thermal  and  DC  drift.  Interestingly,  the  slow  flame-speed  results  in  a 
prolonged  head  pressure  trace  for  the  non-detonating  case. 

The  integrated  pressure  method  of  calculating  thrust  is  nearly  meaningless  for  reasons  cited  above  when 
spiral  drag  is  significant,  but  is  useful  when  there  are  no  or  minimal  obstructions  in  the  tube,  such  as  the 
predetonator  cases  and  the  spark  (no  DDT)  case  shown  in  Table  1.  By  transitioning  a  2"  diameter  spiral 
initiated  tube  section  to  a  larger  tube,  spiral  drag  losses  were  minimized  and  produced  virtually  identical 
performance  as  the  near-direct  initiation  via  predetonator  method,  as  seen  in  Fig.  10.  It  should  be  noted  that 
although  the  expansion  angle  of  the  transition  from  2"  diameter  to  3.5"  diameter  is  larger  than  typically 
acceptable  for  detonation  diffraction  without  quenching16,  transverse  wave  reflections  likely  re-establish  the 
detonation  quickly  for  such  a  small  area  change17. 

Figure  10,  clearly  indicates  a  strong  correlation  between  initiator  volume  and  PDE  performance.  A  nearly 
50%  reduction  in  efficiency  occurs  with  increasing  initiator  volume.  This  decrease  in  efficiency  at  high 
initiator  volumes  is  especially  significant  for  difficult  to  detonate  mixtures  such  as  kerosene-air,  as  larger  DDT 
volumes  are  required. 


Figure  13.  Head  Pressure  for  2"  diameter  tube  cases  normalized 
to  blow  down. 

The  impact  of  initiation  upon  throttling  performance  (via  fill  fraction),  becomes  even  clearer  when  larger 
spirals  were  added  to  the  3.5"  diameter  detonation  tube,  producing  the  results  shown  in  Fig.  14.  Losses 
evident  at  full  tube  fill  (the  full  throttle  condition),  continue  to  degrade  efficiency  when  the  fill  fraction  is 
reduced. 
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Figure  14.  Specific  impulse  versus  fill  fraction  (detonation 
reactant  volume/total  tube  volume)  in  comparison  with 
Shepherds  model14  for  3.5"  diameter  tubes  with  varying  3.5 " 
diameter  Schelkin-type  spiral  initiators. 


V.  Conclusion 

Pulsed  detonation  engine  performance  was  shown  to  be  sensitive  to  initiation  strategy,  varying  over  40%, 
with  the  best  initiation  strategies  approaching  predicted  performance.  Predetonator  initiation  was  used  to 
provide  an  upper  bound  of  3900  sec  for  DDT  initiation  strategies,  as  well  as  to  compare  with  current  models. 
The  predetonation  initiation  scheme  was  within  15%  of  predicted  fuel-specific  impulse  for  equivalence  ratios 
from  0.5  to  1  and  fill  fractions  from  0.3  to  1  when  detonation  was  successful  and  consistent.  An  explanation 
for  the  consistently  low  impulse  is  the  mixing  and  over-expansion  of  the  main  tube  charge  during  the  filling 
process  in  multi-cycle  operation.  Although  a  predetonator  is  effective,  an  oxygen-rich  predetonator  may  not 
be  practical  outside  of  the  laboratory  because  of  the  difficulty  and  bulk  of  storing  or  generating  oxygen. 

This  sensitivity  to  initiation  strategy  also  limits  the  methods  of  detonation  initiation  acceptable  for  an 
engine.  The  effect  of  the  length  and  volume  of  DDT  mechanism  was  shown  through  the  performance  as  well 
as  by  the  reduced  head  pressure  (likely  caused  by  the  retonation  wave  passing  through  the  DDT  mechanism.) 
In  general,  the  initiation  volume  for  DDT  should  be  less  than  10%  of  the  total  tube  volume.  The  implication  is 
that  detonation  initiation,  for  all  practical  fuels  and  devices,  must  be  accomplished  somewhere  other  than  the 
main  detonation  tube  where  effects  of  confinement  can  be  maximized  and  obstacle  drag  can  be  minimized. 

Detonation  initiation  for  hydrocarbon  or  insensitive  fuel  continues  to  remain  an  area  requiring  innovations. 
Research  is  needed  to  develop  low  drag  DDT  mechanisms  and  air- fuel  predetonators. 
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Performance  measurements  of  multicycle  pulse-detonation-engine  (PDE )  exhaust  nozzles  were  obtained  using 
a  damped  thrust  stand.  A  pulse  detonation  engine  of  1.88  m  length  was  operated  on  a  cycle  frequency  of  30  Hz 
at  stoichiometric  conditions.  Both  converging  and  diverging  bell-shaped  exhaust  nozzles  were  tested  for  PDE  fill- 
fractions  ranging  from  0.4  to  1.1.  The  area  ratios  of  the  nozzles  were  varied  from  0.25  converging  to  4.00  diverging. 
The  nozzle  length  was  negligible  compared  to  the  overall  length  of  the  PDE.  The  feasibility  of  normalizing  the  PDE 
nozzle  thrust  data  was  investigated  by  testing  two  different  PDE  combustion  chamber  diameters  (2.54  and  5.08  cm) 
with  the  same  nozzle  area  ratios.  The  optimum  nozzle  area  ratio  was  found  to  be  a  function  of  the  PDE  fill -fraction. 
For  fill-fractions  at  or  below  0.5,  the  optimum  configuration  was  a  PDE  without  an  exhaust  nozzle.  However,  as 
the  operating  fill-fraction  was  increased  to  values  close  to  or  above  one,  thrust  enhancement  was  obtained  with 
a  converging  nozzle.  The  diverging  nozzles  also  showed  a  relative  increase  in  their  performance  with  increased 
fill -fraction.  Unlike  the  converging  nozzles,  the  diverging  nozzles  and  baseline  configuration  were  observed  to  be 
sensitive  to  the  ignition  delay. 


Nomenclature 

AR  =  area  ratio  of  nozzle  (Z)2ozz/Z)c2omb) 

DCOmb  =  PDE  combustion  chamber  diameter 

Dn ozz  =  exhaust  nozzle-exit  diameter 

ff  =  fill-fraction 

Isp  =  fuel-based  specific  impulse 

IspTef  =  reference  fuel-based  specific  impulse 

Lcomb  =  PDE  combustion  chamber  length 

Lnozz  =  length  of  nozzle 

Mexit  =  exit  Mach  number 

T  =  thrust 

Tref  =  reference  thrust 

t  -  time 

fcycie  =  PDE  cycle  time 

P  =  nozzle  length  ratio  (Lnozz/Lcomb) 


I  ntroduction 

PULSE  detonation  engines  (PDE)  use  controlled  periodic  deto¬ 
nations  of  a  combustible  mixture  to  generate  thrust.1  Detona¬ 
tion  combustion  differs  from  the  more  commonly  used  deflagration 
combustion  in  that  the  fuel/oxidizer  mixture  is  consumed  much  more 
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rapidly  because  of  the  detonation  flame  front  being  closely  coupled 
to  a  leading  shock  wave.  The  shock/flame  front  coupling  is  caused 
by  a  feedback  mechanism  between  the  temperature  rise  caused  by 
the  shock  wave  and  the  chemical  energy  release  and  gas  expansion 
caused  by  the  reaction.  Originally,  one  of  the  primary  motivations 
for  PDE  development  was  the  theory  that  higher  thermal  efficiency 
could  be  achieved  using  detonation  combustion.1,2  However,  the 
application  of  this  theory  assumes  that  a  conventional  steady- state 
thermodynamic  analysis  is  appropriate  for  modeling  a  PDE.3  Al¬ 
though  recent  experimental  studies  have  reported  competitive  per¬ 
formance  values  for  laboratory- scale  PDEs  compared  to  constant- 
pressure  combustion-cycle  engines,4  the  appropriateness  of  using  a 
conventional  thermodynamic  analysis  for  the  inherently  unsteady 
PDE  cycle  is  still  in  question.5  Thus,  one  of  the  key  technological 
challenges  still  facing  researchers  and  engineers  is  to  quantify  the 
range  of  propulsive  efficiencies  for  a  practical  PDE  system. 

Experimental  and  computational  researchers  have  demonstrated 
some  success  in  obtaining  competitive  specific  impulse  values  with 
a  simplistic  PDE  cycle.4,6,7  These  promising  results  have  led  to 
many  PDE  applications  being  proposed.  For  example,  it  has  been 
suggested  that  PDEs  can  be  used  as  cost-effective  replacements  for 
small  gas-turbine  engines,  as  potential  replacements  for  combustors 
on  existing  large-scale  gas  turbines,  or  as  thrust  augmenters.  How¬ 
ever,  even  if  PDE  performance  benefits  ultimately  reveal  themselves 
to  be  insignificant  in  practical  applications,  the  PDE  cycle  will  still 
be  an  attractive  propulsion  system  because  of  the  reliability  benefits 
of  having  very  few  moving  parts,  the  scalability  of  the  engine,  and 
the  flexibility  in  geometry  it  will  provide. 

Many  operating  parameters  have  been  shown  to  drastically  affect 
the  performance  of  a  PDE.  For  example,  at  a  constant  fill  Mach 
number,  PDE  thrust  has  been  observed  to  scale  linearly  with  en¬ 
gine  cycle  frequency.7  The  linear  behavior  in  net  thrust  was  a  result 
of  a  linear  increase  in  the  percentage  of  time  at  which  the  combus¬ 
tion  chamber  was  at  the  detonation-induced  elevated  pressure.  Thus, 
adjusting  the  PDE  cycle  frequency  is  one  proposed  method  of  throt¬ 
tling  the  engine.  Another  way  of  throttling  the  engine  is  to  alter  the 
amount  of  fuel-oxidizer  mixture  that  fills  the  PDE  combustion  cham¬ 
ber  before  ignition.  The  ratio  of  the  PDE  combustion  chamber  filled 
with  a  detonable  mixture  relative  to  the  total  combusJi?)?i^chamber 
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length  is  defined  as  the  fill-fraction.  Although  the  PDE  thrust  has 
been  shown  to  decrease  with  a  reduction  in  fill-fraction,  the  fuel- 
based  specific  impulse  values  increased  at  a  faster  rate.  This  per¬ 
formance  gain  observed  at  lower  fill-fractions  was  attributed  to  the 
leading  shock  wave  of  the  detonation  front  compressing  the  nonre¬ 
actants  occupying  the  remainder  of  the  PDE  combustion  chamber.7,8 
Schauer  et  al.7  demonstrated  experimentally  the  performance  ben¬ 
efits  of  partially  filling  the  combustion  chamber  for  a  multicycle 
PDE  operation.  Their  results  showed  the  partial-fill  effect  being  in¬ 
dependent  of  PDE  cycle  frequency  for  a  constant- area  combustion 
chamber. 

An  alternative  viewpoint  of  the  partial-fill  effect  is  that  the  thrust 
of  a  PDE  can  be  increased  by  maintaining  a  constant  amount  of  fuel- 
oxidizer  mixture  and  simply  adding  additional  length  to  the  com¬ 
bustion  chamber.  The  additional  combustion  chamber  length  can 
be  viewed  as  a  constant- area  straight  nozzle  that  alters  the  pressure 
relaxation  process  at  the  head  wall  of  the  PDE.  When  the  detonation 
wave  interacts  with  the  interface  separating  reactive  and  nonreactive 
gases,  a  shock  wave  is  transmitted  into  the  nonreactive  gas  while  a 
reflected  wave  propagates  back  toward  the  thrust  surface.  In  most 
cases  of  interest  to  PDE  applications,  the  reflected  wave  is  an  ex¬ 
pansion  wave.  A  second  expansion  wave  is  generated  at  the  end 
of  the  combustion  chamber  when  the  shock  wave  reaches  the  sud¬ 
den  area  change.  This  expansion  also  propagates  back  toward  the 
thrust  wall.  Thus,  by  extending  the  length  of  the  straight  nozzle,  the 
stronger  exit-flow  rarefaction  waves  can  be  delayed  in  time,  thereby 
allowing  a  slower  rate  of  pressure  relaxation  at  the  head  wall  of  the 
PDE.  Li  and  Kailasanath8  have  predicted  that  significant  increases 
in  peak  impulse  values  can  be  obtained  by  increasing  the  length  of 
a  straight  nozzle.  However,  although  straight  nozzles  provide  im¬ 
pressive  performance  benefits,  they  also  limit  the  maximum  cycle 
frequency  of  the  PDE  because  of  longer  associated  blowdown  times. 

More  conventional  nozzle  geometries  have  also  been  shown  to 
provide  performance  benefits  for  PDE  applications.  A  very  detailed 
review  on  the  current  level  of  PDE  nozzle  technology  was  given  by 
Kailasanath.4  The  outcome  of  this  review  revealed  some  significant 
disagreements  on  the  reported  behavior  of  PDE  nozzles.  The  source 
of  the  disagreements  was  attributed  to  the  highly  dynamic  nature  of 
the  PDE  and  its  sensitivity  to  the  operating  conditions.  For  example, 
most  of  the  previous  PDE  nozzle  research  investigated  the  effects 
of  nozzles  that  had  relatively  large  lengths  compared  to  the  com¬ 
bustion  chamber  {ft  =  Lnozz/Lcomb  >  0.1).  Thus,  for  these  nozzles 
of  nonnegligible  length,  partial-fill  effects  will  have  a  significant 
impact  on  the  PDE  performance  and  should  be  taken  into  consid¬ 
eration  when  interpreting  the  results.  Another  common  difference 
observed  between  the  various  PDE  nozzle  studies  was  that  most 
studies  modeled  single-cycle  detonations,  whereas  very  few  looked 
at  the  behavior  of  a  more  practical  multicycle  operation.4  These 
differences  in  PDE  nozzle  operating  conditions  lead  to  differing 
conclusions  on  an  optimum  nozzle  geometry.  Some  highlights  of 
these  studies  are  discussed  next. 

Eidelman  and  Yang9  modeled  a  series  of  straight,  converging, 
and  diverging  nozzles  for  a  PDE  operating  in  a  single- shot  deto¬ 
nation  mode.  The  fill  and  purging  processes  and  multicycle  effects 
were  not  modeled.  In  their  study,  the  nozzles  represented  a  signif¬ 
icant  portion  of  the  PDE  (j 3  =  0.167-0.4)  All  nozzles  showed  an 
improvement  over  the  baseline  configuration  without  a  nozzle,  as  a 
result  of  the  partial-fill  effect.  Although  the  converging  and  straight 
nozzles  increased  the  peak  thrust  (impulse),  the  peak  thrust  did  not 
occur  until  much  later  during  the  cycle  because  of  the  increase  in 
blowdown  time.  The  diverging  nozzles,  on  the  other  hand,  increased 
the  thrust  of  the  PDE  by  converting  the  thermal  energy  of  the  under¬ 
expanded  gases  into  kinetic  energy,  but  produced  the  higher  peak 
thrust  levels  at  a  faster  rate  as  a  result  of  an  increased  rate  of  ex¬ 
pansion.  The  one  drawback  observed  with  diverging  nozzles  was 
that  because  of  overexpansion  inside  the  PDE  the  increased  thrust 
surface  area  resulted  in  negative  thrust  later  in  the  cycle.  Despite 
this  drawback,  the  bell- shaped  diverging  nozzle  showed  the  best 
performance  overall  for  this  single- shot  detonation  operation. 

Yungster10  confirmed  the  results  by  Eidelman  and  Yang9  in  that 
a  bell- shaped  diverging  nozzle  performed  the  best  and  converg¬ 


ing  nozzles  limit  the  operating  frequency  of  the  PDE.  Yungster  at¬ 
tributed  the  performance  benefits  of  the  bell- shaped  nozzle  over 
conical  diverging  nozzles  to  a  slight  minimization  in  overexpansion 
and  therefore  a  reduction  in  negative  thrust  during  the  later  stages  of 
the  blowdown  process.  The  computations  by  Cambier  and  Tegner11 
also  are  in  agreement  that  a  bell- shaped  diverging  nozzle,  with  its 
associated  negative  curvature  in  the  change  in  internal  surface- area, 
performs  better  than  a  diverging  nozzle  with  straight  or  positive 
surface-area  curvature.  However,  one  distinct  difference  in  the  PDE 
operation  modeled  by  Cambier  and  Tegner11  compared  to  the  works 
already  mentioned  was  that  the  relatively  large  nozzles  were  filled 
with  a  detonable  mixture.  Thus,  unlike  the  previous  studies  Cambier 
and  Tegner11  predicted  a  decrease  in  specific  impulse  with  diverging 
nozzles.  This  was  because  the  thrust  gain  provided  by  the  diverg¬ 
ing  nozzle  did  not  overcome  the  cost  of  providing  additional  fuel 
mass  to  fill  the  diverging  nozzle.  This  negligible  benefit  of  using  a 
diverging  conical  nozzle  with  a  filled  mixture  was  also  predicted  by 
Mohanraj  and  Merkle12  and  by  Cooper  et  al.13 

These  and  other  PDE  nozzle  simulations  have  focused  primarily 
on  predicting  simplistic  single- shot  PDE  operations  in  which  the 
subsonic  fill  and  purge  portions  of  a  practical  PDE  cycle  were  not 
considered.  In  reality,  the  filling  and  purging  processes  of  a  mul¬ 
ticycle  operation  are  not  insignificant  portions  of  the  cycle.  Thus, 
although  a  diverging  nozzle  has  been  shown  to  expand  the  high- 
pressure  detonation  gases  and  provide  additional  thrust  surface  on 
which  this  pressure  can  act,  the  diverging  nozzle  will  act  as  a  diffuser 
during  the  remainder  and  perhaps  majority  of  the  cycle.  Yungster10 
modeled  the  multicycle  operation  of  PDE  diverging  nozzles  and 
found  that  the  first  cycle  showed  nozzle  thrust  augmentation,  but  no 
augmentation  was  observed  during  the  following  second  and  third 
PDE  cycles.  The  loss  in  thrust  augmentation  was  attributed  to  the 
cold  air  that  occupied  the  nozzle  during  the  first  cycle  being  re¬ 
placed  with  low-density  combustion  products.  Wu  et  al.14  have  also 
modeled  such  multicycle  operations  and  have  shown  that  the  per¬ 
formance  enhancements  of  diverging  nozzles  during  the  detonation 
phase  of  the  PDE  cycle  did  not  have  a  significant  impact  on  the  over¬ 
all  system.  Rather,  they  found  that  a  converging  nozzle  is  helpful 
in  maintaining  significant  backpressure  at  altitude  conditions.  From 
these  and  other  studies,  it  can  be  concluded  that  the  subsonic  filling 
and  purge  portions  of  the  cycle  can  significantly  contribute  to  the 
thrust  of  the  PDE  during  multicycle  operations  and  thus  should  be 
considered  in  the  nozzle  design. 

Other  benefits  of  using  exhaust  nozzles  for  PDE  applications  have 
been  recently  proposed  by  Kaemming  and  Dyer.15  First,  a  converg¬ 
ing  exhaust  nozzle  for  a  PDE  provided  control  over  the  pressuriza¬ 
tion  inside  the  combustion  chamber  as  in  the  case  of  a  ramjet  engine. 
By  choking  the  exhaust  flow,  the  Mach  number  and  pressure  inside 
the  detonation  chamber  were  independent  of  the  flight  speed  and 
atmospheric  conditions.  If  the  pressure  was  not  controlled,  an  in¬ 
crease  in  flight  speed  corresponded  to  an  increase  in  the  combustion 
chamber  Mach  number  and  a  decrease  in  pressure  inside  the  cham¬ 
ber.  Kaemming  and  Dyer15  performed  a  thermodynamic  analysis 
showing  that  the  efficiency  of  a  PDE  diminished  without  the  con¬ 
verging  exhaust  nozzle  controlling  the  chamber  pressure.  In  addition 
to  the  thermodynamic  effects  of  backpressurization,  the  converging 
section  of  an  exhaust  nozzle  provided  a  means  of  controlling  the 
frequency  of  the  engine.  For  example,  Kaemming  and  Dyer15  have 
shown  that  a  reduction  in  chamber  pressure  (increase  in  chamber 
Mach  number)  translated  into  an  increase  in  the  required  operating 
frequency  of  the  PDE  engine.  Because  the  PDE  frequency  has  usu¬ 
ally  been  controlled  through  valves,  this  lack  of  chamber  pressure 
control  might  place  an  impossible  requirement  on  the  valve  system. 
For  these  two  reasons,  an  exhaust  nozzle  with  a  converging  throat 
section  appeared  to  be  beneficial  for  PDE  applications. 

The  current  work  is  a  unique  experimental  study  of  a  multicycle 
PDE  operation,  in  which  gross  thrust  augmentation  levels  provided 
by  various  converging  and  diverging  bell- shaped  exhaust  nozzles 
were  quantified.  The  nozzle-area  ratio  was  varied  from  0.25  converg¬ 
ing  to  4.0  diverging.  The  nozzle  length  represented  a  negligible  por¬ 
tion  of  the  overall  PDE  length  (/?  <  0.042).  The  PDE  operated  on  a 
stoichiometric  mixture  of  hydrogen  air  at  a  cycle  frequeH£|5of  30  Hz. 
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The  PDE  cycle  time  was  divided  evenly  between  three  stages:  a  fill 
stage,  an  ignition/detonation/blowdown  stage,  and  a  purge  stage.  For 
each  nozzle  configuration,  the  operating  fill-fraction  was  varied  to 
quantify  their  corresponding  partial-fill  effects.  The  PDE  frequency 
and  backpressure  were  held  constant  during  testing,  but  because  of 
their  potential  significant  impact  on  an  engine’s  performance  should 
be  investigated  in  future  studies  in  order  to  fully  understand  the  per¬ 
formance  benefits  of  using  exhaust  nozzles  for  PDE  applications. 

Experimental  Setup 

Gross  thrust  measurements  of  a  PDE  were  performed  to  quantify 
the  effects  of  exhaust  nozzle  geometry  on  PDE  performance.  The 
pulse-detonation-engine  test  facility  at  the  U.S.  Air  Force  Research 
Laboratory  at  Wright-Patterson  Air  Force  Base  was  used  to  obtain 
the  thrust  measurements.  Premixed  hydrogen  and  air  were  delivered 
to  a  cylindrical  combustion  chamber  by  way  of  a  mechanical  valve 
system  constructed  from  a  modified  four-cylinder  automotive  head. 
In  the  standard  automotive  cycle,  each  cylinder  has  four  ports,  two 
for  intake  and  two  for  exhaust.  However,  for  the  PDE  operation, 
the  two  intake  ports  served  to  deliver  the  premixed  hydrogen- air, 
while  the  two  exhaust  ports  operated  in  reverse  to  deliver  purge- air 
to  purge  the  combustion  chamber  of  hot  gases  after  each  detonation 
and  before  injecting  a  fresh  mixture  of  reactants.  The  combustion 
gases  exited  from  the  exhaust  end  of  the  combustion  chamber.  The 
automotive  valve  system  could  be  operated  at  frequencies  up  to 
40  Hz.  Because  of  the  nature  of  automotive  valving,  the  division 
of  the  cycle  timing  for  various  events  such  as  fill  time  and  purge 
time  and  detonation  time  were  fixed  to  be  each  |  of  the  cycle.  Only 
one  of  the  four  automotive  valve  sets  was  used  to  deliver  mass 
flow  to  a  single  cylindrical  combustion  chamber.  The  hydrogen  and 
air  were  metered  through  choked  flow  orifices,  and  the  flow  rate 
and  pressure  data  were  collected  via  a  remote  5-MHz  16-channel 
analog-to-digital-converter  system.  For  a  more  detailed  description 
of  the  PDE  test  facility,  the  reader  is  referred  to  the  recent  paper  by 
Schauer  et  al.7 

For  the  current  PDE  nozzle  performance  tests,  the  pulse  detona¬ 
tion  engine  was  operated  with  a  stoichiometric  mixture  of  hydrogen 
and  air.  To  determine  the  feasibility  of  normalizing  PDE  exhaust 
nozzle  data  based  on  the  nozzle  inlet-to-exit  area  ratio,  two  combus¬ 
tion  chambers  of  2.54  and  5.08  cm  diameter  (Dcomb)  were  tested. 
Both  PDE  combustion  chambers  had  a  length  of  1.88  m,  and  the 
PDE  cycle  frequency  was  kept  constant  at  30  Hz.  Bell-shaped  ex¬ 
haust  nozzles  of  area  ratios  (AR  =  D7ozz/D7omb)  ranging  from  0.25 
converging  to  4.0  diverging  were  tested.  In  all  test  cases,  the  nozzle 
length  represented  only  2-4%  of  the  total  length  of  the  PDE.  Noz¬ 
zles  of  this  length  were  chosen  so  as  to  limit  the  partial-fill  effects 
introduced  by  adding  the  additional  length  to  the  PDE. 

The  two  operating  parameters  varied  during  these  tests  were  the 
fill-fraction  (ff)  and  ignition  delay.  The  fill-fraction  was  defined  as 
the  ratio  of  the  combustion  chamber  volume  initially  filled  with  a 
detonable  mixture  compared  to  the  total  combustion  chamber  vol¬ 
ume.  The  fill-fraction  was  varied  from  0.4  to  1.1  for  all  nozzle 
configurations.  The  fill-fraction  was  determined  by  measuring  the 
volume  flow  rates  of  the  reactants  using  upstream  choked  flow  noz¬ 
zles.  Because  the  maximum  error  in  volume  flow  rate  measurements 
was  found  to  be  ±3%,  the  relative  error  in  fill-fraction  measurement 
was  also  ±3%. 

A  purge- air  cycle  was  added  to  cool  the  combustion  chamber  and 
provide  a  buffer  between  the  hot  combustion  products  and  the  fresh 
reactants  being  injected  for  the  next  cycle.  Because  of  the  automotive 
valve  system  that  was  used,  |  of  the  cycle  was  allocated  for  purging. 
Similar  to  fill-fraction,  the  purge-fraction  can  be  defined  as  the  ratio 
of  the  combustion  chamber  filled  with  purge-air  relative  to  the  total 
combustion  chamber  volume.  The  purge-fraction  was  kept  constant 
at  0.5  during  all  tests. 

The  ignition  delay  was  defined  as  the  time  delay  for  the  spark  plug 
to  ignite  relative  to  the  closing  of  the  valves.  Because  of  the  response 
of  the  valve  system,  the  ignition  delay  could  not  be  set  below  a  value 
of  0.5  ms  without  the  risk  of  a  backfire  upstream  into  the  injection 
manifold.  The  maximum  delay  time  was  set  by  the  30-Hz  cycle 
frequency  of  the  PDE.  For  the  ignition  delay  studies,  the  delay  time 


was  varied  from  0.5  to  7.5  ms  for  the  baseline  configuration  of  a  PDE 
without  an  exhaust  nozzle  and  for  two  representative  converging 
(AR  =  0.25)  and  diverging  ( AR  =  4.0)  nozzles.  A  maximum  ignition 
delay  of  7.5  ms  allowed  a  sufficient  amount  of  time  (3.5  ms)  for 
the  deflagration-to-detonation  transition  (DDT)  and  blowdown  to 
occur  before  the  purge- air  entered  the  combustion  chamber.  All 
other  nozzle  tests  were  performed  at  a  baseline  ignition  delay  of 
0.5  ms. 

The  DDT  of  the  hydrogen-air  mixture  was  enhanced  by  the  use 
of  Shchelkin-type  spirals  of  0.3  m  length  for  both  the  2.54-cm-  and 
5.08-cm-diam  combustion  chambers.  The  Shchelkin  spiral  occupied 
only  16%  of  the  total  combustion  chamber  length.  Two  pressure 
transducers  (PCB  Ml 02 A)  were  mounted  0.15  m  apart  to  monitor 
detonation  wave  speeds  and  validate  that  Chapman- Jouguet  (CJ) 
detonations  were  produced.  The  transducer  closest  to  the  exit  of 
the  PDE  was  placed  a  distance  of  0.36  m  from  the  PDE  exit.  The 
detonation  wave  speed  measured  for  both  combustion  chambers  at  a 
fill-fraction  of  1.0  was  on  average  1988  m/s  (±13  m/s),  which  is  less 
than  2%  deviation  from  the  theoretical  CJ  wave  speed  of  1966  m/s 
for  a  stoichiometric  hydrogen-air  mixture. 

The  PDE  was  mounted  on  a  damped  thrust  stand  rated  for  a 
maximum  thrust  load  of  4500  N.  The  thrust  stand  was  designed  to 
measure  the  time- averaged  thrust  of  the  dynamic  PDE.  The  thrust 
stand  consisted  of  linear  pillow-block  bearings  (Thompson  Indus¬ 
tries  M/N  SPB-16-0PN)  riding  along  a  pair  of  25.4-mm-diam  linear 
bearing  rails  (Thompson  Industries  P/N  SR- 16).  The  PDE  was  al¬ 
lowed  to  move  freely  on  the  rails,  but  its  motion  was  weakly  damped 
by  springs  to  prevent  any  resonance  effects.  To  remove  the  effects  of 
static  friction,  the  PDE  was  continuously  actuated  forward  and  back¬ 
ward  by  a  linear  pneumatic  actuator  (Bimba  M/N  096-DXDEH)  at 
an  oscillation  rate  of  0.3  Hz.  The  linear  actuator  was  a  double  act¬ 
ing  balanced  actuator  that  applied  the  same  force  in  both  directions 
for  a  set  flow  rate  of  air.  The  air  pressure  was  generally  set  to  de¬ 
liver  a  ±25.4-mm  travel  distance.  Because  the  actuator  produced 
a  net  zero  average  force,  the  average  position  of  the  thrust  stand 
was  solely  a  function  of  the  engine  average  thrust.  A  displacement 
sensor  (Data  Instruments  P/N  DCFS4)  with  a  101.6-mm  stroke  was 
used  to  measure  the  position  of  the  thrust  stand  as  a  function  of  time. 
The  frequency  response  of  the  displacement  sensor  was  from  dc  to 
10,000  Hz.  The  output  of  the  displacement  sensor  was  electrically 
filtered  to  remove  spurious  noise  and  isolate  only  the  dc  component 
of  the  signal  that  corresponded  to  the  average  position  (or  thrust) 
of  the  engine.  Because  of  the  time  constant  inherent  in  the  filtering 
process  and  the  time  required  to  obtain  an  accurate  measure  of  the 
average  displacement  of  the  0.3  Hz  oscillating  thrust  stand,  a  run 
time  of  at  least  10  s  would  theoretically  be  needed.  In  practice  how¬ 
ever,  run  times  on  the  order  of  20  to  30  s  were  required  to  reach  a 
steady- state  average  thrust  measurement. 

Calibration  of  the  thrust  stand  position  as  function  of  applied  load 
was  obtained  by  placing  static  weights  on  a  pulley/cable  system  and 
recording  the  time-averaged  output  of  the  displacement  sensor.  The 
procedure  used  in  the  calibration  was  to  load  the  thrust  stand  from  a 
zero  applied  load  to  a  value  above  the  maximum  expected  thrust  level 
of  the  PDE.  The  applied  loads  were  then  removed  sequentially  to 
determine  if  any  hysteresis  effects  were  present.  No  hysteresis  in  the 
system  was  observed  throughout  the  testing.  Calibration  curves  were 
obtained  before  and  after  each  set  of  tests  to  monitor  changes  in  the 
system.  A  linear  relationship  between  the  applied  load  and  measured 
thrust  was  observed  for  the  entire  range  of  PDE  thrust  loading  with 
a  maximum  recorded  standard  deviation  of  approximately  ±1  N. 
The  repeatability  of  the  data  was  observed  to  be  within  this  error 
band  and  thus  indistinguishable  from  the  measurement  error. 

Results  and  Discussion 

Baseline  C  onfiguration 

The  selected  baseline  configuration  for  the  nozzle  tests  was  the 
1.88-m-length  combustion  chamber  (5.08  cm  diam)  without  an  ex¬ 
haust  nozzle.  The  fill-fraction  for  the  baseline  was  varied  from  0.4 
to  1 . 1  while  maintaining  a  near  stoichiometric  fuel-air  ratio,  an  igni¬ 
tion  delay  of  0.5  ms,  a  purge-fraction  of  0.5,  and  a  cycle  frequency 
of  30  Hz.  The  gross  thrust  values  for  the  baseline  PDE  193figuration 
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Fig.  1  Normalized  PDE  average- thrust  measurements  as  a  function  of 
number  of  PDE  cycles  (AR  =  1.0, DComb  =5.08  cm,  Tre f  =77  N). 


Fig.  2  Normalized  fuel-based  specific  impulse  as  a  function  of  fill- 
fraction  for  the  baseline  configuration  (AR  =  1.0,Z)Comb  =5.08  cm)  (/spref 
corresponds  to  Isp  @  ff  =  1.0). 


are  given  in  Fig.  1  as  function  of  experiment  run  time.  The  run  time 
is  represented  in  number  of  PDE  cycles,  and  the  thrust  is  normal¬ 
ized  according  to  a  reference  thrust  value.  The  reference  thrust  used 
in  normalizing  this  data  was  selected  to  be  the  thrust  value  (77  N) 
for  the  baseline  configuration  at  a  fill-fraction  of  1.0.  All  reported 
thrust  values  in  the  current  work  correspond  to  the  gross  thrust  of 
the  engine,  and  no  correction  of  the  data  for  changes  in  the  fill/purge 
stream  thrust  has  been  performed. 

A  transient  delay  between  the  first  PDE  cycle  during  each  test  and 
the  time  when  a  near  steady- state  thrust  level  was  observed.  Figure  1 
shows  this  time  delay  to  be  approximately  30  s,  or  1000  PDE  cycles, 
for  all  fill-fractions  tested.  The  transient  delay  was  a  direct  result  of 
the  0.3 -Hz  oscillating  thrust  stand,  the  signal  filtering  process,  and 
the  averaging  used  to  obtain  the  thrust  measurements.  Although  the 
wall  temperature  was  not  recorded,  the  extended  run  time  required 
to  obtain  a  steady- state  average  thrust  also  allowed  time  for  the 
PDE  to  come  to  thermal  equilibrium.  All  thrust  data  presented  in 
this  paper  correspond  to  the  average  plateau  in  thrust  recorded  after 
the  PDE  had  been  operating  continuously  for  approximately  1000 
PDE  cycles. 

The  variation  in  thrust  with  fill-fraction  can  be  inferred  from 
Fig.  1.  An  increase  in  fill-fraction  resulted  in  higher  average  thrust 
values.  The  thrust  increased  nonlinearly  with  fill-fraction  as  a  result 
of  the  shock  compression  of  the  nonreactant  gases  occupying  the 
remainder  of  the  PDE  combustion  chamber  as  has  been  reported 
previously  in  literature.  However,  the  thrust  continued  to  increase 
at  fill-fractions  above  1.0  because  of  the  increase  in  mass  flow  rates 
and  the  fact  that  the  reactants  were  not  of  a  uniform  stoichiometric 
mixture  inside  the  PDE.  Previous  studies  have  suggested  that  the 
fuel-air  mixture  becomes  leaner  near  the  exit  of  the  PDE  because  of 
a  dynamic  effect  of  entrainment  of  ambient  air  back  into  the  PDE 
combustion  chamber  during  the  unsteady  filling  process.7  Overfill¬ 
ing  the  PDE  can  also  have  a  dramatic  impact  on  the  performance 
when  an  excessively  large  exhaust  nozzle  (ft  >  0.1)  is  present  as  a 
result  of  the  nozzle  being  occupied  by  reactant  gases  vs  nonreactant 
or  product  gases.4 

The  current  baseline  data  have  been  compared  to  previously  re¬ 
ported  PDE  data  by  plotting  the  variation  in  fuel-based  specific 
impulse  with  fill-fraction  as  shown  in  Fig.  2.  The  general  trend  of 
a  nonlinear  increase  in  fuel-based  specific  impulse  with  decreased 
fill-fraction  was  consistent  with  those  found  by  other  researchers. 
This  behavior  has  been  directly  attributed  to  shock  compression  of 
the  gases  occupying  the  unfilled  portion  of  the  combustion  chamber 
as  discussed  earlier  in  this  paper.  Essentially,  the  leading  shock  wave 
of  the  detonation  served  to  compress  the  gases  occupying  the  un¬ 
filled  portion  of  the  combustion  chamber  (straight  nozzle)  thereby 
maintaining  the  pressure  inside  the  combustion  chamber  for  a  longer 
duration.  This  increased  blowdown  time  with  a  straight  nozzle  re¬ 
sulted  in  higher  thrust  than  would  have  been  observed  without  the 
straight  nozzle  present.  As  a  result  of  the  PDE  thrust  levels  decreas¬ 
ing  at  a  slower  rate  than  the  reduction  in  fuel  mass  flow  rate  as¬ 
sociated  with  reduced  fill-fraction,  the  fuel-based  specific  impulse 


Fig.  3  Converging  and  diverging  nozzle  cross-sectional  schematics 
and  dimensions. 


values  increased  as  shown  in  Fig.  2.  Although  the  current  results 
(Ispref  =  2600  s)  were  lower  than  other  reported  relative  specific  im¬ 
pulse  values,  specifically  at  the  lowest  fill-fraction,  the  important 
performance  variation  with  partial  fill-fraction  was  captured  in  the 
current  work. 

Effects  of  Nozzle-Area  Ratio 

The  effects  of  converging  and  diverging  bell- shaped  exhaust  noz¬ 
zles  on  PDE  thrust  were  measured.  Figure  3  shows  representative 
schematic  drawings  for  the  exhaust  nozzles  and  their  respective  di¬ 
mensions.  The  area  ratios  of  the  nozzles  tested  were  0.25, 0.39, 0.56, 
1.0,  2.25,  and  4.0,  where  ratios  less  than  one  are  converging  noz¬ 
zles  and  greater  than  one  are  diverging  nozzles.  The  nozzle  lengths 
ranged  from  5.2  to  7.8  cm  in  length,  and  therefore  only  extended  the 
total  length  of  the  PDE  by  a  maximum  of 4%  (or  ft  —  0.04).  Because 
P  <  0.1  and  the  uncertainty  in  fill-fractions  has  been  reported  to  be 
±3%,  the  partial-fill  effect  of  adding  these  exhaust  nozzles  was  neg¬ 
ligible.  The  PDE  was  operated  at  the  baseline  operating  conditions 
of  a  stoichiometric  fuel- air  mixture  and  cycle  frequenly%  30  Hz. 
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Table  1  Total  reactant  mass  flow  rates  and  Mach  numbers  during  fill  portion  of  cycle 


Total  reactant  mass 


Fill-fraction 

flow  rate,  kg/s 

AR  =  0.25 

AR  =  0.39 

AR  =  0.56 

AR  =1.0 

AR  =  2.25 

q 

II 

0.4 

0.042 

0.201 

0.129 

0.090 

0.050 

0.022 

0.013 

0.6 

0.064 

0.307 

0.197 

0.137 

0.077 

0.034 

0.019 

0.8 

0.085 

0.411 

0.263 

0.183 

0.103 

0.046 

0.026 

1.0 

0.107 

0.513 

0.329 

0.229 

0.128 

0.057 

0.032 

1.1 

0.116 

0.560 

0.359 

0.250 

0.140 

0.062 

0.035 

Nozzle  Area  Ratio  (AR) 


-e-ff=1.1 
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Fig.  4  Normalized  PDE  cold-flow  thrust  as  a  function  of  nozzle  area 
ratio  (Z^comb  =5.08  cm,  TYef  =77  N). 


Fig.  5  Normalized  PDE  thrust  as  a  function  of  nozzle  area  ratio 
U^comb  =  5.08  cm,  ZYef  =  77  N ). 


Two-thirds  (22  ms)  of  the  PDE  cycle  involved  filling  the  com¬ 
bustion  chamber  with  reactants  and  purge  gases  at  subsonic  speeds. 
Initial  cold-flow  tests  were  performed  to  determine  the  effect  of  ex¬ 
haust  nozzles  on  these  subsonic  portions  of  the  cycle.  The  cold-flow 
thrust  measurements  were  performed  at  the  same  operating  condi¬ 
tions  and  configurations  as  in  the  “hot”  detonation  cases  but  without 
igniting  the  mixture.  The  mass  flow  rates  of  the  fill  gases  for  each 
fill-fraction  are  given  in  Table  1  along  with  the  exit  Mach  numbers 
for  the  baseline  ( AR=  1.0),  most  convergent  nozzle  (AR  =  0.25), 
and  most  divergent  nozzle  (AR  =  4.0).  These  data  were  provided  to 
show  the  span  from  maximum  (AZ?  =  0.25)  to  minimum  (AR  =  4.0) 
exit  Mach  numbers  during  the  filling  process  for  the  current  test 
conditions.  Table  1  shows  that  all  exit  Mach  numbers  associated 
with  the  fill  portion  of  the  cycle  corresponded  to  subsonic  Mach 
numbers.  Although  the  majority  of  the  Mach  numbers  were  below 
a  value  of  0.3,  the  convergent  nozzle  did  accelerate  the  fill  gases  to 
Mach  numbers  as  high  as  0.56.  Thus,  compressibility  effects  were 
present  for  these  test  conditions,  but  no  exhaust  nozzles  produced 
choked  conditions  during  the  filling  and  purging  portions  of  the  cy¬ 
cle.  In  addition  to  the  filling  process,  a  constant  purge  fraction  of 
0.5  was  used  during  purging  producing  a  constant  purge  gas  (air) 
mass  flow  rate  of  0.073  kg/s  for  all  test  conditions. 

The  cold-flow  thrust  measurements  are  shown  in  Fig.  4.  For  all 
tested  fill-fractions,  a  decrease  in  nozzle  area  ratio  resulted  in  an 
increase  in  thrust.  Because  it  has  been  established  that  the  cold-flow 
exhaust  was  subsonic  through  the  nozzles  for  all  test  conditions, 
convergent  nozzles  (AR  <  1.0)  were  accelerating  the  exhaust  flow 
during  the  filling  and  purging  portions  of  the  cycle  while  divergent 
nozzles  (AR  >  1 .0)  decelerated  these  gases.  A  linear  rate  of  increase 
in  thrust  with  contracting  area  ratio  is  shown  in  Fig.  4  for  the  interme¬ 
diate  nozzle-area  ratios  of  0.56,  1.0,  and  2.25.  However,  this  linear 
variation  deviated  for  the  smallest  convergent  nozzle  of  AR  =  0.25 
and  the  largest  divergent  nozzle  of  AR  =  4.0.  The  large  divergent 
nozzle  most  likely  did  not  continue  to  cause  a  linear  decrease  in 
thrust  because  of  increased  flow  separation  from  the  walls,  which 
is  commonly  observed  from  such  a  larger  bell-shaped  nozzle.  Thus, 
interpretation  of  this  large  area-ratio  nozzle  data  is  questionable. 
Compressibility  effects  and  increased  profile  drag  were  believed  to 
cause  the  deviation  from  linear  behavior  for  the  smallest  area  ratio 
converging  nozzle. 


In  addition  to  the  importance  of  documenting  the  variation  of 
cold-flow  thrust  with  nozzle-area  ratio,  it  was  also  important  to 
quantify  the  contribution  of  the  filling  and  purging  cycles  to  the 
overall  thrust  of  the  engine.  Figure  4  shows  that  the  cold-flow  air 
thrust  for  the  baseline  configuration  represented  between  10  to  30% 
of  the  total  hot  thrust  (reference  thrust).  This  signifies  that  the  sub¬ 
sonic  gas  flows  occurring  during  the  PDE  cycle  were  substantially 
affecting  the  overall  PDE  performance.  Thus,  for  PDE  applications 
all  portions  of  the  cycle  should  be  considered  when  selecting  the 
appropriate  nozzle  design. 

Once  the  cold-flow  PDE  thrust  measurements  were  completed, 
the  reacting-flow  PDE  thrust  measurements  were  obtained  for  each 
nozzle/fill-fraction  combination.  The  results  of  these  tests  are  plot¬ 
ted  in  Fig.  5.  For  both  the  cold-flow  and  reacting-flow  conditions, 
all  nozzles  tested  exhibited  an  increase  in  thrust  with  a  decrease  in 
nozzle  area  ratio  when  the  operating  fill-fractions  were  above  0.8. 
This  was  the  same  trend  observed  in  the  cold-flow  tests.  However, 
at  fill-fractions  below  0.8,  the  converging  nozzles  were  observed 
to  decrease  the  thrust  of  the  PDE.  This  shift  in  converging  nozzle 
performance  with  reduced  fill-fraction  was  believed  to  be  caused  by 
the  converging  nozzle  having  less  effect  on  the  blowdown  process 
because  of  the  reduced  combustion  chamber  pressures  and  the  neg¬ 
ative  effect  of  its  profile  drag  playing  a  dominant  role  in  the  overall 
nozzle  performance.  On  the  other  hand,  the  sensitivity  of  the  diverg¬ 
ing  nozzles  to  area  ratio  did  not  appear  to  change  with  fill-fraction. 
All  diverging  nozzles  at  all  fill-fractions  were  observed  to  have  per¬ 
formance  degradations  with  increased  nozzle- area  ratio.  The  max¬ 
imum  diverging  nozzle  performance  loss  was  approximately  20% 
and  occurred  at  a  fill-fraction  0.4. 

The  fill-fraction  condition  of  1 . 1  generated  more  thrust  than  the 
ff  =  1 .0  despite  the  fact  the  PDE  was  overfilled.  This  was  a  result 
of  two  factors.  First,  an  increase  in  the  fill  gas  flow  rates  caused 
an  increase  in  thrust  as  was  shown  in  the  cold-flow  tests.  Second, 
because  the  filling  process  involved  a  very  dynamic  process,  the 
PDE  had  a  tendency  to  have  a  lower  equivalence  ratio  near  the  end 
of  the  PDE  as  a  result  of  oscillating  entrainment  of  ambient  air  into 
the  PDE  combustion  chamber.  By  slightly  overfilling  the  PDE,  the 
mixture  equivalence  ratio  near  the  open  end  of  the  PDE  chamber 
was  more  likely  to  be  close  to  the  desired  stoichiometric  conditions. 

The  similarity  between  the  cold  flow  (Fig.  4)  and  the  react¬ 
ing  flow  (Fig.  5)  thrust  profiles  further  suggests  thl??8e  nozzle 
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Fig.  6  Pressure-time  traces  for  the  baseline  and  AR  =0.56  converging  Fig.  7  Normalized  fuel-based  specific  impulse  as  a  function  of  nozzle 
nozzle  (ff  =  1.0,  tcycle  =  0.033  s).  area  ratio  (ff  =  1.0,  7)Comb  =  5.08  cm). 


performances  were  being  influenced  substantially  by  the  subsonic 
portions  of  the  PDE.  However,  the  filling  and  purge  portions  of  the 
PDE  cycle  were  not  the  only  important  factors  that  governed  the 
PDE-nozzle  performance.  To  demonstrate  the  effect  of  a  nozzle  on 
the  entire  PDE  cycle,  example  combustion  chamber  pres  sure- time 
traces  for  two  nozzle  configurations  (AR  =1.0  and  0.56)  have  been 
plotted  in  Fig.  6  for  a  fill-fraction  of  1.0.  These  two  configurations 
represent  a  comparison  between  the  baseline  configuration  and  a 
converging  nozzle  case  that  produced  an  increase  in  blowdown  du¬ 
ration.  The  pressure  data  in  Fig.  6  have  been  plotted  as  a  function 
of  normalized  time  (time  divided  by  the  cycle  time  of  33.3  ms).  A 
comparison  between  the  two  pressure  traces  shows  that  additional 
thrust  was  provided  by  the  converging  nozzle  because  of  the  pres¬ 
sure  rise  inside  the  PDE  combustion  chamber  and  the  associated 
increase  in  blowdown  time.  The  additional  compression  inside  the 
combustion  chamber  was  a  result  of  the  leading  shock  wave  of  the 
detonation  front  reflecting  from  the  converging  walls  of  the  nozzle 
back  to  the  headwall  of  the  PDE.  Figure  6  shows  that  the  pressure 
inside  the  PDE  was  near  or  below  atmospheric  pressure  for  more 
than  80%  of  the  PDE  cycle,  or  26.4  ms.  In  comparison,  it  can  be 
inferred  from  the  baseline  pressure  trace  that  the  exhaust  flow  was 
subsonic  for  more  than  92%  of  the  total  PDE  cycle,  or  30.36  ms.  In 
either  case,  the  exhaust  flow  was  only  choked  during  a  small  portion 
of  the  entire  cycle.  This  pressure  data  along  with  the  hot-  and  cold- 
flow  thrust  measurements  demonstrate  that  a  convergent  nozzle  can 
outperform  a  diverging  nozzle  by  increasing  the  headwall  pressure 
during  combustion  and  thereby  increase  the  blowdown  time  during 
expansion.  In  addition  to  this  thrust  contribution  of  a  convergent 
nozzle,  the  exhaust  velocity  during  the  purge  and  fill  portions  of  the 
PDE  cycle  was  also  increased. 

To  demonstrate  the  performance  effects  of  PDE  exhaust  nozzles 
for  multicycle  PDE  operations,  the  current  nozzle  data  were  com¬ 
pared  to  data  available  in  the  literature  by  plotting  the  variation  in 
fuel-based  specific  impulse  as  a  function  of  nozzle  area  ratio  for  a 
fill-fraction  of  1 .0.  Figure  7  shows  that  in  the  current  study  a  signifi¬ 
cant  enhancement  in  the  PDE  performance  with  a  convergent  nozzle 
was  observed,  whereas  the  divergent  nozzles  produced  a  loss  in  the 
overall  engine  performance  for  the  range  of  tested  nozzle-area  ratios. 
This  behavior  was  consistent  with  computational  simulations  per¬ 
formed  by  Cambier  and  Tegner.11  Their  studies  showed  that  a  loss 
in  engine  performance  was  associated  with  increasingly  divergent 
nozzles  for  multicycle  PDE  operations.  In  addition  to  changes  in 
the  combustion  chamber  pressure-time  behavior,  this  loss  in  thrust 
with  the  excessively  large  diverging  nozzles  could  be  a  result  of 
increased  flow  separation  from  the  nozzle  walls  in  both  the  current 
study  and  the  referenced  work.  In  addition,  Cambier  and  Tegner11 
further  demonstrated  that  a  single- shot  PDE  operation  can  have 
different  behavior  because  of  the  cycle-to-cycle  variations  of  the 
gaseous  mixtures  inside  the  PDE  combustion  chamber  and  nozzles. 
This  is  also  in  agreement  with  the  observations  and  conclusions 
reported  in  the  current  study. 
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Fig.  8  PDE  thrust  density  for  two  PDE  combustion  chambers 
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Scalability  and  Normalization  of  PDE  NozzleThrust  Data 

It  was  desired  to  determine  whether  the  PDE  exhaust  nozzle  thrust 
scales  with  the  initial  PDE  combustion  chamber  diameter.  To  be 
more  precise,  the  question  to  be  answered  was  whether  the  noz¬ 
zle  area  ratio  was  the  appropriate  normalization  for  the  thrust  data. 
Figure  8  is  a  plot  of  nozzle  thrust  measurements  that  were  made 
on  both  a  2.54-cm-diam  combustion  chamber  and  a  5.08-cm-diam 
combustion  chamber,  which  is  associated  with  the  data  that  have 
been  discussed  in  the  paper  as  of  this  point.  Both  combustion  cham¬ 
bers  had  lengths  of  1.88  m.  Both  sets  of  converging  and  diverging 
nozzles  were  similar  in  shape  and  length.  To  compare  the  thrust 
profiles  obtained  for  these  two  configurations,  the  thrust  values  in 
Fig.  8  were  converted  to  a  thrust  density,  where  thrust  density  has 
been  defined  as  the  ratio  of  the  thrust  to  the  volume  of  the  combustion 
chamber.  The  error  bars  associated  with  each  data  point  have  been 
included  in  Fig.  8.  Larger  uncertainty  was  associated  with  the  low 
thrust  level  measurements  of  the  2.54-cm-diam  combustion  cham¬ 
ber.  Despite  this  uncertainty  in  the  measurements,  the  comparison  in 
thrust  densities  for  these  two  combustion  chamber  diameters  shows 
qualitatively  that  the  nozzle  performance  was  independent  of  the 
PDE  combustion  chamber  diameter.  Specifically,  the  relative  varia¬ 
tion  in  thrust  density  with  nozzle  area  ratio  was  consistent  for  both 
combustion  chamber  diameters  operating  at  a  representative  under¬ 
filled  PDE  condition  (ff  =  0.4)  and  a  completely  filled  PDE.  There 
was  an  absolute  offset  in  thrust  density  between  the  two  combus¬ 
tion  chamber  diameters  demonstrating  that  the  absolute  variation  in 
thrust  density  was  not  scalable  in  these  tests.  However,  the  relative 
variation  in  thrust  density  with  nozzle  area  ratio  was  consistent  and  is 
therefore  believed  to  be  an  appropriate  normalization  for  comparing 
the  relative  changes  in  PDE  nozzle  data.  ^  ^39 
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Effects  of  Ignition  Delay 

Ignition  delay  has  been  shown  by  researchers  to  play  an  important 
role  in  the  performance  of  a  pulse  detonation  engine  when  there  are 
strong  pressure  oscillations  occurring  inside  the  combustion  cham¬ 
ber  prior  to  ignition.7  The  sensitivity  of  thrust  to  the  initial  pressure 
has  been  contributed  by  Schauer  et  al.7  to  the  pressure  effects  on  the 
DDT  process.  Igniting  the  mixture  when  the  local  gases  are  at  a  state 
of  higher  pressure  can  result  in  reduced  DDT  times16-22  and  higher 
thrust.  However,  igniting  when  the  local  pressure  is  at  a  minimum 
can  increase  DDT  times  and  reduce  the  thrust.  Pressure  oscillations 
can  occur  inside  the  PDE  because  of  excitation  of  a  fundamental 
acoustic  mode  or  by  forced  excitation  of  the  fuel- air  valve  system, 
which  can  commonly  occur  in  multicycle  PDE  operations.  Thus,  the 
relative  timing  of  ignition  to  the  local  pressure  can  have  a  significant 
impact  on  the  PDE  performance. 

Another  possible  cause  for  the  sensitivity  of  a  PDE  thrust  to  the 
acoustic  pressure  dynamics  is  that  an  increase  in  overall  combustion 
chamber  pressure  corresponds  to  an  increase  in  propellant  density. 
Thus,  because  thrust  scales  with  the  propellant  density,  timing  the 
ignition  relative  to  the  chamber  pressure  fluctuations  can  affect  the 
PDE  thrust  in  addition  to  the  DDT  effects.  Furthermore,  the  conver¬ 
gent  exhaust  nozzles  create  a  backpressurization  (propellant  density 
increase)  that  can  significantly  impact  the  thrust  of  the  engine.  The 
purpose  of  the  current  work  was  to  quantify  the  overall  effect  of  the 
ignition  delay  for  various  exhaust  nozzles  on  the  gross  thrust  of  the 
engine.  The  specific  relative  contribution  of  the  DDT  effects,  propel¬ 
lant  density  modifications,  and  backpressurization  will  be  examined 
in  future  studies. 

To  determine  the  effects  of  ignition  delay  on  the  current  PDE 
nozzle  configurations,  the  ignition  timing  relative  to  the  closing  of 
the  valves  was  varied  from  0.5  to  7.5  ms  for  nozzles  with  area 
ratios  of  0.25,  1.0,  and  4.0.  The  fill-fraction  was  held  constant  at 
1.0.  These  configurations  and  test  conditions  were  selected  to  be 
representative  of  a  typical  converging,  baseline,  and  diverging  PDE 
nozzle  system’s  response  to  changes  ignition  delay.  The  minimum 
ignition  delay  time  was  set  by  the  response  of  the  current  valve 
system  and  could  not  be  set  below  this  value  without  resulting  in  a 
backfire  upstream  of  the  valves  into  the  fuel-air  premixed  injection 
chamber.  The  maximum  ignition  delay  time  was  chosen  to  be  7.5  ms 
so  as  to  not  allow  the  blowdown  to  extend  into  the  PDE  purge  cycle. 

The  normalized  thrust  as  a  function  of  ignition  delay  is  plotted  in 
Fig.  9.  The  baseline  PDE  thrust  has  a  sinusoidal-type  behavior  with 
changes  in  ignition  delay  resulting  in  a  maximum  of  +8%  deviation 
from  the  average  thrust  at  the  best  delay  and  a  —5%  thrust  deviation 
at  the  worst  ignition  delay.  The  large  amplification  in  PDE  thrust 
was  presumably  from  igniting  at  a  time  in  the  cycle  when  there  was 
a  local  compression  wave  near  the  ignition  region,  whereas  the  at¬ 
tenuation  in  thrust  was  a  result  of  the  ignition  occurring  while  there 
was  a  local  expansion  wave  present.7  The  sinusoidal-type  behav¬ 
ior  was  caused  by  the  acoustic  properties  of  the  closed/open-ended 
combustion  chamber.  The  diverging  nozzle  configuration  also  had  a 
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Fig.  9  Variation  in  PDE  thrust  with  ignition  delay  (DComb  =5.08  cm, 
ff  =  1.0). 


sinusoidal-type  variation  in  thrust  with  ignition  delay.  The  diverging 
nozzle  ( AR  =  4.0)  thrust  appeared  to  vary  nearly  in  phase  and  with 
similar  amplitude  of  deviation  from  its  mean  thrust  as  that  of  the 
baseline  configuration.  On  the  other  hand,  the  converging  nozzle 
with  AR  =  0.25  appeared  to  vary  out  of  phase  with  respect  to  the 
baseline  and  diverging  nozzle  cases. 

The  sensitivity  of  thrust  to  ignition  delay  was  believed  to  be  a 
direct  result  of  the  propagation  of  expansion/compression  waves  in¬ 
side  the  PDE.  Expansion  waves  reflect  as  compression  waves  near 
the  open  end  of  the  PDE  for  the  baseline  configuration  and  the 
diverging  nozzles.  This  explains  the  similarities  between  the  base¬ 
line  and  diverging  nozzle  sensitivity  to  ignition  delay.  However,  the 
convergent  nozzles  have  an  opposite  boundary  condition  in  which 
expansion  waves  reflect  as  expansion  waves.  Thus,  the  convergent 
nozzles  were  observed  to  be  less  sensitive  to  ignition  delay  and  out 
of  phase  with  respect  to  the  baseline  and  divergent  nozzles.  Also, 
the  level  of  deviations  from  its  average  thrust  was  much  less  (ap¬ 
proximately  ±2%)  for  the  convergent  nozzles  presumably  because 
of  the  constriction  in  the  PDE  exit  area  dampening  the  pressure 
oscillations  inside  the  combustion  chamber. 

Conclusions 

Performance  measurements  of  pulse-detonation-engine  (PDE) 
exhaust  nozzles  were  obtained  using  a  damped  thrust  stand.  A  pulse 
detonation  engine  of  1.88  m  length  was  operated  on  a  cycle  fre¬ 
quency  of  30  Hz  at  stoichiometric  conditions.  Both  converging  and 
diverging  bell-shaped  exhaust  nozzles  were  tested  for  fill-fractions 
ranging  from  0.4  to  1.1.  The  length  of  the  nozzles  represented  only 
about  2-3%  of  the  total  length  of  the  PDE.  The  area  ratio  of  the 
nozzle  was  varied  from  0.25  converging  to  4.00  diverging.  Qualita¬ 
tively,  the  variation  in  PDE  thrust  density  with  nozzle  area  ratio  was 
consistent  for  the  two  PDE  combustion  chamber  diameters  (2.54 
and  5.08  cm)  tested.  The  optimum  nozzle  area  ratio  was  found  to 
be  a  function  of  the  fill-fraction.  For  fill-fractions  at  or  below  0.5, 
the  optimum  configuration  was  a  PDE  without  an  exhaust  nozzle. 
However,  as  the  operating  fill-fraction  was  increased  to  values  close 
to  or  above  one,  thrust  enhancement  was  obtained  with  a  converg¬ 
ing  nozzle.  The  diverging  nozzles  showed  a  relative  increase  in  their 
performance  with  increased  fill-fraction  as  well.  The  baseline  and 
diverging  nozzle  configurations  tested  were  observed  to  be  sensitive 
to  the  ignition  delay,  but  the  converging  nozzle  geometry  was  ob¬ 
served  to  dampen  out  any  pressure  wave  dynamics  that  would  alter 
the  ignition/DDT  process. 

Acknowledgments 

The  authors  would  like  to  thank  the  Propulsion  Directorate  at  the 
U.S.  Air  Force  Research  Laboratory  and  Innovative  Scientific  Solu¬ 
tions,  Inc.,  (ISSI)  for  providing  the  financial  support  for  this  work. 
The  technical  support  of  Curtis  Rice  of  ISSI  was  also  appreciated. 
In  addition,  the  authors  are  grateful  for  the  financial  support  from 
NASA  Glenn  Research  Center  (NAG3-2669)  for  sponsoring  the  de¬ 
velopment  of  the  University  of  Cincinnati  pulse-detonation-engine 
research  facility. 


References 

'Bussing,  T.,  and  Pappas,  G.,  “An  Introduction  to  Pulse  Detonation  En- 
gines,”  AIAA  Paper  94-0263,  Jan.  1994. 

2Kuo,  K.,  Principles  of  Combustion,  Wiley,  New  York,  1986,  Chap.  4. 

3Heiser,  W.  H.,  and  Pratt,  D.  T.,  “Thermodynamic  Cycle  Analysis  of  a 
Pulse  Detonation  Engine,”  Journal  of  Propulsion  and  Power,  Vol.  18,  No.  1, 
2002,  pp.  68-76. 

4Kailasanath,  K.,  “Recent  Developments  in  the  Research  on  Pulse  Deto¬ 
nation  Engines,”  AIAA  Journal,  Vol.  41,  No.  2,  2003,  pp.  145-159. 

5Wintenberger,  E.,  Austin,  J.  M.,  Cooper,  M.,  Jackson,  S.,  and  Shepherd, 
J.  E.,  “Analytical  Model  for  the  Impulse  of  Single-Cycle  Pulse  Detonation 
Tube,”  Journal  of  Propulsion  and  Power,  Vol.  19,  No.  1,  2003,  pp.  22-38. 

6Eidelman,  S.,  Grossmann,  W.,  and  Lottati,  I.,  “Review  of  Propulsion  Ap¬ 
plications  and  Numerical  Simulations  of  the  Pulsed  Detonation  Engine  Con¬ 
cept,”  Journal  of  Propulsion  and  Power,  Vol.  7,  No.  6,  1991,  pp.  857-865. 

7Schauer,  F.,  Stutrud,  J.,  and  Bradley,  R.,  “Detonation  Initiation  Studies 
and  Performance  Results  for  Pulse  Detonation  Engine  Applications,”  AIAA 
2001-1129,  Jan.  2001.  1340 


ALLGOOD  ET  AL. 


77 


8Li,  C.,  and  Kailasanath,  K.,  “Performance  Analysis  of  Pulse  Detonation 
Engines  with  Partial  Fuel  Filling,”  AIAA  Paper  2002-0610,  Jan.  2002. 

9Eidelman,  S.,  and  Yang,  X.,  “Analysis  of  the  Pulse  Detonation  Engine 
Efficiency,”  AIAA  Paper  98-3877,  July  1998. 

10Yungster,  S.,  “Analysis  of  Nozzle  Effects  on  Pulse  Detonation  Engine 
Performance,”  AIAA  Paper  2003-1316,  Jan.  2003. 

nCambier,  J.  L.,  and  Tegner,  J.  K.,  “Strategies  for  Pulsed  Detonation  En¬ 
gine  Performance  Optimization,”  Journal  of  Propulsion  and  Power ,  Vol.  14, 
No.  4,  1998,  pp.  489-498. 

12Mohanraj,  R.,  and  Merkle,  C.  L.,  “A  Numerical  Study  of  Pulse  Detona¬ 
tion  Engine  Performance,”  AIAA  Paper  2000-0315,  Jan.  2000. 

13Cooper,  M.,  Jackson,  S.,  Austin,  J.,  Wintenberger,  E.,  and  Sheperd,  J., 
“Direct  Experimental  Impulse  Measurements  for  Detonations  and  De¬ 
flagrations,”  Journal  of  Propulsion  and  Power,  Vol.  18,  No.  5,  2002, 
pp.  1033-1041. 

14 Wu,  Y.,  Ma,  F.,  and  Yang,  V.,  “System  Performance  and  Thermody¬ 
namic  Cycle  Analysis  of  Air-Breathing  Pulse  Detonation  Engines,”  Journal 
of  Propulsion  and  Power,  Vol.  19,  No.  4,  2003,  pp.  556-567. 

15Kaemming,  T.  A.,  and  Dyer,  R.  S.,  “The  Thermodynamic  and  Fluid 
Dynamic  Function  of  a  Pulsed  Detonation  Engine  Nozzle,”  AIAA  Paper 
2004-3916,  July  2004. 


16Lee,  J.  H.  S.,  “Dynamic  Parameters  of  Gaseous  Detonations,”  Annual 
Review  of  Fluid  Mechanics,  Vol.  16,  1984,  pp.  311-336. 

17Lee,  J.  H.  S.,  Knystautas,  R.,  and  Freiman,  A.,  “High  Speed  Turbulent 
Deflagrations  and  Transition  to  Detonation  in  H2-Air  Mixtures,”  Combustion 
and  Flame,  Vol.  56,  No.  2,  1984,  pp.  227-239. 

18Smirnov,  N.,  and  Tyurnikov,  M.,  “Experimental  Investigation  of  De¬ 
flagration  to  Detonation  Transition  in  Hydrocarbon- Air  Gaseous  Mixtures,” 
Combustion  and  Flame,  Vol.  100,  No.  4,  1995,  pp.  661-668. 

19Gelfand,  B.  E.,  Khomik,  S.  V.,  Bartenev,  A.  M.,  Medvedev,  S.  P., 
Gronig,  H.,  and  Olivier,  H.,  “Detonation  and  Deflagration  Initiation  at  the 
Focusing  of  Shock  Waves  in  Combustible  Gaseous  Mixture,”  Shock  Waves, 
Vol.  10,  No.  3,  2000,  pp.  197-204. 

20Knystautas,  R.,  Lee,  J.  H.  S.,  and  Moen,  I.,  “Direct  Initiation  of  Spherical 
Detonation  by  a  Hot  Turbulent  Gas  Jet,”  17th  Symposium  on  International 
Combustion  Proceedings,  Vol.  17,  Combustion  Inst.,  Pittsburgh,  PA,  1978, 
pp.  1235-1245. 

21  Thomas,  G.  O.,  and  Jones,  A.,  “Some  Observations  of  the  Jet  Initiation 
of  Detonation,”  Combustion  and  Flame,  Vol.  120,  No.  3,  2000,  pp.  392-398. 

22Gamezo,  V.,  Desbordes,  D.,  and  Oran,  E.,  “Formation  and  Evolution  of 
Two-Dimensional  Cellular  Detonations,”  Combustion  and  Flame,  Vol.  116, 
No.  1-2,  1999,  pp.  154-165. 


1341 


42nd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  &  Exhibit 
9-12  July  2006,  Sacramento,  California 


AIAA  2006-4790 


Effects  of  Tube  and  Ejector  Geometry  on  the  Performance  of 
Pulse  Detonation  Engine  Driven  Ejectors 


Aaron  J.  Glaser*,  Nicholas  Caldwell  and  Ephraim  Gutmark^ 
University  of  Cincinnati,  Cincinnati,  OH,  45221-0070 

John  Hoke§  and  Royce  Bradley** 

Innovative  Scientific  Solutions  Inc.,  Dayton,  OH,  45440 

and 

Fred  S  chauer1^ 

Air  Force  Research  Laboratory,  WPAFB,  Dayton,  OH,  45433 


Experimental  studies  are  carried  out  to  investigate  the  performance  of  various  pulse 
detonation  engine  (PDE)  driven  ejector  configurations.  In  particular  the  effects  of 
detonation  tube  length  and  ejector-to-PDE  diameter  ratio  (DR)  are  studied.  This  research 
employs  a  H2-air  PDE  at  25  Hz  operating  frequency.  Performance  was  quantified  by  thrust 
measurements.  It  was  found  that  decreasing  the  detonation  tube  length  increases  the  ejector 
thrust  augmentation.  An  optimum  ejector-to-PDE  diameter  ratio  was  found  to  exist  in  the 
range  DR=3  to  DR=3.67.  The  specific  impulse  of  the  PDE  increases  from  the  baseline  no 
ejector  value  of  3400  s  to  approximately  6080  s  with  an  ejector  installed. 


Nomenclature 


DpDE  ~ 

detonation  tube  diameter 

Deject  = 

ejector  diameter 

DR 

ejector-to-PDE  diameter  ratio 

ff 

fill-fraction 

Isp  = 

specific  impulse 

Leject  = 

ejector  length 

L STRAIGHT  = 

intermediate  straight- section  length 

Lexhst  = 

exhaust-section  length 

X  = 

ejector  position 

I.  Introduction 

THE  pulse  detonation  engine  (PDE)  is  currently  being  investigated  as  an  alternative  to  more  traditional  aerospace 
propulsion  systems.  Engine  cycles  based  on  detonation  combustion  offer  a  theoretical  increase  in  thermal 
efficiency  as  compared  to  deflagration  combustion  systems.  For  practical  PDE  applications,  one  of  the  key 
challenges  facing  researchers  is  to  make  use  of  the  increased  efficiency  of  energy  conversion  due  to  detonative- 
mode  combustion  and  most  effectively  convert  that  into  a  propulsive  thrust  force.  A  common  measure  of  propulsion 
system  performance  is  specific  impulse  (ISp),  which  is  defined  as  the  ratio  of  thrust  generated  to  the  weight  flow  rate 
of  fuel.  Greater  values  of  ISp  are  desirable  since  this  will  decrease  the  specific  fuel  consumption.  It  has  been 
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suggested  that  the  use  of  ejector  augmenters  on  PDEs  may  be  an  effective  way  to  increase  the  system  thrust  being 
generated,  thus  leading  to  an  increased  ISp. 

An  ejector  is  a  simple  device  used  to  augment  the  thrust  of  an  engine.  Essentially,  an  ejector  consists  of  a  coaxial 
duct  placed  around  the  exhaust  of  an  engine  that  performs  as  a  fluidic  pump.  The  surrounding  ambient  air  is 
entrained  by  the  primary  exhaust  flow  and  directed  into  the  ejector.  The  entrained  air  causes  an  increase  in 
momentum  of  the  engine  exhaust  flow.  This  leads  to  the  generation  of  a  larger  system  thrust  force.  The  theory  and 
application  of  ejectors  to  a  steady  primary  flow  is  well  established.  For  steady-flow  ejectors,  the  secondary  flow  is 
entrained  primarily  through  viscous  shear  mixing.1  Ejectors  being  driven  by  an  unsteady  primary  flow  have  not  been 
so  extensively  studied.  In  particular,  only  limited  studies  have  been  performed  on  PDE  driven  ejector  systems. 
However,  a  number  of  ejector  studies  have  been  performed  using  various  other  means  to  generate  an  unsteady 
primary  flow.  These  include  cold  flow  studies  employing  fluctuating  air  streams2  and  unsteady  combustion  studies 
using  pulsejets  to  drive  the  ejectors.3,4  This  previous  research  has  shown  that  unsteady  ejectors  are  capable  of 
producing  more  thrust  augmentation  than  comparable  steady- flow  ejectors.4  The  increased  performance  of  unsteady 
ejectors  has  been  attributed  to  a  more  efficient  energy  transfer  process  between  the  primary  and  secondary  flows  due 
to  dominant  inviscid  effects.  Since  PDEs  are  highly  unsteady  devices,  it  has  been  proposed  that  PDE  driven  ejectors 
have  the  potential  to  be  highly  effective  in  providing  thrust  augmentation. 

Recent  experimental  work  has  produced  promising  results  for  ejectors  in  augmenting  the  thrust  of  PDEs.  Studies 
have  been  performed  on  the  effects  of  PDE  operating  parameters  as  well  as  on  ejector  geometric  parameters.  It  has 
been  observed  that  ejector  performance  is  sensitive  to  the  axial  position  of  the  ejector  inlet  relative  to  the  PDE  tube 
exit.  In  most  cases  downstream  ejector  placement  provides  optimum  levels  of  thrust  augmentation.5,6  The 
importance  of  a  properly  contoured  inlet  has  been  investigated  in  various  studies.7  The  internal  surface  geometry  of 
the  ejector  is  also  an  important  geometric  parameter.  An  experimental  study  by  Glaser  et  al8  was  carried  out  using 
several  ejector  configurations.  Results  of  those  experiments  showed  maximum  thrust  augmentation  levels  of 
approximately  37%  for  straight  ejectors  and  85%  for  an  optimized  diverging  ejector  geometry.  It  is  apparent  that  the 
diverging  ejectors  tested  were  much  more  effective  at  producing  thrust  augmentation  than  the  straight  ejectors.  This 
increase  in  performance  with  the  diverging  ejector  is  attributed  to  the  additional  thrust  surface  area  of  the  diverging 
section 

Another  geometric  parameter  of  importance  is  the  ejector- to-PDE  diameter  ratio  (DR).  The  diameter  of  the 
ejector  should  be  sufficiently  large  to  promote  a  favorable  interaction  with  the  exiting  detonation  wave  and  trailing 
vortex  ring  structure.  Also  sufficient  area  must  be  available  for  the  secondary  flow  to  enter  the  ejector  duct 
efficiently.  However,  if  the  ejector  is  excessively  large,  then  the  pressure  drop  on  the  inlet  caused  by  the  entrained 
flow  will  be  reduced,  as  will  the  pressure  rise  on  the  diverging  section.  The  effect  of  this  change  in  pressure  loading 
will  cause  the  thrust  augmentation  to  decrease.  A  very  large  ejector  will,  in  effect,  begin  to  lose  communication  with 
the  primary  driver  source.  Previous  work  has  been  performed  to  investigate  the  effect  of  the  relative  size  of  the 
ejector  to  that  of  the  primary  flow  driver.  A  wide  variety  of  non-detonative  unsteady  sources  have  been  used  as  the 
primary  jet  in  ejector  systems,  and  results  from  these  efforts  suggest  that  for  unsteady  ejectors,  an  optimum  ejector- 
to-PDE  diameter  ratio  is  near  DR=3.2,3  Very  few  experimental  studies  to  investigate  diameter  ratio  effects  have  been 
performed  with  PDE  driven  ejectors.  One  study  by  Rasheed  et  al5  used  a  2  in.  diameter  H2-air  PDE  of  1  m  length  at 
10  Hz.  In  the  study  three  ejectors  were  investigated  with  ejector-to-PDE  diameter  ratios  of  DR=1.5,  2,  and  3.  Results 
showed  that  thrust  augmentation  increased  with  diameter  ratio  up  to  DR=3.  However,  an  optimum  diameter  ratio 
could  not  be  determined  since  diameter  ratios  above  DR=3  were  not  tested.  A  study  performed  by  Wilson  et  al7 
investigated  diameter  ratios  of  2.2,  3,  and  4.  These  tests  were  performed  using  a  H2-air  PDE  system  operating  at  20 
Hz  with  a  1  in.  diameter  detonation  tube  of  36  in.  length.  Using  statistical  based  Design-of-Experiment  methods,  the 
authors  determined  the  optimum  ejector-to-PDE  diameter  ratio  to  be  DR=3.2.  The  current  effort  seeks  to  increase 
the  amount  of  data  available  on  diameter  ratio  effects  for  PDE  driven  ejector  systems. 

The  length  of  the  detonation  tube  being  used  to  drive  the  ejector  is  a  geometric  parameter  that  can  impact  ejector 
performance.  Alteration  of  this  parameter  changes  the  corresponding  blowdown  time  of  the  exhaust  cycle.  The 
blowdown  time  is  that  required  for  the  combustion  products  in  the  detonation  tube  to  expand  down  to  ambient 
pressure.  This  portion  of  the  exhaust  cycle  is  characterized  by  an  underexpanded  jet  exiting  the  tube,  with  the  jet 
eventually  becoming  subsonic  near  the  end  of  the  blowdown  process.  It  is  thought  that  a  change  in  the  blowdown 
time  could  affect  the  level  of  entrainment  into  the  ejector.  Specifically,  an  increase  in  the  blowdown  time  may 
increase  augmentation  because  more  time  is  available  for  viscous  shear  mixing.  No  previous  results  have  been 
reported  on  the  effect  of  detonation  tube  length  on  PDE-ejector  system  performance. 

The  current  study  had  two  primary  objectives.  The  first  was  to  determine  the  effect  of  detonation  tube  length  on 
thrust  augmentation.  The  second  was  to  investigate  the  effects  of  ejector-to-PDE  diameter  ratio  and  identify  the 
optimum  diameter  ratio  for  ejector  performance.  To  investigate  tube  length  effects,  a  detonation  tube  was 
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constructed  in  which  the  length  could  be  varied  in  increments  down  to  65%  of  the  nominal  length.  Ejector 
performance  was  then  evaluated  at  each  tube  length  tested.  Two  approaches  were  used  to  study  the  ejector-to-PDE 
diameter  ratio  effects.  In  the  first,  a  set  of  experiments  was  run  while  holding  the  ejector  diameter  constant  and 
varying  the  diameter  of  the  detonation  tube.  In  the  second,  the  detonation  tube  diameter  was  held  constant  while 
varying  the  ejector  diameter. 


II.  Experimental  Setup 


A.  Description  of  PDE  Test  Facility 

Experimental  testing  for  the  current  study  was  carried  out  at  the  Air  Force  Research  Laboratory  PDE  test  facility 
at  Wright-Patterson  Air  Force  Base.9  The  system  was  operated  in  a  premixed  manner,  using  hydrogen  and  air  as  the 
reactants.  Injection  of  fuel  and  air  into  the  detonation  tube  was  carried  out  using  a  mechanical  valve  system.  This 
system  was  constructed  from  a  modified  four-cylinder  automotive  valve  head  with  four  valves-per-cylinder.  The 
valve  train  was  driven  with  a  variable  speed  electric  motor.  The  two  intake  ports  were  used  to  deliver  premixed 
hydrogen  and  air,  while  the  two  exhaust  ports  delivered  purge  air.  The  purge  air  cycle  is  employed  to  cool  the 
detonation  tube  between  combustion  cycles  and  provide  a  buffer  between  the  hot  combustion  products  and  the  fresh 
reactants  being  injected  into  the  tube  for  the  next  cycle.  Because  of  the  nature  of  automotive  valving,  the  cycle 
timing  for  various  events  such  as  fill  time,  purge  time,  and  detonation  time  are  fixed  to  be  one-third  of  the  cycle. 
Spark  ignition  was  accomplished  using  a  capacitive  discharge  stock  automotive  spark  system  that  delivered 
approximately  40  mJ  of  energy.  To  accelerate  the  deflagration-to-detonation  transition  a  Shchelkin-type  spiral  was 
used  for  all  tests. 

The  PDE  system  was  mounted  on  a  damped  thrust  stand  designed  to  measure  the  time-averaged  thrust  generated 
by  the  PDE.  The  thrust  stand  consisted  of  linear  pillow-block  bearings  that  rode  along  a  pair  of  linear  bearing  rails. 
The  PDE  was  allowed  to  move  freely  on  the  rails,  but  its  motion  was  resisted  by  springs  to  prevent  resonance 
effects.  A  novel  approach  was  used  to  remove  the  effects  of  static  friction.  The  PDE  was  continuously  actuated 
forward  and  backward  by  a  linear  pneumatic  actuator.  Since  the  actuator  produces  a  net  zero  average  force,  the 
average  position  of  the  thrust  stand  is  a  function  of  the  PDE  average  thrust.  The  thrust  stand  was  calibrated  by 
placing  static  weights  on  a  pulley/cable  system  to  simulate  a  thrust  force  and  measuring  the  average  position  of  the 
thrust  stand  with  a  displacement  sensor.  The  maximum  uncertainty  of  the  thrust  stand,  which  was  determined 
through  repeated  calibration  tests,  was  found  to  be  approximately  ±  0.25  lb  for  the  range  of  PDE  thrust  loading 
observed  during  these  tests. 

Operation  of  the  PDE  system  was  computer  controlled  using  a  Lab  View  interface  program.  The  Lab  View 
interface  provided  the  flexibility  to  specify  engine  operating  parameters  such  as  PDE  operating  frequency,  fill- 
fraction  (ff),  and  equivalence  ratio.  Where  fill-fraction  is  defined  as  the  ratio  of  the  tube  volume  filled  with  a 
detonable  mixture  to  the  total  tube  volume  prior  to  combustion.  Unless  otherwise  stated,  all  of  the  current  tests  were 
performed  at  an  operating  frequency  of  25  Hz,  fill-fraction  of  1.0,  and  an  equivalence  ratio  of  1.0.  Ionization  probes 
were  mounted  along  the  detonation  tube  length  to  verify  that  Chapman- Jouguet  (CJ)  detonations  were  obtained.  For 
a  stoichiometric  mixture  of  hydrogen  and  air,  the  CJ  wave  speed  is  1957  m/s.  Data  from  these  sensors  were  collected 
at  5  MHz  using  a  1 6  channel  data  acquisition  system.  This  fast  sampling  rate  was  adequate  to  resolve  accurately  the 
detonation  wave  speed. 

B.  Detonation  Tube  and  Ejector  Hardware 

The  current  study  involved  three  separate  but  related 
investigations.  All  of  the  ejectors  tested  were  mounted  coaxially 
to  the  detonation  tube.  The  ejectors  were  suspended  from  two 
parallel  rails  mounted  above  the  detonation  tube.  The  rails 
extended  along  the  length  of  the  tube,  allowing  the  axial  position, 
x,  of  the  ejector  inlet  to  be  varied  from  -8  to  +12  in.  from  the  PDE 
tube  exit  plane.  A  negative  axial  position  value  corresponds  to  the 
ejector  inlet  being  placed  upstream  of  the  PDE  exit,  with  the 
ejector  overlapping  the  detonation  tube.  For  a  positive  value,  the 
ejector  is  mounted  downstream  of  the  detonation  tube  exit. 

The  goal  of  the  first  set  of  experiments  was  to  investigate  the 
effect  of  detonation  tube  length  on  ejector  performance.  For  these 
tests  a  variable  length  detonation  tube  was  constructed.  The  tube  was  made  from  2  in.  diameter  Schedule  40  pipe 
with  a  nominal  baseline  length  of  61.25  in.  Four  separate  detonation  tube  lengths  could  be  obtained  by  removal  of 
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Figure  1.  Diagram  of  the  ejector 
geometry  used  for  the  current  effort. 
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short  tube  sections  that  were  connected  using  pipe  couplers.  The  incremental  lengths  tested  are  given  in  Table  1.  The 
single  ejector  used  for  these  tests  consisted  of  an  inlet  section,  an  intermediate  straight  section,  and  an  exhaust 
section,  as  shown  in  Figure  1.  The  inlet  had  a  rounded  inlet  lip  with  a  radius  of  1.5  in.  The  exhaust  section  had  a 
half-angle  divergence  of  4°  and  a  length  of  13  in.  The  diameter  of  the  ejector  (DEject)  was  defined  as  the  diameter  of 
the  intermediate  straight  section,  since  this  was  the  minimum  diameter  of  the  ejector  geometry.  For  the  current  set  of 
experiments,  DEJECT  was  held  at  a  fixed  value  of  5.5  in.  The  ejector-to-PDE  diameter  ratio  (DR)  of  2.75  was, 
therefore,  constant  throughout  this  portion  of  the  testing. 


Range  of  Detonation  Tubes  Tested 


Tube  Length 

39.75" 

47.25" 

54.25" 

61.25" 

Normalized  Tube  Length 

0.65 

0.77 

0.89 

1.00 

Tube  Volume 

142.6  in3 

167.8  in3 

191.3  in3 

214.8  in 

Table  1.  Detonation  tube  geometries  tested  to  determine  the  effect  of  tube  length  on  ejector  performance.  The 
ejector  was  held  at  a  constant  DR=2.75. 

For  the  next  portion  of  the  study,  the  effects  of  varying  the  ejector-to-PDE  diameter  ratio  were  investigated  by 
holding  the  ejector  diameter  constant  and  varying  the  detonation  tube  diameter.  For  this  testing  the  same  diverging 
ejector  hardware  as  described  above  with  a  constant  DEJECT=5.5  in.  was  used.  Different  ejector-to-PDE  diameter 
ratios  were  obtained  by  varying  the  detonation  tube  diameter.  Five  diameter  ratios  were  tested,  ranging  from 
DR=1.83  to  DR=5.5,  as  is  given  in  Table  2. 


Diameter  Range  of  Detonation  Tubes  Tested 

Tube  Diameter 

1" 

1.5" 

2" 

2.5" 

3" 

DR  (DEjECT/Dpde) 

5.5 

3.67 

2.75 

2.2 

1.83 

Tube  Length 

61.25" 

61.25" 

61.25" 

40.88" 

27.35" 

Tube  Volume 

61.25  in3 

131.5  in3 

214.8  in3 

214.8  in3 

214.8  in3 

Table  2.  Detonation  tube  geometries  tested  by  varying  the  ejector-to-PDE  diameter  ratio.  The  ejector  was 
held  at  a  constant  diameter  of  DEject=5.5”. 

The  goal  of  the  final  portion  of  the  current  study  was  to  investigate  the  effect  of  ejector-to-PDE  diameter  ratio  by 
holding  the  PDE  tube  diameter  constant  and  varying  the  ejector  diameter.  A  set  of  three  ejectors  designed  and 
fabricated  by  General  Electric  Global  Research  was  used.  The  detonation  tube  used  for  these  tests  was  made  from  2 
in.  diameter  Schedule  40  pipe  with  a  length  of  61.25  in.  The  ejectors  tested  were  all  straight  cylindrical  ejectors  with 
a  length  of  15  in.  and  a  rounded  inlet  with  a  radius  of  0.51  in.  The  ejector-to-PDE  diameter  ratio  of  the  three  ejectors 
varied  from  DR=1.5  to  DR=3  as  given  in  Table  3. 


Ejector  Geometries  Tested 

DR  (Deject/Dpde) 

1.5 

2 

3 

Ejector  Diameter 

3" 

4" 

6" 

Ejector  Length 

15" 

15" 

15" 

Table  3.  Ejector  geometries  tested  by  varying  the  ejector-to-PDE  diameter  ratio.  The  tube  diameter  was  held 
constant  at  Dpde=2”. 
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III.  Results  and  Discussion 


A.  Baseline  Testing  of  PDE  System 

To  determine  the  effect  of  the  ejector 
augmenters  on  PDE  performance,  baseline  testing 
of  the  PDE  system  without  an  ejector  installed 
was  performed.  Performance  measurements  of  the 
baseline  configurations  were  made  for  the 
individual  detonation  tube  lengths  and  diameters 
being  considered  in  the  study.  A  suitable  test 
duration  was  determined,  which  yielded  steady 
thrust  measurements.  Normalized  thrust  as  a 
function  of  experiment  run  time  is  shown  in 
Figure  2,  where  the  reference  thrust  of  16.3  lb  is 
the  thrust  generated  at  ff=l  and  25  Hz  using  a  2 
in.  diameter  tube  of  61.25  in.  length.  It  can  be 
observed  that  because  of  the  thrust  averaging 
process  employed  by  the  thrust  stand, 
approximately  20  s  is  required  to  reach  a  steady 
thrust  value.  All  experiments  reported  here  were 
run  for  a  sufficient  duration  to  achieve  a  steady 
thrust  measurement.  A  common  performance 

metric  used  to  assess  ejector  augmenters  is  the  amount  of  PDE  thrust  augmentation  produced  by  use  of  an  ejector,  as 
defined  by  the  following 


PDE  Run  Time  (seconds) 

Figure  2.  Determination  of  the  PDE  run  time 
required  to  achieve  a  steady  thrust  measurement. 


a  = 


(j PDE-EJECT  TpDE  ) 


•100 


(1) 


1  PDE 


where  Tpde.eject  is  the  thrust  generated  by  the  PDE  with  an  ejector  installed,  and  TPDE  is  the  baseline  thrust  of  the 
system  with  no  ejector  installed. 

B.  Effect  of  Detonation  Tube  Length 

In  this  portion  of  the  study,  testing  was  performed  to  determine  the  effects  of  detonation  tube  length  on  ejector 
performance.  It  had  been  proposed  that  the  length  of  the  detonation  tube  for  a  given  ejector-to-PDE  diameter  ratio 
may  be  an  important  geometric  parameter  to  consider,  mainly  due  to  the  effect  of  the  tube  length  on  the  cycle 
blowdown  time.  The  detonation  process  generates  high  pressure  and  temperature  burned  gasses  within  the 
detonation  tube.  The  blowdown  time  is  that  required  to  expand  these  burned  products  out  of  the  detonation  tube  and 
the  tube  pressure  to  relax  to  ambient  conditions.  Previous  measurements  of  the  blowdown  time  in  a  2  in.  diameter, 
H2-air  PDE  have  shown  that  the  blowdown  time  required  increases  by  approximately  0.6  ms  per  foot  of  detonation 
tube.10  It  was  thought  that  the  amount  of  time  required  for  the  exhaust  jet  to  exit  the  end  of  the  detonation  tube 
during  blowdown  may  affect  thrust  augmentation.  Specifically,  an  increase  in  the  blowdown  time  might  increase 
augmentation  because  more  time  would  be  allowed  for  viscous  shear  mixing.  No  results  have  been  reported 
previously  on  the  effect  of  detonation  tube  length  on  PDE-ejector  system  performance. 

For  the  current  tests  the  diameter  of  the  detonation  tube  was  held  constant  while  the  length  of  the  tube  was 
decreased  to  65%  of  its  original  length.  The  corresponding  decrease  in  the  blowdown  time  is  approximately  1  ms. 
Results  from  the  baseline  PDE  tests  with  no  ejector  installed  are  shown  in  Figure  3.  An  interesting  comparison  can 
be  made  by  observing  the  effects  of  both  tube  length  and  fill-fraction  on  the  thrust  generated.  These  parameters  have 
a  similar  effect  on  the  PDE  system  in  that  when  they  are  decreased,  the  amount  of  detonable  mixture  being 
consumed  decreases  and,  thus,  the  thrust  generated  decreases.  Fill-fraction  can  be  thought  of  as  the  ratio  of  the 
length  of  tube  filled  with  a  detonable  mixture  to  the  total  tube  length.  Tube  length  can  be  normalized  by  dividing  by 
the  initial  tube  length  of  61.25  in.  In  this  manner  an  equal  value  of  fill-fraction  and  normalized  tube  length 
corresponds  to  a  system  with  approximately  equal  fuel  consumption.  Normalized  tube  length  is  plotted  along  with 
fill-fraction  in  Figure  3  to  show  the  effects  of  these  parameters  on  baseline  PDE  performance.  It  can  be  observed 
that  when  both  parameters  are  decreased,  the  thrust  decreases  at  different  rates.  For  example,  at  a  fill- fraction  and 
normalized  tube  length  of  0.65,  an  approximately  equal  amount  of  fuel  is  being  consumed;  but  the  case  where  the 
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Figure  3.  Effect  of  fill-fraction 
length  on  baseline  PDE  thrust. 


and  normalized  tube 


tube  length  is  held  constant  with  ff=0.65  produces  more  thrust  than  the  shorter  tube  at  fill-fraction,  ff=  1 .  The 
performance  benefits  of  decreasing  the  fill-fraction  can  be  illustrated  by  observing  the  variations  in  the  specific 
impulse  of  the  PDE,  as  shown  in  Figure  4.  Decreasing  the  fill-fraction  at  a  constant  tube  length  has  the  effect  of 
increasing  ISp.  This  trend  has  been  observed  by  other  researchers  and  is  known  as  the  partial  fill  effect.  When  the 
fill-fraction  is  decreased,  the  end  portion  of 
the  tube  is  occupied  by  either  burned 
exhaust  gas  or  purge  gas.  As  the  detonation 
wave  passes  into  the  unfilled  portion  of  the 
tube  the  gases  in  this  region  are 
compressed  because  of  shock  compression. 

In  the  case  where  ff=0.65  is  used, 
compression  of  the  remaining  35%  of  the 
tube  increases  the  blowdown  time  and 
corresponding  thrust  over  that  in  the  case 
where  the  tube  is  65%  of  its  nominal  length 
with  ff=  1 .  The  unfilled  portion  of  the  tube 
can,  thus,  be  thought  of  as  a  straight 
nozzle. 

The  effect  of  tube  length  on  ejector 
thrust  augmentation  is  shown  in  Figure  5. 

Results  for  decreasing  fill-fraction  are  also 
shown  for  comparison.  The  inverse 
relationship  between  fill-fraction  and  thrust 
augmentation  has  been  observed  in 
previous  work.  In  a  similar  manner,  as  tube 
length  is  decreased  it  can  be  seen  that  the 
level  of  thrust  augmentation  increases.  To 
better  understand  the  observed  thrust 
augmentation  trends,  the  thrust  values 
obtained  with  the  ejector  installed  were 
also  analyzed.  Thrust  levels  of  the  variable 
tube  length  case  with  and  without  an 
ejector  are  shown  in  Figure  6.  It  is  clear 
that  while  the  baseline  thrust  decreases 
with  decreasing  tube  length,  the  change  in 
thrust,  AT,  due  to  the  ejector  is  relatively 
constant.  Since  thrust  augmentation  is 
defined  as  this  change  in  thrust  divided  by 
the  baseline  thrust,  it  can  be  seen  that  as 
the  baseline  thrust  decreases  the  thrust 
augmentation  increases.  The  fact  that  the 
change  in  thrust  at  different  tube  lengths  is 
nearly  constant  seems  to  suggest  that  the 
performance  of  a  PDE  driven  ejector  is 
controlled  more  by  the  inviscid  effects 
than  by  viscous  mixing  effects.  The 
inviscid  effects  are  dictated  by  the  strength 
of  the  exiting  detonation  wave  and  vortex 
ring.  The  strength  of  these  structures 
exiting  the  detonation  tube  will  not  be  a 
function  of  tube  length,  as  long  as  there  is 
sufficient  tube  length  to  form  a  CJ 
detonation  wave. 


Figure  4.  Effect  of  fill-fraction  and  normalized  tube  length  on 
baseline  PDE  ISp. 
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Figure  5.  Effect  of  fill-fraction  and  normalized  Figure  6.  Baseline  PDE  and  thrust  augmented 

tube  length  on  thrust  augmentation.  by  an  ejector  as  a  function  of  normalized  tube 

length. 


C.  Effect  of  Ejector-to-PDE  Diameter  ratio 

Previous  studies  have  been  performed  to  investigate  the  effect  of  diameter  ratio  on  ejector  performance.  A  wide 
variety  of  unsteady  sources  have  been  used  as  the  primary  jet,  and  results  suggest  that  for  unsteady  ejectors  an 
optimum  diameter  ratio  exists  near  DR=3.  Limited  tests  to  investigate  diameter  ratio  effects  have  been  performed 
with  PDE-driven  ejectors.  Rasheed  et  al5  studied  three  diameter  ratios  in  the  range  DR=1.5  to  DR=3.  Results  from 
that  work  showed  that  augmentation 
increased  up  to  DR=3,  but  what  happens 
at  larger  diameter  ratios  was  not  shown. 

Wilson  et  al,7  investigated  three  diameter 
ratios  in  the  range  DR=2.2  to  DR=4. 

Using  statistical  based  Design-of- 
Experiment  methods,  the  authors 
determined  the  optimum  ejector-to-PDE 
diameter  ratio  to  be  DR=3.2.  The  current 
effort  seeks  to  increase  the  amount  of 
diameter  ratio  data.  Two  approaches 
were  used  to  study  the  diameter  ratio 
effects.  In  the  first,  a  set  of  experiments 
was  run  holding  the  ejector  diameter 
constant  while  varying  the  diameter  of 
the  detonation  tube.  The  second 
approach  was  to  hold  the  detonation  tube 
constant  while  varying  the  ejector 
diameter. 

1.  Varying  the  Detonation  Tube 
Diameter 

As  described  in  the  experimental 
setup,  five  tube  diameters  were  used  for 
this  portion  of  the  testing.  In  this  way  the 
diameter  ratio  was  varied  from  DR=1.83 
to  DR=5.5.  For  each  of  the  five  diameter 
ratios  tested,  the  axial  placement  of  the 


Figure  7.  Effect  of  ejector  axial  position  on  PDE-ejector  system 
thrust.  DR=2.75  corresponds  to  a  tube  diameter  of  2  in.,  and 
DR=3.67  corresponds  to  a  1.5  in.  diameter  tube. 
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ejector  was  varied  from  -4  in.  to  12  in.  In  this 
manner,  the  optimum  axial  placement  of  each 
DR  configuration  could  be  found.  Figure  7 
shows  the  effect  of  ejector  axial  position  on  the 
DR=2.75  and  DR=3.67  configurations.  It  can  be 
observed  that  for  both  configurations  the 
optimum  axial  placement  is  downstream  of  the 
detonation  tube  exit  plane.  Also,  the  optimum 
axial  placement  of  the  DR=3.67  is  further 
downstream  than  for  the  DR=2.75  case.  The 
optimum  axial  placements  for  all  diameter 
ratios  tested  in  this  part  of  the  study  are  shown 
in  Figure  8.  It  can  be  observed  that  when  the 
diameter  ratio  is  increased,  the  optimum  ejector 
placement  shifts  farther  downstream  from  the 
PDE  exit  plane.  The  smallest  diameter  ratio 
tested,  DR=1.8,  had  an  optimum  placement  of 
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Figure  8.  Effect  of  the  ejector-to-PDE  diameter  ratio  at  the 
optimum  axial  ejector  placement. 


x=0. 

Changing  the  detonation  tube  diameter 
altered  the  value  of  the  baseline  thrust  generated 
for  the  different  tubes.  Thrust  augmentation,  as 
previously  defined,  yields  a  percentage  increase 
in  thrust  from  the  baseline  value.  According  to 
this  definition,  thrust  augmentation  can  indicate 

misleading  trends  when  cases  with  differing  baseline  thrusts  are  compared.  To  better  characterize  the  effects  of 
diameter  ratio  on  ejector  system  performance,  other  performance  metrics  were  sought.  In  an  attempt  to  normalize 
the  baseline  thrusts  and  make  them  more  directly  comparable,  the  thrust  density  of  each  of  the  tubes  was  computed. 
Thrust  density  is  defined  as  the  thrust  produced  divided  by  the  detonation  tube  volume.11  Thrust  densities  are  shown 
for  all  diameter  ratios  tested  both  with  and  without  ejectors  installed  in  Figure  9.  All  data  shown  are  at  the 

corresponding  optimum  axial  position  for 
each  DR.  The  solid  curve  represents  the 
baseline  thrust  data  with  no  ejector 
installed.  All  tubes  have  a  similar  thrust 
density,  except  the  1  in.  diameter  tube 
(DR=5.5)  which  is  much  lower  than  the 
others.  This  reduction  is  most  likely  due  to 
increased  flow  losses  with  the  1  in. 
diameter  detonation  tube.  Although  all 
tubes  employ  a  Shchelkin-type  spiral  for 
deflagration-to-detonation  transition,  the 
spiral  used  in  the  1  in.  diameter  tube 
occupies  a  larger  fraction  of  the  total  tube 
volume  than  that  used  in  the  larger 
diameter  tubes.  Thus,  the  spiral  in  the  1  in. 
tube  may  incur  a  higher  relative  thrust  loss 
than  the  other  tubes.  The  dashed  curve 
represents  the  measured  thrust  density  with 
the  ejector  installed  on  the  tubes.  To  correct 
for  the  offset  in  baseline  thrust  densities, 
ejector  performance  was  evaluated  against 
the  relative  change  in  thrust  density  for 
each  tube  diameter  tested.  The  change  in 
thrust  density  is  defined  as  the  difference 
between  ejector  installed  and  baseline 
thrust  densities  for  each  DR  configuration. 
Therefore,  the  larger  the  change  in  thrust 


Figure  9.  Thrust  densities  of  baseline  PDE  tubes  and  PDE 
tubes  with  ejectors  installed. 


8 

American  Institute  of  Aeronautics  and  Astronautics 


1349 


density  because  of  the  ejector  installed,  the 
better  that  particular  configuration  is  said  to 
perform.  Figure  10  is  a  plot  of  the  change  in 
thrust  density  as  a  function  of  the  ejector-to- 
PDE  diameter  ratio.  From  the  diameter 
ratios  tested,  it  can  be  seen  that  the  optimum 
diameter  ratio  lies  in  the  range  DR=3  to 
DR=3.67,  and  appears  to  be  near  DR=3.5. 

However,  since  no  data  are  present  within 
this  range,  additional  tests  would  be 
necessary  to  determine  the  optimum 
diameter  ratio.  These  values  for  diameter 
ratio  are  near  the  optimum  of  DR=3.2 
determined  by  Wilson  et  al7  for  a  PDE 
driven  ejector. 

The  diameter  ratio  data  was  also 
analyzed  by  considering  the  specific  impulse 
of  the  PDE  system.  The  specific  impulse  of 
the  baseline  detonation  tubes  is  given  in 
Figure  11.  With  exception  of  the  1  in. 
diameter  tube,  the  different  baseline  tubes 
tested  had  an  average  specific  impulse  of 
ISp=3400  s.  As  was  observed  in  the  thrust 
density  data,  the  1  in.  diameter  tube  had  a 
lower  specific  impulse  of  approximately 
2300  s.  The  data  are  plotted  to  show  the 
relative  change  in  specific  impulse  as  a  result  of  installing  the  ejector  in  Figure  12.  This  data  shows  a  similar  trend  to 
that  observed  when  the  thrust  density  data  was  considered.  The  optimum  ejector-to-PDE  diameter  ratio  is  seen  to  be 
in  the  range  DR=3  to  DR=3.67,  and  appears  to  be  near  DR=3.5. 


Detonation  Tube  diameter,  in.  Ejector-to-PDE  Diameter  Ratio,  DEJEct/DPDe 


Figure  11.  ISp  of  the  baseline  PDE  configurations.  Figure  12.  Relative  changes  in  ISP  due  to  the 
Tube  diameters  Dpde=1.5  in.  to  Dpde=3  in.  give  installation  of  the  ejector. 

~ISP=3400  s.  Dpde=1  in.  gives  ~ISP=2290  s. 

2.  Varying  the  Ejector  Diameter 

The  second  method  used  to  evaluate  the  effect  of  ejector-to-PDE  diameter  ratio  was  holding  the  detonation  tube 
diameter  constant  and  varying  the  ejector  diameter.  For  these  tests  a  set  of  three  straight  cylindrical  ejectors 
designed  and  fabricated  by  General  Electric  Global  Research  was  used.  These  ejectors  covered  the  diameter  range 


Ejector-to-PDE  Diameter  Ratio,  DEJECt/Dpde 

Figure  10.  Relative  changes  in  thrust  density  due  to 
installation  of  the  ejector. 
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DR=1.5  to  DR=3.  The  detonation  tube  used 
had  a  2  in.  diameter  and  a  length  of  61.25  in. 

After  the  baseline  tube  alone  was  run,  the 
individual  ejectors  were  installed;  and  each 
was  tested  over  an  axial  placement  range 
x/Deject  =-4  to  x/DEject=+4.  The  results  are 
shown  in  Figure  13  for  the  three  ejectors 
tested.  One  trend  that  can  be  observed  clearly 
is  that  all  of  the  ejectors  produced  their 
maximum  thrust  augmentation  at  downstream 
ejector  placements.  The  ejector  with  diameter 
ratio  DR=1.5  provides  negative  thrust 
augmentation  until  it  is  moved  to  a 
downstream  placement.  Secondly,  in  the 
diameter  range  investigated,  thrust 
augmentation  is  observed  to  increase  with 
diameter  ratio.  The  observed  trends  are  in 
good  agreement  with  those  reported  by 
Rasheed  et  al5.  That  study  used  the  same 
ejector  hardware  as  in  the  current  effort,  with 
the  exception  being  the  length  of  the  DR=3 
ejector;  the  current  study  used  a  length  of  15 
in.  while  Rasheed  et  al5  used  9  in.  It  should 
also  be  noted  that  the  previous  study  was 
performed  using  a  different  PDE  system.  The 
data  from  Rasheed  et  al5  shown  in  Figure  13 
is  the  thrust  augmentation  reported  at  the  optimum  axial  position  for  each  DR.  The  largest  discrepancy  between  the 
two  studies  is  the  augmentation  of  the  DR=3  ejectors.  At  this  DR  the  optimum  axial  positions  are  similar,  however, 
the  augmentation  observed  in  the  current  study  is  -  1 1  %  greater.  This  difference  is  attributed  to  the  extra  length  of 

the  DR=3  ejector  used  in  the  current  study. 
The  fact  that  the  trends  are  comparable, 
despite  all  of  the  test  facility  differences 
serves  to  validate  the  data. 

Figure  14  shows  the  combined  results 
from  both  parts  of  the  ejector- to-PDE 
diameter  ratio  study.  It  can  be  observed  that 
the  diverging  ejector  used  in  the  portion  of 
the  study  in  which  tube  diameter  was  varied 
exhibited  significantly  better  performance 
than  the  straight  ejectors  employed  in  the 
constant  tube  diameter  tests.  However,  the 
trends  for  both  sets  of  data  are  similar  up  to 
the  diameter  ratio,  DR=3,  cutoff  of  the 
straight  ejector  data.  It  appears  that  at  DR=3, 
the  straight  ejector  had  not  yet  reached  its 
optimum  diameter  ratio.  This  matches  well 
with  the  results  obtained  from  the  tube 
diameter  variation  experiments,  which  show 
that  the  optimum  diameter  ratio  lies  is  in  the 
range  DR=3  to  DR=3.67.  The  fact  that 
similar  trends  were  obtained  when  two 
different  methods  were  used  to  investigate 
the  diameter  ratio  lends  confidence  in  the 
results.  This  figure  also  highlights  the 
improved  performance  of  a  PDE  that  can  be 
gained  by  use  of  a  properly  designed  ejector. 
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Ejector-to-PDE  Diameter  Ratio,  Deject/Dpde 


Figure  14.  Effect  of  DR  on  PDE-ejector  system  ISp.  Results 
from  both  portions  of  the  diameter  ratio  study  are  plotted. 
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Ejector  Axial  Position,  x/DEJECT 

Figure  13.  Effect  of  DR  and  axial  position  of  ejector  on  thrust 
augmentation. 


The  PDE  specific  impulse  is  increased  from  an  approximate  baseline  ISp=3400  s  to  ISp=6080  s  with  an  ejector 
installed. 


IV.  Conclusion 

In  this  study  the  effects  of  detonation  tube  length  and  the  ejector-to-PDE  diameter  ratio  on  ejector  performance 
were  investigated.  It  was  shown  that  decreasing  the  tube  length  increases  the  level  of  thrust  augmentation.  This 
increase  in  augmentation  was  the  result  of  a  relatively  constant  change  in  thrust  at  all  tube  lengths  caused  by  the 
ejector.  This  constant  change  in  thrust  divided  by  the  decreasing  baseline  thrust  yielded  an  increased  augmentation 
percentage  with  decreasing  tube  length.  The  relatively  constant  change  in  thrust  from  the  ejector  at  all  tube  lengths 
suggests  that  ejector  performance  is  more  heavily  influenced  by  inviscid  mechanisms  than  by  viscous  shear  mixing. 
The  effect  of  ejector-to-PDE  diameter  ratio  was  first  investigated  by  varying  the  detonation  tube  diameter  while 
holding  the  ejector  size  constant.  In  this  manner  the  range  of  diameter  ratios  covered  was  DR=1.83  to  DR=5.5.  The 
optimum  diameter  ratio  was  found  to  lie  between  DR=3  and  DR=3.67  and  appeared  to  be  approximately  DR=3.5. 
However,  to  determine  the  optimum  diameter  ratio  more  accurately,  more  testing  must  be  performed.  The 
detonation  tube  diameter  was  then  held  constant,  and  the  ejector  diameter  was  varied.  Although  the  thrust 
augmentation  levels  attained  with  these  straight  ejectors  was  much  lower  than  those  that  can  be  achieved  with 
diverging  ejectors,  the  trend  with  diameter  ratio  remained  the  same.  Increasing  the  diameter  ratio  from  DR=1.5  to 
DR=3  increased  the  thrust  augmentation.  Use  of  a  diverging  PDE  driven  ejector  with  DR=3.67  was  observed  to 
increase  the  specific  impulse  of  the  PDE  from  the  baseline  no  ejector  value  of  ISp=3400  s  to  ISp=6080  s. 
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Pulsed  detonation  engines  (PDEs)  rely  on  rapid  ignition  and  formation  of  detonation 
waves.  Significant  reduction  in  the  time  that  elapses  during  the  formation  of  detonation 
waves  with  low  vapor  pressure  liquid  hydrocarbons  is  still  required  to  transition  the  PDE 
from  experimentation  to  operational  use.  This  study  focuses  on  PDE  operation 
enhancements  using  dual  detonation  tube,  concentric-counter-flow  heat  exchangers  to 
elevate  the  fuel  temperature  up  to  supercritical  levels.  Variation  of  several  operating 
parameters  included  fuel  type  (JP-8,  JP-7,  JP-10,  RP-1,  JP-900,  and  S-8),  spark  delay,  and 
firing  frequency.  To  quantify  the  performance,  four  key  parameters  are  examined:  Ignition 
time,  deflagration  to  detonation  transition  (DDT)  time,  detonation  distance,  and  the  percent 
of  ignitions  resulting  in  a  detonation  (detonation  percentage).  In  general,  for  all  fuels  except 
JP-10,  increasing  the  fuel  injection  temperature  decreases  DDT  time  by  15%  and  detonation 
distance  by  up  to  30%,  increases  the  detonation  percentage  by  up  to  180%,  and  has  minimal 
impact  on  ignition  time.  JP-10  is  difficult  to  detonate,  resulting  in  poor  performance.  For 
all  fuels  an  increase  in  firing  frequency  results  in  a  5%  decrease  in  DDT  time  at  high  fuel 
injection  temperatures,  but  has  little  effect  on  ignition  time  and  detonation  distance. 
Analysis  of  spark  delay  shows  that  4  msec  is  the  best  spark  delay  at  supercritical  fuel 
injection  temperatures,  based  on  total  time  to  detonation  and  detonation  percentage. 


Nomenclature 


A 

=  Arrehenius  Constant 

Ea 

=  Activation  Energy 

Ecrit 

=  Critical  Initiation  Energy 

[fuel] 

=  Concentration  of  Fuel 

[oxidizer]  =  Concentration  of  Oxidizer 

p 

=  Detonation  Tube  -  Closed  End  Pressure 

RR 

=  Reaction  Rate 

Ru 

=  Universal  Gas  Constant 

Tmix 

=  Fuel/Air  Mixture  Temperature 

l 

=  Cell  Size 
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I.  Introduction 


WHILE  the  pulsed  detonation  engine  has  the  potential  to  provide  significant  advantages  over  current  aircraft 
propulsion  systems,  it  is  still  in  the  early  stages  of  development.  Several  technological  barriers  need  to  be 
overcome  before  the  PDE  can  be  considered  a  practical  means  of  providing  propulsion  to  operational  aircraft1,2.  A 
large  hurdle  is  the  efficient  use  of  low  vapor  pressure  hydrocarbon  fuels,  such  as  JP-8,  JP-7,  JP-10,  JP-900  ,  RP-1, 
and  S-8^.  The  vast  majority  of  research  into  pulsed  detonation  engines  has  been  performed  with  gaseous  fuels,  such 
as  hydrogen  and  simple  hydrocarbons3.  The  lack  of  liquid  hydrocarbon  fuel  research  has  left  a  large  gap  between 
research  and  the  operational  use  of  pulsed  detonation  engines.  While  gaseous  fuels  are  readily  available  for 
research,  nearly  all  United  States  Air  Force  (USAF)  aircraft  and  air-breathing  missiles  utilize  liquid  fuels,  primarily 
JP-8  and  JP-10.  Therefore,  the  ability  to  utilize  liquid  hydrocarbon  fuels  efficiently  in  the  PDE  is  necessary  to  bring 
pulsed  detonation  engine  technology  out  of  the  research  phase  and  into  operation. 

Four  key  cycle  parameters  are  adversely  affected  by  using  liquid  hydrocarbon  fuels  in  lieu  of  gaseous  fuels.  The 
parameters  are  the  time  from  spark  deposition  to  the  creation  of  a  deflagration  wave  within  the  fuel/air  mixture 
(ignition  time),  the  time  to  transition  the  deflagration  wave  into  a  detonation  wave  (DDT  time),  the  length  of 
detonation  tube  required  for  the  mixture  to  transition  to  a  detonation  (detonation  distance),  and  the  consistency  of 
the  detonations  (detonation  percentage)4.  Both  the  ignition  time  and  the  DDT  time  are  nearly  an  order  of  magnitude 
larger  for  complex  liquid  hydrocarbon  fuels  than  for  hydrogen.  For  example,  ignition  time  for  a  hydrogen/air 
mixture  is  on  the  order  of  one  millisecond,  whereas  the  ignition  time  of  a  JP-8/air  mixture  is  approximately  seven 
milliseconds. 

Until  now,  the  cycle  performance  of  a  liquid  hydrocarbon  fueled  PDE  with  fuel  injection  temperatures  above  the 
flash  vaporization  point  was  unknown.  Previous  research5  demonstrated  that  flash  vaporization  of  liquid 
hydrocarbon  fuels  significantly  decreased  the  ignition  and  DDT  times,  but  no  research  has  been  conducted  to 
determine  the  effect  of  operating  with  fuel  injection  temperatures  beyond  the  point  of  flash  vaporization.  The  focus 
of  this  research  was  to  use  a  dual  concentric  counter-flow  heat  exchanger  system  to  determine  the  effect  of  fuel 
injection  temperature  on  the  ignition  time,  DDT  time,  detonation  distance,  and  detonation  percentage  with  varying 
operating  parameters.  The  operating  parameters  examined  include;  fuel  type  (JP-8,  JP-7,  JP-10,  JP-900,  RP-1,  and 
S-8),  spark  delay  and  firing  frequency. 


II.  Background  and  Theory 

A.  Global  Reaction  Theory 

Global  reaction  theory  assumes  that  the  reaction  of  a  fuel/oxidizer  mixture  can  be  modeled  as  a  single  global 
reaction.  Low  vapor  pressure  fuel/air  mixture  combustion  is  not  governed  by  a  single  global  reaction;  however, 
global  reaction  theory  can  be  used  to  predict  ignition  time  trends.  The  ignition  time  is  inversely  related  to  the 
reaction  rate,  where  the  reaction  rate  is  determined  by  the  Arrehenius  expression  (Eq.  1) 


IgnitionTime  =  —  P  n  [fuel ]  m  [oxydizer ]  J  <r  RuTmix '  ( 1 ) 

RR  A 

where  n,  m,  and  j  are  experimentally  determined  constants6.  Based  on  Eq.  1,  the  reaction  rate  of  a  fuel/oxidizer 
mixture  will  increase  with  increasing  mixture  temperature  and  pressure.  The  ignition  time  is  inversely  related  to  the 
reaction  rate;  hence,  as  the  mixture  temperature  or  pressure  in  the  closed  end  of  the  detonation  tube  increases  the 
ignition  time  will  decrease.  However,  even  with  elevated  fuel  injection  temperatures,  only  a  small  rise  in  the  fuel/air 
mixture  temperature  occurred  in  this  work;  therefore,  as  shown  later,  there  is  no  significant  decrease  in  ignition  time. 


The  fuel  referred  to  as  JP-900  in  this  paper  is  a  coal-derived  liquid  hydrocarbon  fuel  developed  at  The  Penn  State 
University.  It  is  denoted  as  JP-900  due  to  its  thermal  stability  up  to  900  °F. 

^  S-8  is  a  synthetic  fuel  derived  from  natural  gas  via  the  Fischer-Tropsch  process.  S-8  is  also  referred  to  as  Fischer- 
Tropsch  JP-8  or  simply  Fischer-Tropsch. 
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B.  Cell  Size  and  Critical  Initiation  Energy 

Previous  experimental  research7  has  shown  that  a  typical  stoichiometric  low  vapor  pressure  liquid 
hydrocarbon/air  mixture  requires  on  the  order  of  105  J  of  energy  to  directly  initiate  detonation  (critical  initiation 
energy),  six  orders  of  magnitude  greater  than  the  energy  available  form  a  typical  spark  plug  (-100  mJ).  A  mixture 
with  a  low  critical  initiation  energy  is  more  susceptible  to  DDT.  Figure  1  is  a  plot  of  detonation  cell  size  versus 
critical  initiation  energy  for  several  stoichiometric  fuel/oxidizer  mixtures7.  The  detonation  cell  size  is  a  physical 
characteristic  of  a  detonation  wave  as  it  propagates.  From  a  best-fit  curve  through  the  data,  a  simple  relationship 
between  the  cell  size  and  critical  initiation  energy  is  shown  on  Figure  1.  The  important  item  to  notice  is  the  critical 
initiation  energy  varies  with  the  cube  of  the  cell  size,  meaning  that  a  decrease  in  cell  size  is  an  indication  of  an 
increase  in  detonability.  Implications  of  this  result  are  shown  in  part  II-D. 


Initiation  Energy,  J 

Figure  1.  Experimentally  determined  relationships  between  cell  size 
and  critical  initiation  energy  for  various  stoichiometric  fuel/oxidizer 
mixtures  (data  taken  from  ref.  7). 


C.  Spark  Delay  and  Initial  Pressure 

The  pressure  in  the  closed  end  of  the  PDE  detonation  tube  fluctuates  due  to  the  presence  of  compression  and 
expansion  waves  in  the  detonation  tube.  These  waves  are  created  as  the  fill  and  purge  valves  open  and  close, 
forcing  air  into  the  detonation  tubes.  By  selection  of  a  spark  delay,  it  is  possible  to  deposit  the  spark  during  a 
compression  wave,  when  the  detonation  tube-closed  end  pressure  is  above  ambient.  Figure  2  is  the  pressure  time 
history  during  the  PDE  fire  phase  without  combustion  at  15  Hz  with  a  mixture  temperature  of  394  K.  Spark  delays 
of  2,  4,  6,  8,  and  10  msec  are  denoted  as  vertical  lines  in  Fig.  2. 

Figure  2  demonstrates  the  benefit  of  selecting  a  high  spark  delay.  Selection  of  a  6,  8,  or  10  msec  spark  delay 
allows  combustion  to  occur  during  a  compression  wave,  while  a  0  msec  spark  delay  forces  combustion  to  initiate 
during  an  expansion  wave.  The  higher  initial  pressure  of  the  10  msec  spark  delay  suggests  that  a  high  spark  delay 
should  be  used,  but  the  ignition  time  is  not  only  affected  by  the  initial  pressure  in  the  closed  end  of  the  detonation 
tube.  The  ignition  time  is  also  affected  by  the  entire  pressure  history  during  the  formation  of  a  deflagration  wave. 
As  will  be  shown  later,  the  initial  pressure  had  a  minimal  effect  on  the  ignition  time,  but  did  affect  the  DDT  time.  It 
will  also  be  shown  that  the  DDT  time  decreases  with  increased  spark  delay,  but  the  overall  time  to  detonation  is  a 
minimum  at  4  msec;  therefore,  a  spark  delay  of  4  msec  was  selected  for  all  tests  unless  otherwise  noted. 
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Figure  2.  Pressure  in  the  closed  end  of  the  detonation 
tube  during  fire  phase  without  combustion  (vertical 
lines  denote  various  spark  delays). 


D.  Effect  of  Initial  Pressure  and  Temperature  on  Detonability 

Little  research  has  been  performed  to  determine  the  relationship  between  initial  mixture  properties  (temperature 
and  pressure)  and  the  detonability  of  a  low  vapor  pressure  fuel/air  mixture.  Literature  is  available  for 
hydrocarbon/oxidizer  mixtures  that  are  lighter  than  those  used  in  the  current  experiment7.  The  cell  size  of  three  light 
hydrocarbons  as  a  function  of  initial  mixture  temperature  is  shown  in  Fig.  3(a).  Figure  3(b)  is  a  plot  of  cell  size  vs. 
initial  pressure  for  three  light  hydrocarbon/oxidizer  mixtures  and  one  H2/02  mixture. 


Effect  of  Inital  Temperature  on  Detonation  Cell  Size 


Effect  of  Initial  Pressure  on  Detonation  Cell  Size 


(a)  (b) 

Figure  3.  Effect  of  initial  temperature  (a)  and  initial  pressure  (b)  on  detonation  cell  size  (data  taken 
from  ref.  7). 
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The  trend  of  the  light  hydrocarbons  is  for  the  cell  size  to  decrease  with  increased  mixture  temperature  and 
pressure.  The  three  hydrocarbons  examined  in  Fig.  3(a)  are  all  very  light  (with  two  carbon  atoms  apiece)  compared 
to  low  vapor  pressure  liquid  hydrocarbons.  While  the  trends  of  lighter  hydrocarbons  do  not  dictate  the  trends  of 
much  heavier  hydrocarbon,  they  do  suggest  that  increasing  initial  mixture  temperature  and/or  detonation  tube-closed 
end  pressure  will  decrease  the  cell  size.  According  to  the  curve  fit  equation  inset  in  Fig.  1,  the  critical  initiation 
energy  decreases  by  the  cube  of  the  cell  size.  As  mentioned  earlier,  while  the  critical  initiation  energy  decreases,  the 
detonability  of  the  mixture  increases.  As  will  be  shown  later,  increases  in  both  pressure  at  the  closed  end  of  the 
detonation  tube  and  mixture  temperature  will  result  in  decreased  DDT  time  and  detonation  distance,  as  well  as 
increased  detonation  percentage. 


III.  Experimental  Setup  and  Instrumentation 

A.  Facilities  and  PDE  Specifics 

This  research  was  conducted  at  the  Pulsed  Detonation  Research  Facility  (PDRF)  located  in  Building  71  A,  D 
Bay,  Wright-Patterson  AFB,  Ohio  (D-Bay).  This  facility  was  described  in  detail  in  other  literature3,  and  only  the 
details  relevant  to  this  effort  are  provided.  The  PDE  for  this  research  consisted  of  a  GM  quad  four  head  with  two 
1.83  meter  long  schedule  40  stainless  steel  detonation  tubes  (50.8  mm  diameter),  each  with  a  0.91  meter  long 
Schelkin-like  spiral,  with  one  end  adjacent  to  the  closed  end  of  the  detonation  tube,  to  promote  DDT8.  The  PDE  was 
set  up  with  two  detonation  tubes,  each  with  a  stainless  steel  heat  exchanger  (described  later). 

The  PDE  cycle  consisted  of  three  equally  timed  phases.  The  three  phases,  in  order,  are  the  fill,  fire,  and 
purge  phases.  During  the  fill  phase  the  intake  valves  were  opened  filling  the  PDE  detonation  tube  with  a  volume  of 
premixed  fuel  and  air  equal  to  the  volume  of  the  detonation  tube  (fill  fraction  of  one).  For  all  tests  the  fill  air  was 
initially  heated  to  394  K  prior  to  mixing  with  the  fuel.  For  the  fire  phase  an  automotive  ignition  system  provided 
spark  pulses  through  modified  spark  plugs  providing  ignition  energies  of  1 15  mJ  apiece.  The  spark  delay  after  the 
intake  valves  closed  was  4  msec,  unless  otherwise  noted.  The  fire  phase  consists  of  time  for  the  spark  delay, 
ignition,  DDT,  and  blowdown;  the  later  three  of  which  last  approximately  1 1  msec  for  the  configuration  tested.  The 
presence  of  a  detonation  wave  was  confirmed  using  ion  probes  to  gather  wave  speed  data.  Combustion  waves 
propagating  at  speeds  within  ten  percent  of  the  upper  Chapman- Jouguet  point  (assumed  to  be  1800  m/s)  were 
considered  detonation  waves.  During  the  purge  phase  the  exhaust  valves  were  opened  filling  the  detonation  tube 
with  a  volume  of  air  (unheated)  equal  to  half  the  volume  of  the  detonation  tube  (purge  fraction  of  0.5).  The  purge 
air  cooled  the  detonation  tube  and  removed  a  portion  of  the  exhaust  gases  from  the  detonation  tube  preventing  auto¬ 
ignition.  Depending  on  the  firing  frequency,  the  time  to  complete  the  required  phase  events  may  not  equal  the  time 
allotted  for  the  phase.  The  PDE  firing  frequency  was  parametrically  varied  throughout  the  test,  but  remained 
between  10  and  20  Hz. 

B.  Supercritical  Fuel  Heating  System 

The  liquid  fuel  required  for  this  testing  was  supplied  by  two  hydraulic  bladder  accumulators,  pressurized  by 
nitrogen  bottles.  The  nitrogen  bottles  pressurized  the  fuel  above  the  critical  pressure  for  the  duration  of  the  test  to 
prevent  boiling.  The  fuel  was  pressure  fed  to  the  inlet  of  the  supercritical  fuel  heating  system  (SFHS).  The  SFHS 
consisted  of  a  nitrogen  purge  system  (described  later),  two  stainless  steel  heat  exchangers,  fuel  filter  assembly,  fuel 
injection  nozzles,  instrumentation,  and  associated  tubing  and  fittings  necessary  to  connect  the  critical  components 
[Ref.  2  has  details  on  fuel  injection  nozzles].  The  flow  path  and  instrumentation  are  shown  in  schematic  and 
photograph  form  in  Fig.  4(a)  and  Fig.  4(b),  respectively.  The  fuel  entered  the  test  stand  through  a  ball  valve  where 
the  flow  was  split  into  two  fuel  lines.  One  fuel  line  led  to  the  inlet  of  the  heat  exchanger  on  tube  four,  while  the 
other  fuel  line  led  to  the  inlet  of  the  heat  exchanger  on  tube  one.  After  the  two  fuel  paths  exited  their  respective  heat 
exchanger,  they  were  teed  back  together.  The  fuel  was  then  led  through  the  filter  to  the  fill  air  manifold,  where  it 
was  injected  into  the  air  stream  via  the  fuel  injection  nozzles.  The  fuel  filter  was  necessary  to  remove  the  small 
amounts  of  coking  that  was  formed  due  to  endothermic  cracking  of  the  fuel9.  The  fuel  lines  that  carried  heated  fuel 
(fuel  that  has  traversed  through  a  heat  exchanger)  were  insulated  with  fiberglass  insulation  to  prevent  heat  loss. 

Fuel  mass  flow  rate  of  the  nozzles  is  proportional  to  the  square  root  of  the  pressure  drop  across  the  fuel  nozzles 
and  fuel  density10,11.  To  compensate  for  the  decrease  in  fuel  density  during  heating  of  the  fuel  in  the  supercritical 
regime,  the  charge  pressure  of  the  accumulators  was  increased  to  maintain  a  constant  fuel  mass  flow  rate.  To  allow 
for  variations  in  accumulator  charge  pressure  during  testing,  a  pneumatic  dome  loader  was  installed  for  nitrogen 
pressure  regulation  [For  details,  see  Ref.  4]. 
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To  minimize  carbon  deposition  in  the  SFHS,  the  JP-8  was  de-oxygenated  through  a  nitrogen  sparging  process. 
The  sparging  process  involved  bubbling  a  volume  of  nitrogen  through  the  JP-8  which  displaced  the  oxygen  from  the 
fuel.  JP-8  was  de-oxygenated  prior  to  testing.  The  volume  of  nitrogen  necessary  to  reduce  the  oxygen 
concentration  to  acceptable  levels  was  determined  experimentally  in  previous  work2,12,  and  to  ensure  acceptable 
levels  a  factor  of  safety  of  two  was  applied  to  all  nitrogen  volume  calculations. 


(a)  (b) 

Figure  4.  (a)  Diagram  and  (b)  photograph  of  the  PDE  with  the  supercritical  fuel  heating  system  and 


Fuel  Exit  from  Heat 
Exchangers 


Fuel  Injection  Manifold 


Detonation  Tube 
Supports 


Heat  Exchangers 


Insulated  Lines 


Fuel  Inlet  to  Heat 
Exchangers 


Detonation  Tubes 


instrumentation. 


C.  Heat  Exchangers 

Two  identical  concentric  tube  heat  exchangers  were 
fabricated  for  this  work.  A  0.91  meter  heat  exchanger  was 
fabricated  with  50.8  mm  dia,  type  316  stainless  steel, 
schedule  40  inner  tube  and  63.5  mm  dia,  type  316  stainless 
steel,  schedule  40  outer  tube  allowing  for  a  1 .22  mm  annular 
thickness.  A  photograph  of  one  heat  exchanger  with  the 
associated  instrumentation  ports  is  shown  in  Figure  5. 

D.  Nitrogen  Purge  System 

A  nitrogen  purge  system  was  designed  to  prevent  supercritical  fuel  from  remaining  in  the  heat  exchangers  at  the 
end  of  a  test13.  The  nitrogen  purge  system  consists  of  a  high-pressure  nitrogen  bottle,  manual  pressure  regulator, 
pneumatic  valve,  check  valve,  and  ball  valve  (see  Fig.  4).  Before  each  test,  the  ball  valve  was  opened  to  allow  for 
operation  of  the  nitrogen  purge  system.  The  manual  pressure  regulator  was  set  above  the  critical  pressure  of  the 
fuel.  The  pneumatic  valve  was  placed  in  the  nitrogen  purge  line  to  commence  and  terminate  the  nitrogen  flow. 
Once  a  test  ended,  the  pneumatic  valve  was  opened  remotely  allowing  the  nitrogen  to  purge  the  heat  exchangers  of 
supercritical  fuel.  A  check  valve  was  located  directly  after  the  pneumatic  valve  to  prevent  fuel  from  entering  the 
nitrogen  line. 

E.  Instrumentation 

Thermocouples  were  placed  in  the  center  of  the  flow  path  to  gather  temperature  data  at  the  inlet  and  outlet  of 
each  heat  exchanger  (J-type),  and  at  the  inlet  to  the  fill  air  manifold  (T-type).  External  heat  exchanger  wall 
temperatures  were  measured  with  J-type  thermocouples  mounted  externally  by  compression  clamps  to  the  PDE 
detonation  tube.  A  pressure  transducer  was  situated  at  the  closed  end  of  the  detonation  tubes  to  measure  the 
pressure  used  to  determine  the  ignition  time.  Ion  probes  were  placed  in  the  ion  probe  ports  (see  Fig.  5)  in  both  the 
tube  one  and  four  heat  exchangers  to  gather  wave  speed  data  [c.f.,  Ref.  14]. 


Figure  5.  Photograph  of  one  heat  exchanger. 
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F.  Uncertainty  Analysis 

The  total  experimental  uncertainty  is  determined  by  combining  the  bias  and  precision  uncertainties  using  the  root 
sum  square  method15.  The  bias  uncertainties  are  constant  for  all  data  points  of  the  same  variable,  while  the  precision 
uncertainties  vary  by  data  point.  Therefore,  the  total  experimental  uncertainty  varies  by  data  point,  and  is  included 
with  the  data.  A  comprehensive  bias  uncertainty  analysis  was  performed,  and  the  results  are  displayed  in  Table  l4. 


Table  1.  Summary  of  bias  uncertainties  for 


experimental  results. 


Experimental  Result 

Bias  Uncertainty 

Wavespeed 

±55.12  m/s 

Ignition  Time 

±  0.292  msec 

DDT  Time 

±  0.0568  msec 

Detonation  Distance 

±  0.0568  m 

Fuel  Injection  Temperature 

±  3.6  K 

Fuel/ Air  Mixture  Temperature 

±  2.5  K 

Equivalence  Ratio 

±0.0147 

IV.  Results  and  Discussion 

The  analysis  of  various  operating  parameters  for  increasing  fuel  injection  temperature  is  presented.  The  results 
include  ignition  time,  deflagration  to  detonation  transition  time,  detonation  distance,  and  detonation  percentage,  with 
all  parameters  plotted  versus  fuel  injection  temperature.  Each  data  point  represents  the  mean  value  of  40  to  60 
ignitions,  using  data  from  two  tubes.  The  total  experimental  uncertainty  is  presented  whenever  possible.  The  effect 
of  fuel  injection  temperature  on  the  performance  of  the  PDE  is  shown  with  variation  of  the  following  operating 
parameters:  Fuel  selection,  spark  delay,  and  firing  frequency.  All  testing  was  performed  with  an  equivalence  ratio 
of  1.1,  which  has  been  shown  to  produce  the  minimum  ignition  and  DDT  times  for  JP-8  in  previous  research2. 

A.  Fuel  Study 

Figure  6(a)  is  a  plot  of  ignition  time  as  a  function  fuel  injection  temperature  for  all  six  fuels.  Little 
differentiation  among  the  fuels  exists,  though  in  Fig.  6(a)  JP-8  has  a  slightly  higher  ignition  time  in  the  range  of  586 
to  755  K.  The  probable  cause  of  this  trend  was  adverse  effects  of  thermal  degradation  (coking)  of  the  JP-8.  In 
addition,  S-8  produced  the  lowest  ignitions  for  almost  the  entire  temperature  range.  JP-7,  JP-900,  and  RP-1 
demonstrate  almost  no  difference  in  trend  or  magnitude,  which  was  expected  due  the  similarity  of  the  fuels.  With 
the  exception  of  JP-8,  ignition  times  for  all  fuels  are  independent  of  fuel  injection  temperature  in  the  temperature 
range  examined,  as  expected  based  on  the  earlier  discussion  of  global  reaction  theory. 

It  was  found  that  detonation  of  a  JP- 10/air  mixture  was  very  difficult  with  the  current  setup.  Due  to  the  lack  of 
detonations,  the  DDT  time  and  detonation  distance  data  for  JP-10  were  scattered,  rendering  the  results  unusable; 
therefore,  the  DDT  time  and  detonation  distance  results  for  JP-10  have  been  omitted.  The  DDT  times  for  the  other 
five  fuels  are  displayed  in  Fig.  6(b)  as  a  function  of  fuel  injection  temperature. 

In  Fig.  6(b),  little  variation  was  seen  among  the  fuels  with  regards  to  the  DDT  time.  The  difference  between  any 
two  fuels  is  within  the  experimental  error  for  the  entire  temperature  range.  DDT  times  for  all  five  fuels  decrease 
with  increasing  fuel  injection  temperature,  as  expected  due  to  the  reduction  in  cell  size  associated  with  increased 
temperature.  A  nearly  linear  trend  is  shown  for  each  fuel  with  approximately  a  15%  decrease  in  DDT  time  over  the 
temperature  range. 
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Figure  6.  (a)  Comparison  of  the  ignition  time  as  a  function  of  fuel  injection  and  (b)  comparison  of  the  DDT 
time  as  a  function  of  fuel  injection  temperature  for  several  fuels. 


The  next  parameter  analyzed  was  the  detonation  distance.  The  variation  of  detonation  distance  with  fuel 
injection  temperature  for  all  fuels  other  than  JP-10  is  shown  in  Fig.  7(a).  As  expected,  the  detonation  distance  of  all 
five  fuels  decreases  with  increasing  fuel  injection  temperature.  In  Fig.  7(a),  below  approximately  650  K  the 
detonation  distance  of  the  five  fuels  differs  in  both  magnitude  and  slope,  but  above  approximately  650  K  the  fuels 
produce  roughly  equal  detonation  distances.  Below  approximately  650  K,  JP-8  has  the  smallest  detonation  distances, 
followed  closely  by  JP-900,  while  JP-7  performs  the  poorest  with  a  maximum  value  of  1.14  m.  RP-1  and  S-8 
perform  very  similarly,  both  with  detonation  distance  between  JP-7  and  JP-900.  It  was  also  noted  that  above 
roughly  675  K,  detonations  occur  near  the  downstream  end  of  the  spiral  for  all  five  fuels  shown. 


Figure  7.  (a)  Comparison  of  the  detonation  distance  for  five  fuels  as  a  function  of  fuel  injection  and  (b) 
comparison  of  the  detonation  percentage  for  six  fuels  as  a  function  of  fuel  injection. 
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The  detonation  percentage  is  shown  in  Fig.  7(b)  as  a  function  of  fuel  injection  temperature.  The  detonation 
percentage  is  the  percentage  of  ignitions  that  result  in  a  combustion  wavespeed  of  1800  m/s  or  greater.  In  Fig.  7(b), 
all  fuels  demonstrate  a  strong  trend  of  increasing  detonation  percentage  for  an  increase  in  fuel  injection  temperature. 
JP-7  and  S-8  stand  out  as  the  fuels  that  produce  the  largest  percentage  of  detonations.  The  fuels  can  be  lumped  into 
three  categories,  based  on  Fig.  7(b).  The  first  group,  JP-7  and  S-8,  demonstrate  the  largest  increases  in  detonations 
as  fuel  injection  temperature  increases.  Both  JP-7  and  S-8  provide  nearly  100%  detonations  at  755  K.  JP-8,  JP-900, 
and  RP-1  make  up  the  second  category,  producing  detonation  percentages  between  65%  and  75%  at  a  fuel  injection 
temperature  of  755  K.  The  final  category  includes  only  JP-10.  While  JP-10  demonstrates  an  increase  in  detonation 
percentage  as  fuel  injection  temperature  is  increased,  the  magnitude  of  the  detonation  percentage  remains  low.  The 
detonation  percentage  of  JP-10  increases  from  14%  to  38%,  leading  to  the  large  uncertainty  in  DDT  time  and 
detonation  distance. 

Table  2  is  a  summary  of  the  important  values  determined  during  the  fuels  study.  While  these  values  are  taken 
from  Fig.  6  and  Fig.  7,  the  table  was  added  for  quick  reference.  Since  the  ignition  time  was  shown  to  be  nearly 
constant  for  all  fuel  other  than  JP-8,  an  average  value  is  presented  in  Table  2.  DDT  time,  detonation  distance,  and 
detonation  percentage  all  demonstrated  nearly  linear  relationships  with  fuel  injection  temperature;  therefore,  the 
maximum  and  minimum  values  are  presented  in  Table  2. 


Table  2.  Summary  of  important  performance  parameter  values  determined  during  fuels  study. 


Fuel 

Average  Ignition 
Time  [msec] 

DDT  Time 
[msec] 

Detonation 
Distance  [m] 

Detonation 

Percentage 

JP-8 

6.90 

2.25-2.65 

0.90-1.00 

36.9  -73.1 

JP-7 

6.59 

2.31  -2.59 

0.89-  1.14 

31.3-97.2 

JP-10 

6.43 

N/A 

N/A 

13.6-38.3 

JP-900 

6.63 

2.35-2.65 

0.85  -  1.03 

29.5  -  66.5 

RP-1 

6.62 

2.27-2.61 

0.89-1.02 

31.6-76.5 

S-8 

6.37 

2.26-2.61 

0.89-1.02 

35.5  -  100.0 

B.  Spark  Delay 

All  spark  delay  testing  was  performed  with  JP-8.  As  mentioned  earlier,  the  sum  of  the  ignition  time,  DDT  time, 
and  blowdown  time  is  approximately  11  msec.  In  order  to  perform  tests  with  spark  delays  up  to  10  msec,  a  fire 
phase  of  at  least  2 1  msec  was  required.  Therefore,  a  firing  frequency  of  1 5  Hz,  which  provides  a  fire  phase  time  of 
22.22  msec,  was  used  for  all  spark  delay  testing.  Spark  delays  of  2,  4,  6,  8  and  10  msec  were  examined.  The  zero 
msec  spark  delay  case  resulted  in  auto-ignition  in  the  detonation  tube  that  propagated  back  into  the  fill  manifold; 
therefore,  no  data  was  taken. 

Figure  8  is  a  plot  of  the  ignition  time  as  a  function  of  fuel  injection  temperature  for  a  JP-8/air  mixture  with  spark 
delays  ranging  from  2  to  10  msec.  With  the  exception  of  the  2  msec  spark  delay  case,  there  is  no  significant 
stratification  among  the  spark  delays.  The  2  msec  spark  delay  results  demonstrate  significantly  higher  ignition  times 
for  all  temperatures  as  compared  to  the  other  spark  delays.  The  4  msec  case  produces  slightly  higher  ignition  times 
at  low  temperatures,  but  lower  ignition  times  at  higher  temperature.  The  spark  delays  between  6  and  10  msec  do  not 
show  significant  stratification  among  each  other.  It  should  be  noted  that  the  difference  between  the  4  msec  case  and 
the  higher  spark  delay  cases  was  within  the  experimental  error  at  temperatures  below  589  K. 
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Figure  8.  Ignition  for  varying  spark  delays  as  a  function  of  fuel  injection  temperature  for  a  JP-8/air  mixture¬ 
firing  frequency  =  15  Hz. 


Figure  9(a)  shows  the  DDT  time  for  a  JP-8/air  mixture  as  a  function  of  fuel  injection  temperature  for  various 
spark  delays.  The  2  msec  spark  delay  trials  resulted  in  sporadic  detonations,  leading  to  extremely  poor  confidence 
in  results,  and  thus  are  not  presented.  All  other  spark  delays  demonstrate  the  same  trend  -  increasing  fuel  injection 
temperature  leads  to  decreasing  DDT  time.  It  is  also  apparent  that  increasing  the  spark  delay  (which  increases  the 
initial  pressure  in  the  closed  end  of  the  detonation  tube)  reduced  the  DDT  time,  as  expected  based  on  the  light 
hydrocarbon/air  detonation  data  in  Fig.  3(b). 
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Figure  9.  (a)  DDT  time  for  a  JP-8/air  mixture  as  a  function  of  fuel  injection  temperature  for  varying  spark 
delays  and  (b)  total  time  to  detonation  for  a  JP-8/air  mixture  as  a  function  of  fuel  injection  temperature  for 
various  spark  delays  -  firing  frequency  =  15  Hz. 


To  compare  the  overall  effect  of  varying  spark  delays  in  a  PDE,  the  total  time  to  detonation  is  plotted  as  a 
function  of  fuel  injection  temperature  for  various  spark  delays  in  Figure  9(b).  The  total  time  to  detonation  is  the  sum 
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of  the  spark  delay,  ignition  time,  and  DDT  time.  The  reduction  in  ignition  time  and  DDT  time  as  spark  delay  is 
increased  is  outweighed  by  the  increase  in  spark  delay.  Therefore,  a  spark  delay  of  4  msec  produces  the  lowest  total 
time  to  detonation,  and  a  spark  delay  of  10  msec  produces  the  highest  total  time  to  detonation. 

Figure  10(a)  is  a  plot  of  the  detonation  distance  of  a  JP- 8/air  mixture  as  a  function  of  fuel  injection  temperature 
for  various  spark  delays.  No  significant  difference  was  noticed  among  the  four  spark  delays.  All  detonations 
occurred  near  the  downstream  end  of  the  spiral 

Figure  10(b)  is  a  plot  of  the  detonation  percentage  of  a  JP-8/air  mixture  as  a  function  of  fuel  injection 
temperature  for  various  spark  delays.  The  detonation  percentage  is  significantly  influenced  by  the  spark  delay.  The 
detonation  percentage  increases  steadily  as  the  spark  delay  decreases.  The  10  msec  spark  delay  produces  detonation 
percentages  ranging  from  13.3  to  37.7%,  while  the  detonation  percentage  for  the  4  msec  spark  delay  case  increases 
from  33.3  to  95.0%.  In  fact,  the  detonation  percentage  for  the  4  msec  spark  delay  is  near  90%  for  all  fuel  injection 
temperatures  above  505  K. 
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Figure  10.  (a)  Detonation  distance  for  a  JP-8/air  mixture  as  a  function  of  fuel  injection  temperature  for 
varying  spark  delays  and  (b)  detonation  percentage  as  a  function  of  fuel  injection  temperature  for  various 
spark  delays  using  a  JP-8/air  mixture  -  firing  frequency  =  15  Hz. 


C.  Firing  Frequency 

The  motivation  to  decrease  ignition  time  and  DDT  time  is  to  decrease  the  fire  phase  time,  thus  decreasing  the 
PDE  cycle  time.  If  the  cycle  time  is  decreased,  the  PDE  firing  frequency  can  be  increased,  thereby  increasing  thrust. 
This  rationale  hinges  on  the  assumption  that  increasing  the  firing  frequency  will  not  produce  any  adverse  effects  on 
PDE  cycle  time.  To  examine  the  effect  of  the  firing  frequency  on  PDE  performance  parameters,  a  study  was 
conducted  with  two  frequencies,  15  and  Hz.  Frequencies  above  20  Hz  are  not  possible  at  this  time  due  to  limitations 
of  the  duration  of  the  fire  phase.  For  example,  a  system  operating  at  25  Hz  allows  only  13.3  msec  to  be  spent  on  the 
fire  phase;  this  time  limit  is  too  short  for  15  msec  required  for  the  detonation  of  a  JP-8/air  mixture.  The  10  Hz  firing 
frequency  did  not  provide  enough  energy  to  the  heat  transfer  system  to  afford  fuel  injections  temperatures  above  644 
K. 

Figure  11(a)  is  a  plot  of  ignition  time  and  DDT  time  as  a  function  of  fuel  injection  temperature  for  a  PDE 
operating  at  15  Hz  and  20  Hz.  The  frequencies  show  nearly  identical  ignition  times  for  the  entire  temperature  range. 
The  difference  between  the  results  using  the  two  frequencies  is  within  the  experimental  error.  The  DDT  time  for  the 
20  Hz  case  is  slightly  less  than  the  that  for  the  1 5  Hz  case  for  the  entire  temperature  range.  The  decrease  in  DDT 
time  is  a  result  of  higher  pressures  within  the  detonation  tube  that  occurat  higher  frequencies.  The  total  time  to 
detonation  (sum  of  spark  delay,  ignition  time  and  DDT  time)  for  the  20  Hz  case  is  slightly  less  than  for  the  15  Hz 
case. 
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Figure  11(b)  is  a  plot  of  the  detonation  distance  as  a  function  of  fuel  injection  temperature  with  varying  firing 
frequency.  The  difference  between  the  detonation  distance  results  of  the  15  and  20  Hz  tests  are  within  the 
measurement  uncertainty  for  the  entire  temperature  range.  In  addition,  both  frequencies  result  in  detonations  at  the 
downstream  end  of  the  internal  spiral.  Again,  no  degradation  in  performance  is  noticed  when  operating  at  20  Hz  as 
compared  to  at  15  Hz.  Therefore,  in  summary,  increasing  the  firing  frequency  was  found  to  have  little  effect  on 
cycle  performance. 
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Figure  11.  (a)  Comparison  of  ignition  time  and  DDT  time  for  two  frequencies  as  a  function  of  fuel  injection 
temperature  for  a  JP-8/air  mixture  and  (b)  comparison  of  detonation  distance  for  two  frequencies  as  a 
function  of  fuel  injection  temperature  for  a  JP-8/air  mixture  -  spark  delay  =  4  msec. 


V.  Conclusions 

This  research  marked  the  first  analysis  of  the  effect  increasing  fuel  injection  temperature,  up  to  755  K,  had  on 
key  pulsed  detonation  engine  performance  parameters,  including  ignition  time,  DDT  time,  detonation  distance,  and 
detonation  percentage.  This  effort  has  also  provided  an  understanding  of  how  the  pressure-temperature  profile 
affects  the  initial  combustion  event  of  the  cycle. 

The  effects  of  increasing  fuel  injection  temperature  on  ignition  time,  DDT  time,  detonation  distance,  and 
detonation  percentage  for  JP-8,  JP-7,  JP-10,  JP-900,  RP-1,  and  S-8  were  determined.  Ignition  time  was  found  to  be 
virtually  independent  of  fuel  injection  temperature  for  all  fuels,  except  JP-8.  JP-10  was  found  to  produce 

undesirably  low  levels  of  detonations,  compared  to  the  other  fuels.  The  DDT  time  of  the  other  five  fuels 
demonstrated  a  nearly  identical  decrease  with  increasing  fuel  injection  temperature;  DDT  time  decreased  linearly  by 
approximately  15%  for  the  temperature  range  tested.  The  detonation  distance  for  all  fuels,  other  than  JP-10,  linearly 
decreased  with  increasing  fuel  injection  temperature.  Above  approximately  650  K,  the  detonation  distance  for  all 
fuels  other  than  JP-10  is  roughly  equal.  The  detonation  percentage  for  all  fuels  increased  considerably  with 
increasing  fuel  injection  temperature,  with  JP-7  and  S-8  producing  the  most  consistent  detonations.  Based  on  this 
performance  criteria;  JP-8,  JP-7,  JP-900,  RP-1,  and  S-8  can  all  be  used  to  fuel  a  PDE  with  elevated  fuel  injection 
temperatures  and  a  36”  internal  spiral. 

The  spark  delay  was  found  to  have  a  small  effect  on  all  performance  parameters  other  than  detonation 
percentage  for  JP-8,  although  it  was  determined  that  operating  the  PDE  with  a  spark  delay  below  4  msec  yields  very 
poor  performance  with  the  current  experimental  setup.  A  spark  delay  of  4  msec  was  found  to  be  superior  to  the 
other  spark  delays  studied  for  JP-8,  based  on  total  time  to  detonation  and  detonation  percentage.  Increasing  firing 
frequency  from  15  Hz  to  20  Hz  was  found  to  have  a  slightly  positive  effect  on  the  total  time  to  detonation  for  a  PDE. 
DDT  time  decreases  as  firing  frequency  increases  due  to  the  higher  pressure  in  the  detonation  tube,  while  ignition 
time  and  detonation  distance  are  relatively  independent  of  firing  frequency. 
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Experimental  studies  were  performed  in  order  to  better  understand  the  operation  of 
ejector  augmenters  driven  by  a  pulse  detonation  engine  (PDE).  This  research  employed  a  112- 
air  PDE  at  30  Hz  operating  frequency.  Static  pressure  was  measured  along  the  interior 
surface  of  the  ejector  including  the  inlet  and  exhaust  sections.  Thrust  augmentation  provided 
by  the  ejector  was  calculated  by  integration  of  the  static  pressure  measured  along  the  ejector 
geometry.  The  calculated  thrust  augmentation  was  in  good  agreement  with  the 
augmentation  found  from  direct  thrust  measurements.  Both  straight  and  diverging  ejectors 
were  investigated.  It  can  be  seen  from  the  diverging  ejector  pressure  distribution  that  the 
role  of  the  diverging  section  is  to  act  as  a  subsonic  diffuser.  Ejector  axial  position  was  also 
studied.  The  ejector  pressure  data  follows  the  same  trend  as  that  of  the  direct  thrust 
measurements.  The  optimum  axial  placement  was  found  to  be  downstream  of  the  PDE  near 
x/Dpde=+2,  while  upstream  placements  tended  towards  a  decreasing  thrust  augmentation.  In 
order  to  better  explain  the  observed  performance  trends,  shadowgraph  images  of  the 
detonation  wave  and  trailing  vortex  interacting  with  the  ejector  inlet  were  obtained. 


Nomenclature 


DpdE 

=  detonation  tube  diameter 

Deject 

=  ejector  diameter 

DR 

=  ejector- to-PDE  diameter  ratio 

ff 

=  fill-fraction 

Leject 

=  ejector  length 

Lstrt 

=  intermediate  straight  section  length 

Lexhst 

=  exhaust  section  length 

X 

=  ejector  axial  position 

I.  Introduction 


FOR  practical  PDE  applications,  one  of  the  key  challenges  facing  researchers  is  to  make  use  of  the  increased 
efficiency  of  energy  conversion  due  to  detonative  mode  combustion,  and  most  effectively  convert  that  into  a 
propulsive  thrust  force.  A  common  measure  of  propulsion  system  performance  is  specific  impulse  (ISp),  which  is 
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defined  as  the  ratio  of  thrust  generated  to  the  weight  flow  rate  of  fuel.  Greater  values  of  ISp  are  desirable  as  this  will 
decrease  the  specific  fuel  consumption.  It  has  been  suggested  that  the  use  of  ejector  augmenters  on  PDEs  may  be  an 
effective  way  to  increase  the  system  thrust  being  generated,  thus  leading  to  an  increased  ISp. 

An  ejector  is  a  simple  device  used  to  augment  the  thrust  of  an  engine.  Essentially,  an  ejector  consists  of  a  coaxial 
duct  placed  around  the  exhaust  of  an  engine  performing  as  a  fluidic  pump.  The  surrounding  ambient  air  is  entrained 
by  the  primary  exhaust  flow  and  directed  into  the  ejector.  The  entrained  air  causes  an  increase  in  momentum  of  the 
engine  exhaust  flow.  This  leads  to  the  generation  of  a  larger  system  thrust  force.  The  theory  and  application  of 
ejectors  to  a  steady  primary  flow  is  well  established.  For  steady- flow  ejectors,  the  secondary  flow  is  entrained 
primarily  through  viscous  shear  mixing1.  Previous  research  has  shown  that  unsteady  ejectors  are  capable  of 
producing  more  thrust  augmentation  than  comparable  steady-flow  ejectors2,3,4.  The  increased  performance  of 
unsteady  ejectors  has  been  attributed  to  a  more  efficient  energy  transfer  process  between  the  primary  and  secondary 
flows  due  to  dominant  effects  of  the  starting  vortex.  PDEs  are  highly  unsteady  devices  generating  a  shock  wave  and 
vortex  ring,  thus  it  has  been  proposed  that  PDE  driven  ejectors  have  the  potential  to  be  highly  effective  at  providing 
thrust  augmentation. 

Previous  experimental  work  has  shown  PDE  driven  ejectors  to  be  very  effective  in  producing  thrust 
augmentation.  These  past  studies  have  quantified  the  effects  of  PDE  operating  parameters  as  well  as  ejector 
geometric  parameters.  The  internal  surface  geometry  of  the  ejector  is  an  important  geometric  parameter.  A  study  by 
Glaser  et  al5  was  carried  out  using  several  ejector  configurations.  Results  of  those  experiments  showed  maximum 
thrust  augmentation  levels  of  approximately  a=30%  for  straight  ejectors  and  a=66.5%  for  an  optimized  diverging 
ejector  geometry  at  ff=1.0.  It  is  apparent  that  the  diverging  ejectors  tested  were  much  more  effective  at  producing 
thrust  augmentation  than  the  straight  ejectors,  but  the  mechanism  responsible  for  this  performance  increase  is  not 
clear.  The  increased  augmentation  from  diverging  ejectors  has  commonly  been  attributed  to  the  additional  thrust 
surface  area  of  the  diverging  section.  Inherent  in  that  explanation  is  the  assumption  that  there  is  a  positive  net 
pressure  on  the  diverging  section,  thus  causing  a  thrust  force.  It  has  been  observed  that  ejector  performance  is 
sensitive  to  the  axial  position  of  the  ejector  inlet  relative  to  the  PDE  tube  exit.  In  most  cases  downstream  ejector 
placement  provides  optimum  levels  of  thrust  augmentation5,6,7,8.  For  the  straight  and  diverging  ejector  configurations 
previously  tested  by  Glaser  et  al5  the  optimum  axial  position  was  found  to  be  downstream  at  x/Dpde=+2. 

The  current  effort  seeks  to  increase  the  overall  understanding  of  PDE  driven  ejector  systems.  Static  pressure  was 
measured  along  the  interior  surface  of  the  ejector  including  the  inlet  and  exhaust  sections.  High-speed  shadowgraph 
flow  visualizations  were  also  obtained  to  better  explain  the  observed  performance  trends.  Comparisons  are  also 
made  between  this  data  and  ejector  performance  data  obtained  through  direct  thrust  measurements.  Results  from  this 
study  will  provide  insight  into  the  governing  flow  dynamics  and  mechanisms  responsible  for  thrust  augmentation 
with  PDE  driven  ejector  systems. 


II.  Experimental  Setup 


A.  Description  of  PDE  System 

Experimental  testing  for  the  current  study  was  carried  out  at  the  Air  Force  Research  Laboratory  PDE  test  facility 
at  Wright-Patterson  Air  Force  Base9.  The  detonation  tube  was  constructed  of  type  316  stainless  steel,  and  the 
geometry  tested  consisted  of  a  5.08  cm  inner  diameter  with  154.94  cm  length.  The  system  was  operated  in  a 
premixed  manner,  using  hydrogen  and  air  as  the  reactants.  Injection  of  fuel  and  air  into  the  detonation  tube  was 
carried  out  using  a  mechanical  valve  system.  This  system  was  constructed  from  a  modified  four-cylinder  automotive 
valve  head  with  four  valves  per-cylinder.  The  valve  train  was  driven  with  a  variable  speed  electric  motor.  The  two 
intake  ports  were  used  to  deliver  premixed  hydrogen  and  air,  while  the  two  exhaust  ports  delivered  purge  air.  The 
purge  air  cycle  is  employed  to  cool  the  detonation  tube  between  combustion  cycles  and  provide  a  buffer  between  the 
hot  combustion  products  and  the  fresh  reactants  being  injected  into  the  tube  for  the  next  cycle.  Because  of  the  nature 
of  automotive  valving,  the  cycle  timing  for  various  events  such  as  fill  time,  purge  time,  and  detonation  time  are 
fixed  to  be  one-third  of  the  cycle.  Spark  ignition  was  accomplished  using  a  capacitive  discharge  stock  automotive 
spark  system  that  delivered  approximately  40  mJ  of  energy.  To  accelerate  the  deflagration-to-detonation  transition 
(DDT)  a  Shchelkin-type  spiral  was  used  for  all  tests. 

Operation  of  the  PDE  system  was  computer  controlled  using  a  Lab  View  interface  program.  The  Lab  View 
interface  provided  the  flexibility  to  specify  engine  operating  parameters  such  as  PDE  operating  frequency,  fill- 
fraction  (ff),  and  equivalence  ratio,  where  fill-fraction  is  defined  as  the  ratio  of  the  tube  volume  filled  with  a 
detonable  mixture  to  the  total  tube  volume  prior  to  combustion.  Unless  otherwise  stated,  all  of  the  current  tests  were 
performed  at  an  operating  frequency  of  30  Hz,  fill-fraction  of  1.0,  and  an  equivalence  ratio  of  1.0.  Ionization  probes 
were  mounted  along  the  detonation  tube  length  to  verify  that  Chapman- Jouguet  (CJ)  detonations  were  obtained.  For 
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a  stoichiometric  mixture  of  hydrogen  and  air,  the  CJ  wave  speed  is  1957  m/s.  Data  from  these  sensors  were  collected 
at  5  MHz  using  a  16  channel  data  acquisition  system.  This  fast  sampling  rate  was  adequate  to  accurately  resolve  the 
detonation  wave  speed. 

B.  Ejector  Hardware  and  Instrumentation 

The  ejector  hardware  was  mounted  on  the  PDE  system  to  determine  its  effect  on  the  thrust  generated  by  the 
PDE.  All  of  the  ejectors  tested  were  mounted  coaxially  to  the  detonation  tube.  The  ejectors  were  suspended  from 
two  parallel  rails  mounted  above  the  detonation  tube.  The  rails  extended  along  the  length  of  the  tube  allowing  the 
axial  position,  x,  of  the  ejector  inlet  to  be  varied  from  -12  to  +6  tube  diameters  from  the  PDE  tube  exit  plane.  A 
negative  axial  position  value  corresponds  to  the  ejector  inlet  placed  upstream  of  the  PDE  exit  with  the  ejector 
overlapping  the  detonation  tube.  For  a  positive  value  the  ejector  is  mounted  downstream  of  the  detonation  tube  exit. 


Figure  1.  Picture  of  the  installed  ejector  and  diagram  of  the  ejector  geometry  used  for  the  current 

Two  ejector  geometries  were  used  during  this  testing.  Each  ejector  consisted  of  an  inlet  section,  an  intermediate 
straight  section,  and  an  exhaust  section  as  shown  in  Figure  1.  The  two  ejectors  were  identical  with  the  exception  of 
the  exhaust  section:  one  section  was  straight  while  the  other  was  diverging.  The  diameter  of  the  ejector  (DEJECT)  was 
defined  as  the  diameter  of  the  intermediate  straight  section,  as  this  was  the  minimum  diameter  for  any  given  ejector 
geometry.  For  the  current  work,  DEJECt  was  held  at  a  fixed  value  of  13.97  cm.  The  ejector- to-PDE  diameter  ratio 
(DR)  of  2.75  was  therefore  constant  throughout  the  testing.  This  value  is  near  the  optimum  diameter  ratios  reported 
in  other  ejector  experiments6,8,10.  The  inlet  used  had  a  rounded  inlet  lip  with  a  radius  of  3.81  cm.  The  overall  non- 
dimensional  length  of  the  ejectors  was  LEjECT/DEJECT=5.6.  The  intermediate  straight  section  had  a  length  of 

Lstraight/Deject=3,  and  the  exhaust  section  had  a  length  of  LEXhst/Deject=2.36.  The  two  exhaust  sections  tested  had 

half-angle  divergences  of  0°  and  4°. 

To  facilitate  the  static  pressure  measurements,  each  ejector  was 
instrumented  with  20  pressure  ports  along  the  ejector  surface.  Each 
pressure  port  consisted  of  a  0.04  inch  diameter  thru  hole  on  the  ejector 
surface,  which  then  transitioned  to  a  1/16  inch  diameter  tube.  Seven  of 
the  pressure  taps  were  located  on  the  ejector  inlet  at  the  angular  locations 
given  in  Table  1.  The  other  13  pressure  taps  were  distributed  along  the 
ejector  body  as  shown  in  Figure  2,  with  seven  placed  on  the  intermediate 
straight  section  and  six  on  the  exhaust  section.  Although  this  figure 
depicts  an  ejector  with  a  straight  exhaust  section,  the  diverging  exhaust 
section  had  surface  pressure  taps  in  the  same  locations.  Pressure  was 
measured  using  a  NetScanner  Model  9116  Pressure  Scanner.  This  system 
incorporated  16  silicon  piezoresistive  pressure  sensors  each  sampling  at  a 
frequency  of  1  Hz.  Since  the  pressure  measurement  system  had  the  ability 
to  sample  16  pressure  signals,  only  16  of  the  20  available  ejector  pressure 
taps  could  be  used  at  a  give  time.  The  pressure  ports  used  for  the  current 
study  are  given  in  Figure  2.  Each  pressure  port  on  the  ejector  was 
connected  to  its  corresponding  pressure  sensor  by  a  1/16  inch  diameter  flexible  tube  of  approximately  2.5  m  length. 
It  should  be  noted  that  due  to  the  setup  of  current  system,  the  dynamic  nature  of  the  pressure  field  was  not  captured. 


Inlet  Pressure  Tap  Locations 

Tap  Number  Tap  Location 

1 

0° 

2 

30° 

3 

60° 

4 

90° 

5 

120° 

6 

150° 

7 

165° 

Table  1.  Locations  of  the 
pressure  ports  on  the  ejector 
inlet. 
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The  length  of  tubing  used  between  the  sensors  and  surface  pressure  taps  had  the  effect  of  damping  out  the  high 
frequency  pressure  oscillations  normally  associated  with  PDE  operation  providing  an  averaging  effect  on  the 
pressure  history.  The  pressure  measurement  system  used  provided  a  measure  of  the  average  static  pressure  at  the 
specified  locations  over  a  period  of  time. 


Figure  2.  Placement  of  the  pressure  sampling  ports  on  the  ejector  surface.  Solid  circles  denote 
ports  used  during  the  current  study. 


III.  Results  and  Discussion 


A.  Straight  Ejector  Surface  Pressure  Distribution 

For  each  data  point  collected,  the  PDE  was  operated  for  a  duration  of  approximately  45  seconds.  In  order  to 
assess  the  variability  of  the  experimental  results,  three  test  runs  were  performed  for  each  configuration  studied.  A 
typical  static  pressure  time  history  measured  on  the  ejector  surface  is  shown  in  Figure  3.  Prior  to  detonation,  cold  air 
is  pulsed  through  the  PDE  injection  valves  in  order  to  allow  sufficient  time  for  the  desired  flow  rate  to  stabilize.  This 
initial  unsteady  cold  flow  causes  flow  entrainment  into  the  ejector  and  thus  a  decreased  pressure  on  the  ejector  inlet 
which  is  shown  by  the  initial  gauge 
pressure  of  approximately  -0.15  psi  in 
Figure  3.  After  the  PDE  starts  detonating, 
the  pressure  drops  down  to  a  lower  plateau 
indicating  an  increase  in  flow  entrainment. 

It  can  be  seen  that  although  the  measured 
pressure  signal  is  reasonably  steady  the 
signal  does  have  a  small  fluctuating 
component.  For  all  results  shown  in  the 
current  study,  the  fluctuating  pressure 
measured  during  PDE  operation  was  time 
averaged  to  give  a  single  value  for  the 
static  pressure  at  that  sample  location.  For 
the  case  shown,  the  time  averaged  PDE 
fired  static  pressure  measured  on  the 
ejector  inlet  was  -0.38  psi. 

The  surface  pressure  distribution 
measured  on  a  straight  ejector  is  shown  in 
Figure  4.  Results  are  shown  comparing  two 
primary  unsteady  driver  sources.  The  first 
source  is  a  PDE  and  the  second  is  an 
unsteady  cold  jet,  both  operating  at  a 
frequency  of  30  Hz.  Both  driver  sources 
cause  similar  trends  in  the  ejector  pressure 


Figure  3.  Pressure  history  measured  on  the  ejector  inlet  at 
pressure  tap  7.  The  configuration  tested  was  a  straight  ejector 
with  x/Dpde=+2  and  ff=1.0. 
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distribution.  It  can  be  seen  that  the  entrained  flow  being  directed  into  the  ejector  causes  a  significant  vacuum 

pressure  on  the  inlet.  The  minimum  inlet 
pressure  occurred  at  pressure  tap  7  which  is 
at  an  angle  of  165°  as  previously  defined.  It 
can  also  be  seen  that  the  outer  area  of  the 
inlet,  pressure  taps  one  and  two,  did  not  see  a 
pressure  decrease  and  thus  did  not  contribute 
to  providing  thrust  augmentation.  This 
finding  implies  that  the  entire  rounded 
portion  of  the  inlet  may  not  be  necessary. 
Comparable  performance  might  be  possible 
with  a  simplified  inlet  design.  With  a  straight 
ejector,  the  only  surface  able  to  cause  a  thrust 
force  is  the  ejector  inlet.  A  larger  negative 
inlet  pressure  would  lead  to  an  increase  in 
thrust  augmentation.  Just  downstream  of  the 
inlet  section  the  pressure  is  seen  to  rise 
quickly  and  a  region  consistent  with 
separated  flow  is  observed  at  pressure  tap  8. 
Since  the  flow  separation  was  observed  to 
occur  in  both  the  PDE  and  subsonic  cold  flow 
case,  it  is  unlikely  that  the  separation  is 
caused  by  the  presence  of  a  stationary 
shockwave  located  in  the  ejector.  The  flow 
separation  is  most  likely  due  to  the  strong 
adverse  pressure  gradient  and  large  inlet 
turning  angle  experienced.  Through  the  rest 
of  the  straight  ejector,  static  pressure  was 
found  to  gradually  rise  until  reaching  ambient  pressure  at  the  ejector  exit.  The  flow  area  is  constant  through  the 
straight  ejector.  The  rising  static  pressure  is  attributed  to  mixing  as  the  flow  travels  through  the  ejector.  The  amount 

of  thrust 

augmentation 
provided  by  the 
straight  ejector 
configuration  with 
ff=l  .0  was 

calculated  by 
integration  of  the 
measured  static 
pressure  around  the 
ejector  geometry. 


Figure  4.  Ejector  surface  pressure  distribution, 
configuration  tested  was  a  straight  ejector 
x/Dpde=+2,  and  ff=1.0. 
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Figure  5.  Shadowgraph  images  comparing  PDE  driven  vortex  ring  (upper  images) 
to  cold  flow  starting  vortex  (lower  images). 


augmentation  was 
found  to  be  26.1% 
which  is  slightly 
lower  than  the 
augmentation  of 
30.0%  measured 
through  direct 
thrust 

measurements.5 

Figure  5  is  a 
shadowgraph  flow 
visualization 
showing  the 

differences 
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between  a  detonation  and  cold  flow  primary  driver.  The  visualizations  were  performed  using  a  1  inch  diameter  PDE 
operating  at  20  Hz  with  a  straight  ejector.  The  diffracting  detonation  wave  with  trailing  vortex  structure  can  be 
clearly  seen.  The  time  scales  are  clearly  different  between  the  two  cases  as  the  velocity  of  the  cold  flow  starting 
vortex  is  much  lower  than  the  detonation  wave  speed.  The  cold  flow  vortex  was  observed  to  increase  in  diameter  at 
locations  near  the  tube  exit  attaining  a  near  constant  diameter  as  it  continues  to  travel  forward.  In  contrast,  the 
detonation-driven  vortex  structure  shows  rapid  growth  until  reaching  the  ejector  inlet.  It  can  also  be  seen  that  upon 
reaching  the  ejector  inlet,  the  diameter  of  detonation-driven  vortex  is  noticeably  larger  than  the  cold  flow  vortex. 
These  results  are  consistent  with  experimental  ejector  performance  measurements  which  have  shown  that  the 
optimum  ejector-to- driver  diameter  ratio  is  larger  for  PDE  driven  ejectors  as  compared  to  cold  flow  driven  systems. 

Portions  of  a  complete  PDE  driven  ejector  cycle  are  shown  in  Figure  6.  At  a  time  of  11 1  jus  the  shock  wave  is 
observed  to  reflect  and  travel  backwards  from  the  ejector  inlet.  The  mach  disk  structure  present  during  the 
blowdown  portion  of  the  PDE  cycle  is  visible  near  the  ejector  entrance  at  148  ps.  An  interaction  can  be  seen 
between  the  exhaust  plume  and  ejector  inlet  at  222  ps  in  the  form  of  a  vortical  structure  attached  to  the  inlet  lip.  The 
image  at  9,065  ps  was  taken  much  later  in  the  PDE  cycle.  It  can  be  seen  that  the  shock  and  vortex  structure  are  no 
longer  present  and  that  the  ejector  is  entraining  flow  into  the  inlet.  The  pattern  of  the  entrained  flow  at  this  time 
during  the  cycle  appears  to  show  a  clustering  of  the  flow  streamlines  near  the  inner  radius  of  the  inlet.  This  is 
indicative  of  a  higher  velocity  at  this  location.  Also  there  does  not  appear  to  be  significant  amounts  of  entrained  flow 
passing  over  the  outer  radius  of  the  inlet.  These  observed  trends  are  consistent  with  the  straight  ejector  pressure 
distribution  discussed  above. 


222  |js  296  ps  9,065  |JS 


Figure  6.  Sequence  of  shadowgraph  images  taken  during  the  PDE  driven  ejector 
operating  cycle.  ff=0.6,  DR=3,  x/Dpde=+2. 
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Pressure  Tap  Location 

Figure  7.  Static  pressure  distribution  in  a 
straight  and  diverging  ejector.  ff=1.0,  x/Dpde=+2. 


B.  Effect  of  Diverging  Section  on  Ejector  Performance 

Previous  PDE  driven  ejector  studies  have  found  that  there  are  significant  performance  advantages  when 
incorporating  a  diverging  exhaust  section  into  the  ejector.  Direct  thrust  measurements  showed  that  the  thrust 
augmentation  of  the  diverging  ejector  was 
approximately  two  times  that  of  the  straight 
ejector. 

Figure  7  compares  the  pressure 
distribution  of  a  straight  and  diverging 
ejector.  It  can  be  seen  that  the  addition  of 
the  diverging  exhaust  section  had  a 
significant  impact  on  the  ejector  inlet  flow 
field.  The  diverging  ejector  showed  a 
vacuum  pressure  at  tap  7  which  was  two 
times  lower  than  that  of  the  straight  ejector. 

This  increase  in  inlet  suction  represents 
more  flow  entrainment  which  leads  to  an 
increase  in  thrust  augmentation.  What  is 
also  apparent  is  that  the  static  pressure 
along  the  diverging  section  is  negative, 
rising  to  equal  ambient  conditions  at  the 
ejector  exit.  This  finding  is  significant  in 
that  it  shows  the  performance  enhancement 
afforded  by  diverging  ejectors  is  not  due  to 
a  positive  thrust  force  acting  on  the 
diverging  section  area.  In  fact,  the 
diverging  section  creates  a  slight  drag  force 
due  to  the  negative  pressure  acting  on  it. 

The  role  of  the  diverging  section  appears  to 
be  that  of  a  subsonic  diffuser,  decreasing 
the  flow  velocity  and  increasing  static 

pressure  in  the  exhaust  section.  The  ejector  exit  plane  boundary  condition  is  that  ambient  static  pressure  is  achieved 

in  the  exhaust  jet.  The  added  pressure 
recovery  through  the  diverging  section 
makes  it  possible  for  a  decreased  inlet 
pressure  to  exist  while  still  maintaining  the 
ejector  exit  boundary  condition.  In  prior 
experimental  testing,  the  current 
intermediate  straight  section  length  of 
Lstraight/Deject~3  was  found  to  be  near 
the  optimum  length.  Either  decreasing  or 
increasing  the  straight  section  length 
caused  a  decrease  in  thrust  augmentation. 
It  is  speculated  that  the  flow  mixing  which 
takes  place  within  the  intermediate  straight 
section  is  beneficial  for  conditioning  the 
flow  prior  to  entering  the  diffuser.  Without 
a  sufficient  amount  of  mixing,  the  velocity 
profile  entering  the  diverging  section  may 
be  more  prone  to  separation  causing 
increased  diffuser  pressure  recovery  losses. 
After  the  flow  is  fairly  well  mixed,  further 
increasing  of  the  straight  section  length 
leads  to  increased  frictional  drag  forces, 
thus  decreasing  thrust  augmentation. 

Integrating  the  pressure  distribution 
around  the  diverging  ejector  geometry 


0 


10 

Pressure  Tap  Location 


15 


20 


Figure  8.  Effect  of  fill-fraction  on  ejector  pressure 
distribution.  Ejector  geometry  is  a  diverging  ejector 
with  x/Dpde=+2. 
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gives  a  calculated  thrust  augmentation  a=50%.  This  is  comparable  to  the  thrust  augmentation  a=66%  obtained  from 
direct  thrust  measurements. 


Figure  9.  Effect  of  axial  position  on  static  pressure 
distribution.  Ejector  geometry  is  a  diverging  ejector  with 
ff=1.0. 


C.  Effect  of  Fill-Fraction  on  Ejector 
Performance 

Previous  studies  have  measured  an 
inverse  relationship  between  thrust 
augmentation  and  PDE  fill-fraction  at 
downstream  ejector  placements5.  For  the 
diverging  ejector  geometry  being 
considered,  thrust  augmentation  was 
increased  from  a=66%  to  a=74%  by 
decreasing  the  fill-fraction  from  ff=1.0  to 
ff=0.6.  Figure  8  shows  that  decreasing  the 
fill  fraction  does  not  significantly  alter  the 
pressure  distribution  on  the  ejector.  Thrust 
augmentation  is  defined  as  the  change  in 
thrust  due  to  the  ejector  divided  by  the 
baseline  PDE  thrust  with  no  ejector 
installed.  When  fill  fraction  is  decreased  the 
baseline  PDE  thrust  decreases  at  a  faster  rate 
than  the  thrust  produced  by  the  ejector 
leading  to  an  increased  thrust  augmentation. 

D.  Effect  of  Axial  Position  on  Ejector 
Performance 

It  has  been  observed  that  ejector 
performance  is  sensitive  to  the  axial  position 
of  the  ejector  inlet  relative  to  the  PDE  tube 

exit.  In  most  cases  downstream  ejector  placement  provides  optimum  levels  of  thrust  augmentation  ’  ’  ’  .  For  the 
straight  and  diverging  ejector  configurations  previously  tested  by  Glaser  et  al5  the  optimum  axial  position  was  found 
to  be  x/Dpde=+2.  Figure  9  shows  the  effect  of  axial  position  on  diverging  ejector  pressure  distribution.  It  can  be  seen 

that  as  the  ejector  is  moved  upstream  from 
x/Dpde=+2  that  the  inlet  suction  is  decreased. 
At  the  axial  location  of  x/Dpde=  -12  it  can  be 
seen  from  the  pressure  distribution  that 
almost  no  flow  is  being  entrained  through  the 
ejector,  implying  an  augmentation  near  0%. 
At  this  overlap  position,  a  region  of  slightly 
positive  pressure  was  also  observed  in  the 
straight  section  at  pressure  tap  10.  This 
overpressure  is  due  to  the  presence  of  the 
detonation  tube  exit  located  within  the 
ejector.  The  axial  position  trend  is  more 
clearly  seen  in  Figure  10.  Static  pressure  data 
at  tap  seven  is  plotted  for  all  axial  positions 
tested.  The  pressure  at  this  location 
represented  the  minimum  pressure  on  the 
inlet  for  nearly  all  cases  studied  and  therefore 
was  a  good  indicator  of  the  amount  of  flow 
entrainment  into  the  ejector  for  a  given 
configuration.  The  tap  seven  pressure  data 
shows  a  minimum  pressure  near  x/Dpde=+2 
Ejector  Axial  Position,  x/D  which  is  the  optimum  location  determined 

through  direct  thrust  measurements. 
Figure  10.  Effect  of  axial  position  on  ejector  inlet  placements  of  the  ejector  at  positions  away 
suction. 
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from  the  optimum  increase  the  minimum  inlet 
pressure.  Movement  of  the  ejector  in  the 
upstream  direction  continually  increases  the  inlet 
pressure,  which  implies  continually  decreasing 
flow  entrainment.  Figure  11  shows  the  thrust 
augmentation  calculated  by  integration  of  the 
ejector  pressure  distribution.  A  maximum 
augmentation  of  a=50%  was  found  to  occur  at 
x/Dpde=+2.  This  is  the  same  position  at  which 
the  minimum  inlet  pressure  was  measured.  It  can 
also  be  seen  that  placing  the  ejector  upstream  of 
the  PDE  exit  decreases  thrust  augmentation.  The 
observed  trends  are  consistent  with  the 
experimental  findings  obtained  through  direct 
thrust  measurements  indicating  that  the  optimum 
ejector  placement  is  downstream  of  the  PDE 
tube  exit. 


IV.  Conclusion 

An  experimental  study  was  performed  to 
investigate  the  operation  of  PDE  driven  ejectors. 

A  straight  and  a  diverging  ejector  were  both 
instrumented  for  static  pressure  measurements. 

Analysis  of  the  straight  ejector  pressure 
distribution  and  shadowgraph  images  showed  that  a  majority  of  the  flow  acceleration  on  the  rounded  inlet  occurs  at 
the  inner  inlet  radius.  This  implies  that  the  outer  surface  of  the  inlet  is  not  significant  in  flow  entrainment  and  thus 
does  not  have  to  be  as  well  contoured  as  the  inner  section  of  the  inlet.  It  was  found  that  the  role  of  the  diverging 
exhaust  section  is  to  act  as  a  subsonic  diffuser.  The  pressure  recovery  that  takes  place  in  the  diffuser  has  a  large 
impact  on  the  inlet  pressure  distribution,  decreasing  the  inlet  pressure  by  a  factor  of  2.  The  reason  for  the  inverse 
relationship  between  fill-fraction  and  thrust  augmentation  was  studied.  It  was  found  that  the  ejector  pressure 
distribution  was  not  very  sensitive  to  fill-fraction.  The  axial  placement  of  the  ejectors  was  studied  in  detail.  Axial 
position  was  varied  from  x/Dpde=-12  to  +6.  The  axial  location  of  maximum  inlet  suction  was  found  to  be  near 
x/Dpde=+2.  Inlet  suction  was  found  to  continually  decrease  towards  zero  as  the  ejector  was  moved  upstream.  The 
calculated  thrust  augmentation  showed  a  maximum  at  a  position  of  x/Dpde=+2.  This  also  corresponds  to  the 
optimum  axial  location  for  thrust  augmentation  as  determined  through  direct  thrust  measurements.  The  observed 
trends  are  consistent  with  the  optimum  ejector  placement  being  at  a  downstream  location. 
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Figure  11.  Effect  of  ejector  position  on  the 
calculated  thrust  augmentation.  Ejector 
configuration  is  a  diverging  ejector  with  ff=1.0. 
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Over  the  past  two  decades,  several  fuels  have  been  tested  throughout  the  world  in 
pulsed  detonation  engines  (PDEs).  The  present  research  focuses  on  developing  a  baseline 
set  of  ignition  and  detonation-initiation  performance  measures  for  six  fuels  in  air: 
Hydrogen,  ethylene,  propane,  aviation  gasoline  (avgas),  JP-8,  and  Fischer-Tropsch  JP-8  (S- 
8).  To  quantify  the  ignition  and  detonation-initiation  performance,  four  parameters  are 
examined:  Ignition  time,  deflagration-to-detonation  transition  (DDT)  time,  DDT  distance, 
and  the  upper  Chapman-Jouguet  (CJ)  wavespeed.  These  four  parameters  are  presented  as 
a  function  of  equivalence  ratio  from  lean-to-rich  ignition  limits  for  the  six  fuels  of  interest. 
Hydrogen  was  found  to  have  the  best  ignition  and  detonation-initiation  characteristics, 
followed  by  ethylene.  Propane,  avgas,  JP-8,  and  S-8  exhibited  similar  ignition  and 
detonation-initiation  characteristics,  as  expected  based  on  cell  size.  Minimum  ignition 
times  for  all  fuels  occurred  near  an  equivalence  ratio  of  1.3,  whereas  the  minimum  DDT 
times  and  distances  occurred  between  equivalence  ratios  of  1.1  and  1.2.  All  experimental 
CJ  wavespeeds  were  within  5%  of  the  theoretical  value,  with  the  exception  of  hydrogen, 
with  an  experimental  CJ  wavespeed  that  is  systematically  between  6%  and  8%  lower  than 
the  theoretical  value. 


Nomenclature 


ECrit  =  Critical  Initiation  Energy 

L  =  Detonation  Cell  Size 


I.  Introduction 

PULSED-detonation-engine  (PDE)  research  over  the  last  two  decades  has  been  driven  by  factors,  such  as 
potential  for  higher  thermal  efficiency,  high  thrust,  low  weight,  low  cost,  scalability,  and  a  large  operational 
envelope.1"3  The  potential  for  higher  thermal  efficiency  is  based  on  the  understanding  that  the  constant-volume 
process  that  occurs  in  a  PDE  creates  less  entropy  than  the  constant-pressure  process  which  occurs  in  most  modern 
gas  turbine  engines.4  Because  of  the  attractive  qualities  of  the  PDE,  it  has  received  attention  in  many  areas  of  the 
aeronautical-engineering  community;  spawning  interest  in  several  applications  for  the  PDE  including  aircraft, 
spacecraft,  cruise  missiles,  and  hybrid  functions  with  a  gas  turbine  engine,  ramjet,  or  scramjet. 

To  quantify  the  ignition  and  detonation-initiation  characteristics  of  the  fuel/air  mixtures,  four  key  performance 
parameters  were  examined:  1)  time  from  spark  deposition  to  the  creation  of  a  deflagration  wave  within  the  fuel/air 


*  Capt,  USAF,  Research  Engineer,  Deputy  PDRF,  AFRL/PRTC,  1950  5th  Street,  AIAA  Member. 
1  Senior  Engineer,  Head  PDRF,  AFRL/PRTC,  1950  5th  Street,  AIAA  Senior  Member. 

*  Research  Engineer,  2766  Indian  Ripple  Road. 
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mixture  (ignition  time),  2)  time  to  transition  the  deflagration  wave  into  a  detonation  wave  (DDT  time),  3)  length  of 
detonation  tube  required  for  the  mixture  to  transition  to  a  detonation  (DDT  distance),  and  4)  experimentally 
determined  upper  Chapman- Jouguet  (CJ)  wavespeeds. 

This  research  was  conducted  to  establish  a  baseline  of  ignition  and  detonation-initiation  characteristics  for  a  PDE 
fueled  with  a  wide  spectrum  of  conventional  fuels  in  air— specifically,  hydrogen,  ethylene,  propane,  aviation 
gasoline  (avgas),  JP-8,  and  S-8.  These  fuels  were  selected  because  they  represent  potential  PDE  fuels.  Prior  to  the 
present  research,  substantial  data  on  ignition  time,  DDT  time,  DDT  distance,  and  CJ  wavespeed  were  published,6"12 
in  several  papers.  The  previous  data  were  gathered  using  different  experimental  setups,  making  comparison  of  the 
data  sets  difficult.  Schauer  et  al.6  experimentally  measured  the  CJ  wavespeeds  for  mixtures  of  propane,  avgas,  JP-8, 
and  JP-10  in  air  as  a  function  of  equivalence  ratio  using  a  setup  similar  to  that  in  the  present  research.  They  were 
only  marginally  successful  in  detonating  propane,  because  of  the  uncontrolled  phase  change  in  the  fuel-supply 
system.  Tucker  et  al.7,8  measured  the  ignition  time,  DDT  time,  and  CJ  wavespeed  as  a  function  of  equivalence  ratio 
for  mixtures  of  avgas,  JP-8,  iso-octane,  and  heptane  in  air  using  a  fuel  flash-vaporization  system  to  heat  the  fuel 
prior  to  injection  into  air.  Card  et  al.9  determined  the  DDT  distance  for  mixtures  of  hydrogen,  ethylene,  acetylene, 
and  JP-10  in  air  as  a  function  of  equivalence  ratio  in  a  100-mm-diameter  tube.  They  defined  the  DDT  distance  as 
the  length  where  the  wavespeed  jumps  from  the  isobaric  speed  of  sound  of  the  products  to  the  CJ  wavespeed. 
Ciccarelli  and  Card10  examined  the  wavespeed  of  JP- 10/air  mixtures  at  elevated  temperatures  and  pressures.  Akbar 
et  al.11  measured  the  wavespeeds  of  unsensitized  and  sensitized  mixtures  of  JP-10  and  Jet- A,  and  Austin  and 
Shepard12  measured  the  wavespeed  of  JP- 10/air  mixtures  as  a  function  of  equivalence  ratio  in  a  280-mm-diameter 
tube. 


II.  Background  and  Theory 

Previous  experimental  research6  has  shown  that  a  typical  stoichiometric  low-vapor-pressure  liquid- 
hydrocarbon/air  mixture  requires  energy  on  the  order  of  105  J  for  direct  initiation  of  detonation  (critical  initiation 
energy),  which  is  six  orders  of  magnitude  greater  than  the  energy  available  from  a  typical  spark  plug  (-100  mJ). 
Thus,  a  mixture  with  low  critical  initiation  energy  is  more  susceptible  to  DDT.  Knystautas  et  al.13  and  Schauer  et 
al.6  independently  developed  correlations  between  the  detonation  cell  size  (2)  and  the  critical  initiation  energy  ( Ecrit ) 
of  a  mixture,  where  the  critical  initiation  energy  varies  with  the  cube  of  the  detonation  cell  size,  as  shown  in  Eq.  1 : 

Ecn,  -  ^  (1) 


Therefore,  a  decrease  in  detonation  cell  size  is  an  indication  of  greatly  improved  detonability.  Schauer  et  al.5 
developed  the  correlation  based  on  data  compiled  by  Kaneshige  and  Shepherd.14 

The  detonation  cell  size  is  a  physical  characteristic  of  a  detonation  wave,  as  shown  in  Fig  1.  A  more  detailed 
discussion  of  detonation  cell  structure  can  be  found  in  Fickett  and  Davis.15  Figure  2  is  a  plot  of  detonation  cell  size 
as  a  function  of  equivalence  ratio  for  hydrogen,  ethylene,  propane,  JP-4,  and  JP-10.  JP-4  and  JP-10  are  liquid- 
hydrocarbon  fuels  that  are  on  the  same  order  of  density  as  avgas,  JP-8,  and  S-8.  The  hydrogen  data  exhibit  the 
smallest  detonation  cell  size  of  the  five  fuels  presented.  As  will  be  shown,  the  smaller  cell  size  translates  directly  to 
better  ignition  and  detonation-initiation  performance.  Ethylene  demonstrates  the  next  larger  cell  sizes,  which  will  be 
shown  later  to  translate  to  the  second  best  ignition  and  detonation-initiation  performance.  Propane,  JP-4,  and  JP-10 
exhibit  similar  detonation  cell  sizes,  indicating  that  avgas,  JP-8,  and  S-8  exhibit  ignition  and  detonation- initiation 
characteristics  similar  to  those  of  propane.  The  data  from  Fig.  2  were  compiled  by  Kaneshige  and  Shepherd,14  but 
were  experimentally  obtained  elsewhere.12,13,16,17 


**S-8  is  a  synthetic  fuel  derived  from  natural  gas  via  the  Fischer-Tropsch  process.5  S-8  is  also  referred  to  as  Fischer- 
Tropsch  JP-8  or  simply  Fischer-Tropsch. 
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Figure  1.  Representation  of  two-dimensional  detonation  cell  structure. 
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Figure  2.  Plot  of  detonation  cell  size  as  function  of 
equivalence  ratio  for  five  different  fuels. 


Figure  3  is  a  plot  of  detonation  cell  size  as  a  function  of  carbon  number  for  mixtures  of  several  straight-chain 
hydrocarbons,  JP-10,  and  hydrogen  in  air.  As  this  figure  demonstrates,  once  the  carbon  number  reaches  two 
(ethane)  the  difference  in  detonation  cell  size  is  negligible.  All  of  the  hydrocarbons,  including  JP-10,  shown  here 
with  two  or  more  carbon  atoms  have  a  cell  between  40  and  50  mm  at  stoichiometric  conditions.  With  the  well 
known  exception  of  methane,  all  of  the  alkanes  (straight  chain  hydrocarbons)  have  nearly  identical  detonation  cell 
sizes.  From  Figs.  2  and  3,  it  can  be  inferred  that  the  heavy  liquid  hydrocarbons  (avgas,  JP-8,  and  S-8)  will 
demonstrate  performance  similar  to  that  of  propane  and  also  that  the  larger  straight-chain  hydrocarbons  (butane 
through  decane)  will  also  demonstrate  performance  similar  to  that  of  propane.  The  data  from  Fig.  3  were  compiled 
by  Kaneshige  and  Shepherd,14  but  were  experimentally  obtained  elsewhere.12"14,16"18 
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Figure  3.  Plot  of  detonation  cell  size  as  function  of 
carbon  number  for  nine  fuels. 


III.  Experimental  Setup  and  Instrumentation 
A.  Facilities  and  PDE  Details 

This  research  was  conducted  in  the  Pulsed  Detonation  Research  Facility  (PDRF),  which  is  located  at  Wright- 
Patterson  AFB  in  Ohio.  This  facility  was  described  in  detail  elsewhere,20  and  only  these  details  that  are  relevant  to 
the  current  research  are  provided  here.  The  PDE  for  this  study  consisted  of  the  valve  train  from  a  GM  quad-four- 
engine  head  with  two  2.44-m-long,  Schedule-40  stainless-steel  detonation  tubes  (50.8-mm  diameter);  each  tube  had 
a  1.22-m-long  Schelkin-like  spiral,  with  one  end  adjacent  to  the  closed  end  of  the  detonation  tube,  to  promote 
DDT.21  During  testing  of  JP-8  and  S-8,  the  fuel  was  preheated  to  temperatures  above  561  K  (the  threshold  for 
complete  fuel  flash  vaporization22)  using  a  38.1-cm-long  concentric-counter-flow  heat-exchanger  that  was 
developed  by  Miser  et  al.23 

The  PDE  cycle  consisted  of  three  equally  timed  phases— fill,  fire,  and  purge,  as  shown  in  Fig.  4.  During  the  fill 
phase,  the  intake  valves  were  opened  to  fill  the  PDE  detonation  tube  with  a  volume  of  premixed  fuel  and  air  that  was 
equal  to  the  volume  of  the  detonation  tube  (fill  fraction  of  one).  For  all  tests  the  fill  air  was  initially  heated  to  394  K 
prior  to  mixing  with  the  fuel.  During  the  fire  phase,  spark  energy  was  released,  causing  the  formation  of  a 
deflagration  wave  that  transitioned  to  a  detonation  wave.  The  ignition  system  provided  spark  pulses  through 
modified  spark  plugs,  with  each  spark  plug  supplying  an  ignition  energy  of  1 1 5  mJ.  The  spark  delay  after  the  intake 
valves  were  closed  was  4  ms.  During  the  purge  phase,  the  exhaust  valves  were  opened  to  fill  the  detonation  tube 
with  a  volume  of  air  (unheated)  that  was  equal  to  one-half  the  volume  of  the  detonation  tube  (purge  fraction  of  0.5). 
The  purge  air  cooled  the  detonation  tube  and  removed  a  portion  of  the  exhaust  gases,  preventing  auto-ignition.  The 
PDE  firing  frequency  was  held  constant  at  10  Hz  for  all  testing. 


Beginning  of  Fill  Phase 


I  End  of  Fill  Phase 


Beginning  of  Fire  Phase 

^Spark  and  Deflagration  Wave  Initiated 


End  of  Fire  Phase 


Detonation  Wave 


* — ^ 

Beginning  of  Purge  Phase 


End  of  Purge  Phase 


Figure  4.  Diagrams  of  fill,  fire,  and  purge  phases  of  pulsed-detonation-engine  cycle. 
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B.  Fuel  Delivery  Systems 

The  hydrogen  fuel  was  provided  by  a  hydrogen  tuber  trailer  that  was  located  outside  of  the  research  facility, 
whereas  ethylene  was  supplied  via  commercial  tanks  inside  the  test  cell.  The  gaseous  fuels  were  routed  into  the 
facility  and  through  a  dome-loaded  pressure  regulator  to  control  the  inlet  pressure  to  a  critical  flow  nozzle.  A  surge 
tank  was  located  downstream  of  the  critical  flow  nozzle  to  prevent  pressure  waves  that  are  generated  in  the  valve 
system  from  unchoking  the  critical  flow  nozzle.  After  traversing  through  the  surge  tank,  the  gaseous  fuel  was 
injected  into  the  air  stream. 

The  liquid  fuel  was  supplied  by  two  hydraulic  bladder-type  accumulators  that  were  pressurized  by  nitrogen.  The 
nitrogen  pressurized  the  fuel  above  the  critical  pressure  for  the  duration  of  the  test  to  prevent  phase  change.  The 
propane  was  supplied  in  commercials  tanks  but  was  fed  into  the  hydraulic  bladder  accumulators  to  maintain 
sufficient  fuel  pressure  to  prevent  boiling.  Once  in  the  accumulators,  propane  was  supplied  to  the  PDE  in  the  same 
manner  as  was  the  other  liquid  fuels.  For  JP-8  and  S-8,  the  fuel  was  pressure  fed  to  the  inlet  of  the  heat  exchanger. 
After  traversing  through  the  heat  exchanger,  the  fuel  was  injected  into  the  air  stream.  Avgas  and  propane  were 
pressure  fed  directly  into  the  air  stream,  bypassing  the  heat  exchanger.  A  turbine  flow  meter,  downstream  of  the 
accumulators,  was  used  to  measure  the  liquid- fuel  mass  flow  rate.  The  mass  flow  rate  of  the  fuel-injection  nozzles 
is  proportional  to  the  square  root  of  the  pressure  drop  across  the  fuel  nozzles  and  the  fuel  density.24,25  To 
compensate  for  the  decrease  in  fuel  density  during  heating  of  the  fuel  in  the  supercritical  regime,  the  charge  pressure 
of  the  accumulators  was  increased  to  maintain  a  constant  fuel  mass  flow  rate.  The  accumulator  charge  pressure  was 
varied  during  the  test  using  a  pneumatic  dome-loaded  pressure  regulator  [for  details,  see  Ref.  26]. 

To  minimize  oxidative  carbon  deposition  in  the  heat  exchanger,  the  JP-8  was  de-oxygenated  using  a  nitrogen 
sparging  process,  which  reduced  the  oxygen  concentration  to  <1  ppm.  The  sparging  process  involved  bubbling  a 
volume  of  nitrogen  through  the  JP-8  to  displace  the  trapped  oxygen  in  the  fuel.  The  volume  of  nitrogen  necessary  to 
reduce  the  oxygen  concentration  to  acceptable  levels  was  determined  experimentally  in  previous  work;27  to  ensure 
acceptable  levels,  a  factor  of  safety  of  two  was  applied  to  all  nitrogen  volume  calculations. 

C.  Instrumentation 

For  measuring  the  velocity  of  the  combustion  wave  (wavespeed),  ion  probes  were  placed  in  ports,  spaced  15.3 
cm  apart,  along  the  length  of  the  detonation  tube.  Thermocouples  were  placed  in  the  center  of  the  flow  path  for 
gathering  fuel-temperature  data  at  the  inlet  and  outlet  of  the  heat  exchanger  (J-type)  to  ensure  proper  flash 
vaporization.  External-heat-exchanger  wall  temperatures  were  measured  with  J-type  thermocouples  that  were 
mounted  externally  by  compression  clamps  on  the  PDE  detonation  tube.  A  pressure  transducer  was  situated  at  the 
closed  end  of  the  detonation  tubes  for  measuring  the  pressure  used  to  determine  the  ignition  time. 

D.  Data  Reduction 

All  combustion  data  were  gathered  on  a  dedicated  computer  that  employs  Lab  VIEW.  12  channels  of  raw  data  (a 
spark  trace,  a  head-pressure  trace,  and  10  ion-probe  traces)  were  collected  in  0.5-sec  intervals.  The  scan  rate  was  set 
at  1,000,000  scans/sec;  therefore,  500,000  data  points  were  obtained  for  each  channel  in  0.5  sec.  A  C++  program 
segmented  the  data  into  separate  firing  cycles  using  the  trigger  trace.  Each  spark  trace  denoted  a  new  firing  cycle. 

Each  firing  cycle  was  then  analyzed  for  ignition-time  information.  The  head-pressure  trace  data  were  passed 
through  a  fourth-order,  401 -point,  Savitzky-Golay,  digital,  finite-impulse  response  filter  to  reduce  the  high- 
frequency  noise.28  Linear  regression  was  then  used  to  determine  the  slope  of  the  pressure  curve.  A  1000-point 
window,  beginning  with  the  first  1 000  points  of  the  pressure  trace,  moved  forward  along  the  pressure  trace  until  an 
average  pressure  rise  of  5000  psi/sec  was  detected.  The  time  in  the  center  of  the  window  was  taken  to  be  the 
ignition  time.  Figure  5  is  a  plot  of  head-pressure  traces,  after  passing  through  the  Savitzky-Golay  filter,  for  the  six 
fuels.  The  pressure  traces  for  all  fuels,  except  that  of  hydrogen  are  shown  with  pressure  offset  (100  psi)  for  clarity. 
The  pressure  rise  of  hydrogen  is  steeper  than  that  of  the  other  fuels,  although  ethylene  exhibits  a  pressure  rise  that  is 
nearly  as  steep  as  that  of  hydrogen.  Avgas,  JP-8,  and  S-8  exhibit  similar  pressure  traces;  however,  propane  exhibits 
the  poorest  pressure  rise. 
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Time,  sec 

Figure  5.  Head-pressure  traces  for  hydrogen,  ethylene, 
propane,  avgas,  JP-8,  and  S-8,  with  100-psi  offsets. 


After  the  ignition  time  was  determined,  the  probe  times  were  calculated.  The  probe  time  is  the  time  when  the 
combustion  wave  crosses  the  ion  probe.  To  determine  the  probe  times,  the  C++  program  took  an  average  of  the  first 
1000  points  of  the  ion-probe  traces  to  find  a  baseline  value  for  that  trace.  The  program  then  determined  when  the 
trace  dropped  below  the  baseline  value  for  at  least  500  consecutive  data  points.  The  probe  time  was  the  first  point  in 
the  series  of  500  points  below  the  baseline  value.  This  method  essentially  found  the  comers  of  the  ion-probe  trace 
and  determined  the  time  when  they  are  found.  Figure  6  is  a  plot  of  a  sample  pressure  trace,  along  with  a  spark  trace 
and  10  ion-probe  traces. 
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Figure  6.  Representative  output  traces  used  to  determine  critical  performance  parameters. 


Once  both  the  ignition  times  and  probe  times  were  determined,  they  were  inserted  into  an  Excel  spreadsheet. 
The  spreadsheet  first  calculated  the  wavespeeds  by  dividing  the  difference  in  distance  between  two  ion  probes  (15.3 
cm  for  this  effort)  by  the  difference  in  the  corresponding  probe  times.  The  wavespeed  at  1.98  m  downstream  of  the 
engine  was  recorded  as  the  experimental  CJ  wavespeed.  The  spreadsheet  then  searched  for  wavespeeds  above  the 
theoretical  CJ  velocity.  Once  a  wavespeed  above  the  theoretical  CJ  limit  was  found,  the  program  linearly 
interpolated  between  the  wavespeed  above  the  CJ  wavespeed  and  the  wavespeed  at  the  location  before  it  (below  the 
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CJ  wavespeed)  to  determine  the  time  and  location  of  a  wavespeed  matching  the  theoretical  CJ  wavespeed.  The  time 
and  location  determined  were  the  DDT  time  and  the  DDT  distance,  respectively. 

IV.  Results  and  Discussion 

Plots  of  the  experimentally  determined  ignition  time,  DDT  time,  DDT  distance,  and  CJ  wavespeed  as  a  function 
of  equivalence  ratio  for  mixtures  of  hydrogen,  ethylene,  propane,  avgas,  JP-8,  and  S-8  in  air  are  presented.  Each 
data  point  represents  the  mean  value  of  30  -  40  ignitions.  The  total  experimental  uncertainty  is  presented  whenever 
possible.  Schultz  and  Shepherd19  used  STANJAN  to  calculate  theoretical  CJ  wavespeeds  of  hydrogen,  ethylene,  and 
propane  (shown  later).  The  experimental  CJ-wavespeed  data  from  the  present  research  were  compared  to  the 
theoretical  CJ  wavespeeds  of  Schultz  and  Shepherd19.  The  experimental  results  are  presented  in  tabular  form  in  the 
appendix  for  reference. 

A.  Ignition  Time 

Figure  7(a)  is  a  plot  of  ignition  time  as  a  function  of  equivalence  ratio  for  mixtures  of  hydrogen,  ethylene, 
propane,  avgas,  JP-8,  and  S-8  in  air.  These  six  fuels  reached  a  minimum  ignition  time  near  an  equivalence  ratio  of 
1.3.  Of  all  the  fuels  hydrogen  produced  the  largest  ignition  limits  as  well  as  the  lowest  ignition  times  for  the  entire 
range  of  equivalence  ratios.  The  rich  limit  of  hydrogen  was  not  reached  because  it  was  thought  that  no  benefit 
would  be  derived  from  increasing  the  equivalence  ratio  further.  Ethylene  produced  the  second  largest  ignition  limits 
and  the  second  shortest  ignition  times.  The  propane,  avgas,  JP-8,  and  S-8  ignition  trends  were  so  similar  that  the 
plot  had  to  be  magnified  to  permit  comparison  Fig.  7(b).  However,  it  can  be  observed  in  Fig.  7(a)  that  S-8  has  larger 
ignition  limits  than  JP-8  and  avgas,  most  likely  because  S-8  typically  contains  fewer  large  hydrocarbons. 
Additionally,  Fig.  7(b)  shows  that  S-8  exhibits  lower  ignition  times  than  JP-8  or  avgas.  Propane  exhibits  the  lowest 
ignition  times  of  all  of  the  fuels  that  were  fed  in  the  liquid  phase  since  it  is  a  gas  at  ambient  conditions,  allowing  for 
better  mixing  with  the  air.  The  longest  ignition  times  and  smallest  ignition  limits  are  observed  in  avgas. 


(a)  (b) 

Figure  7.  Plots  of  ignition  time  as  function  of  equivalence  ratio  for  mixtures  of  (a)  hydrogen,  ethylene, 
propane,  avgas,  JP-8,  and  S-8  in  air  and  (b)  propane,  avgas,  JP-8,  and  S-8  in  air  (magnified). 

C.  DDT  Time 

Figure  8(a)  is  a  plot  of  DDT  time  as  a  function  of  equivalence  ratio  for  mixtures  of  hydrogen,  ethylene,  propane, 
avgas,  JP-8,  and  S-8  in  air.  Except  avgas,  all  of  the  fuels  reach  a  minimum  DDT  time  between  equivalence  ratios  of 
1.1  and  1.2,  which  is  lower  than  the  equivalence  ratio  for  minimum  ignition  time.  The  point  of  minimum  DDT  time 
for  avgas  is  at  the  lean  limit,  0.9.  Hydrogen  produces  the  largest  detonatability  limits  of  all  of  the  fuels  as  well  as 
the  shortest  DDT  times  for  the  entire  range  of  equivalence  ratios.  Again,  the  rich  limit  of  hydrogen  was  not  reached 
during  this  research.  Ethylene  produced  the  second  largest  detonability  limits  and  the  second  shortest  DDT  times. 
Propane,  avgas,  JP-8,  and  S-8  detonation-initiation  trends  were  so  similar  that  the  plot  had  to  be  magnified  to  permit 
comparison,  Fig.  8(b).  JP-8  and  S-8  produce  the  shortest  DDT  times,  except  at  the  rich  limits  where  S-8  has  a  lower 
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DDT  time  than  JP-8.  JP-8  and  S-8  (octane  no.  -40)  outperform  avgas  and  propane  (octane  no.  -100),  possibly 
because  of  their  lower  octane  number.  Tucker  et  al.7  showed  that  the  higher  the  octane  number,  the  poorer  the 
detonability  for  a  given  cell  size. 


Figure  8.  Plots  of  DDT  time  as  function  of  equivalence  ratio  for  mixtures  of  (a)  hydrogen,  ethylene,  propane, 
avgas,  JP-8,  and  S-8  in  air  and  (b)  propane,  avgas,  JP-8,  and  S-8  in  air  (magnified). 


C.  DDT  Distance 

Figure  9(a)  is  a  plot  of  DDT  distance  as  a  function  of  equivalence  ratio  for  mixtures  of  hydrogen,  ethylene, 
propane,  avgas,  JP-8,  and  S-8  in  air.  The  trends  observed  with  DDT  time  are  found  in  the  DDT-distance  results. 
Detonability  is  ranked  as  follows:  Hydrogen  >  ethylene  >  S-8  -  JP-8  >  propane  >  avgas.  Hydrogen  detonates  near 
35  cm  at  a  minimum,  and  ethylene  detonates  near  75  cm  at  a  minimum.  Again,  the  propane,  avgas,  JP-8,  and  S-8 
detonation-initiation  trends  were  so  similar  that  the  plot  had  to  be  magnified  to  permit  comparison,  Fig.  9(b).  JP-8 
and  S-8  detonate  in  approximately  the  same  distance,  just  <  1  m  at  a  minimum.  Propane  detonates  near  1.05  me  at  a 
minimum,  and  avgas  detonates  near  1.1  m  at  a  minimum.  Note:  The  trends  in  Figs.  7(a),  8(a),  and  9(a)  are  the  same 
as  the  trends  of  detonation  cell  size  as  a  function  of  equivalence  ratio  shown  in  Fig.  2. 
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Figure  9.  Plots  of  DDT  time  as  function  of  equivalence  ratio  for  mixtures  of  (a)  hydrogen,  ethylene,  propane, 


avgas,  JP-8,  and  S-8  in  air  and  (b)  propane,  avgas,  JP-8,  and  S-8  in  air  (magnified). 
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D.  Wavespeed 

Figure  10  contains  plots  of  wavespeed  for  mixtures  of  (a)  hydrogen  and  (b)  ethylene  in  air  as  a  function  of 
equivalence  ratio.  The  experimental  CJ  wavespeeds  of  hydrogen  are  systematically  between  6  and  8%  lower  than 
the  theoretical  CJ  wavespeed.  The  wavespeed  was  measured  ~33  cm  from  the  open  end  of  the  detonation  tube.  The 
measured  wavespeeds  were  lower  than  the  theoretical  CJ  velocities,  presumably  due  to  either  diffusion  of  the 
hydrogen  producing  a  lean  mixture  or  the  increased  temperature  of  the  fuel/air  mixture.  Wavespeed  measurements 
of  the  hydrogen/air  mixture  taken  farther  upstream  would  have  most  likely  fallen  within  5%  of  the  theoretical  CJ 
wavespeeds.  The  experimental  CJ  wavespeed  of  the  ethylene/air  mixture  is  within  5%  of  the  theoretical  values, 
except  at  the  rich  limit.  At  the  rich  limit,  the  cell  size  for  ethylene  is  near  100  mm,  which  is  twice  the  diameter  of 
the  tube.  Because  of  the  large  cell  size  the  detonation  was  most  likely  overdriven. 


(a)  (b) 

Figure  10.  Plots  of  wavespeed  as  function  of  equivalence  ratio  for  mixtures  of  (a)  hydrogen  in  air  and  (b) 
ethylene  in  air  (compared  to  theoretical  CJ  wavespeeds). 


Figure  11  contains  plots  of  wavespeed  for  mixtures  of  (a)  propane  and  (b)  avgas,  JP-8,  and  S-8  in  air  as  a 
function  of  equivalence  ratio.  With  the  exception  of  the  rich  limit,  all  experimental  CJ  wavespeeds  for  the 
propane/air  mixtures  fell  within  5%  of  the  theoretical  CJ  wavespeeds.  The  cell  size  of  propane  at  the  rich  limit  is 
slightly  more  than  100  mm,  which  probably  led  to  an  overdriven  wavespeed.  Since  the  cell  sizes  of  avgas,  JP-8,  and 
S-8  are  assumed  to  be  similar  to  propane,  the  experimental  CJ  wavespeeds  for  these  three  mixtures  are  compared  to 
the  theoretical  CJ  wavespeeds  for  propane  in  Fig.  11(b).  All  of  the  experimental  wavespeeds  of  avgas,  JP-8,  and  S- 
8  fall  within  5%  of  the  theoretical  CJ  wavespeed  for  propane,  further  confirming  the  similarity  in  the  detonation- 
initiation  characteristics  of  propane  and  these  liquid  hydrocarbons. 
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Figure  11.  Plots  of  wavespeed  as  function  of  equivalence  ratio  for  mixtures  of  (a)  propane  in  air  and  (b) 
avgas,  JP-8,  and  S-8  in  air  (compared  to  theoretical  CJ  wavespeeds  for  propane). 

V.  Conclusions 

The  ignition  and  detonation-initiation  characteristics  (ignition  time,  DDT  time,  DDT  distance,  and  CJ 
wavespeed)  have  been  determined  for  mixtures  of  hydrogen,  ethylene,  propane,  avgas,  JP-8,  and  S-8  in  air. 
Hydrogen  was  found  to  have  the  best  ignition  and  detonation  initiation  characteristics,  followed  by  ethylene. 
Propane,  avgas,  JP-8,  and  S-8  exhibited  similar  ignition  and  detonation-initiation  characteristics,  although  JP-8  and 
S-8  demonstrated  slightly  lower  DDT  times  and  distances  than  avgas  and  propane.  All  ignition  and  detonation- 
initiation  trends  closely  matched  the  cell-size  trends,  further  confirming  the  link  between  cell  size  and  performance 
in  a  PDE.  Minimum  ignition  times  for  all  fuels  occurred  near  an  equivalence  ratio  of  1.3,  whereas  minimum  DDT 
times  and  distances  occurred  between  equivalence  ratios  of  1.1  and  1.2.  Experimental  CJ  wavespeeds  were  found  to 
be  within  5%  of  the  theoretical  CJ  wavespeeds  for  the  majority  of  equivalence  ratios;  with  the  exception  of 
hydrogen,  which  systematically  exhibited  experimental  wavespeeds  that  were  between  6%  and  8%  lower  than  the 
theoretical  value. 
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Appendix:  Results  in  Tabular  Form 


Table  1.  Ignition  time,  DDT  time,  DDT  distance,  and  experimental  CJ  wavespeed  for 


hydrogen/air  mixture 


Equivalence  Ratio 

Ignition  Time  [ms] 

DDT  Time  [ms] 

DDT  Distance  [m] 

CJ  Wavespeed  [m/s] 

0.4 

3.892 

N/A 

N/A 

N/A 

0.5 

2.549 

2.106 

0.946 

N/A 

0.6 

1.857 

1.816 

0.786 

1573 

0.7 

1.503 

1.534 

0.641 

1650 

0.8 

1.333 

1.317 

0.512 

1710 

0.9 

1.202 

1.198 

0.448 

1760 

1 

1.070 

1.167 

0.423 

1806 

1.1 

1.048 

1.143 

0.424 

1838 

1.2 

0.957 

1.070 

0.319 

1868 

1.3 

0.952 

1.087 

0.379 

1885 

1.4 

0.914 

1.145 

0.409 

1904 

1.5 

0.965 

1.146 

0.444 

1923 

1.6 

0.970 

1.168 

0.451 

1933 

1.7 

1.012 

1.179 

0.456 

1948 

1.8 

1.023 

1.239 

0.451 

1968 

1.9 

1.059 

1.242 

0.418 

1983 

2 

1.145 

1.244 

0.407 

1986 

2.1 

1.225 

1.305 

0.457 

2018 

2.2 

1.270 

1.336 

0.500 

2020 

2.3 

1.316 

1.355 

0.481 

2019 

2.4 

1.416 

1.420 

0.553 

2031 

2.5 

1.461 

1.464 

0.565 

2024 

2.6 

1.563 

1.469 

0.566 

2036 

2.7 

1.625 

1.611 

0.705 

2036 

2.8 

1.701 

1.604 

0.727 

2043 

2.9 

1.849 

1.712 

0.817 

2073 

3 

1.988 

1.765 

0.914 

2075 

Table  2.  Ignition  time,  DDT  time,  DDT  distance,  and  experimental  CJ  wavespeed  for 


ethylene/air  mixture 


Equivalence  Ratio 

Ignition  Time  [ms] 

DDT  Time  [ms] 

DDT  Distance  [m] 

CJ  Wavespeed  [m/s] 

0.7 

10.608 

2.588 

1.139 

1728 

0.8 

6.355 

2.568 

1.097 

1766 

0.9 

4.614 

2.324 

1.056 

1754 

1 

3.831 

1.977 

0.894 

1680 

1.1 

3.527 

1.918 

0.921 

1751 

1.2 

3.200 

1.836 

0.735 

1768 

1.3 

3.223 

1.839 

0.782 

1754 

1.4 

3.446 

1.817 

0.720 

1804 

1.5 

4.402 

2.149 

0.904 

1825 

1.6 

5.244 

2.366 

0.912 

1836 

1.7 

7.209 

2.640 

1.042 

1871 

1.8 

9.152 

2.765 

1.225 

1942 

1.9 

12.495 

2.823 

1.350 

2097 
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Table  3.  Ignition  time,  DDT  time,  DDT  istance,  and  experimental  CJ  wavespeed  for 


propane/air  mixture 


Equivalence  Ratio 

Ignition  Time  [ms] 

DDT  Time  [ms] 

DDT  Distance  [m] 

CJ  Wavespeed  [m/s] 

0.8 

19.330 

N/A 

N/A 

N/A 

0.9 

11.301 

2.836 

1.203 

1659 

1.0 

8.608 

2.499 

1.083 

1808 

1.1 

7.528 

2.458 

1.032 

1811 

1.2 

6.750 

2.908 

1.095 

1828 

1.3 

6.326 

2.917 

1.073 

1831 

1.4 

6.926 

3.199 

1.184 

1955 

1.5 

8.672 

N/A 

N/A 

N/A 

1.6 

16.368 

N/A 

N/A 

N/A 

Table  4.  Ignition  time,  DDT  time,  DDT  istance,  and  experimental  CJ  wavespeed  for 
avgas/air  mixture 


Equivalence  Ratio 

Ignition  Time  [ms] 

DDT  Time  [ms] 

DDT  Distance  [m] 

CJ  Wavespeed  [m/s] 

0.9 

14.300 

2.583 

1.210 

1717 

1.0 

10.502 

2.636 

1.101 

1863 

1.1 

9.004 

2.773 

1.086 

1854 

1.2 

8.024 

2.916 

1.098 

1860 

1.3 

7.563 

3.400 

1.249 

1936 

1.4 

8.430 

N/A 

N/A 

N/A 

1.5 

8.884 

N/A 

N/A 

N/A 

Table  5.  Ignition  time,  DDT  time,  DDT  distance,  and  experimental  CJ  wavespeed  for 
JP-8/air  mixture 


Equivalence  Ratio 

Ignition  Time  [ms] 

DDT  Time  [ms] 

DDT  Distance  [m] 

CJ  Wavespeed  [m/s] 

0.9 

14.646 

2.364 

1.204 

1734 

1.0 

10.337 

2.318 

1.033 

1836 

1.1 

9.111 

2.276 

1.017 

1837 

1.2 

8.411 

2.307 

0.984 

1831 

1.3 

7.111 

2.525 

1.019 

1854 

1.4 

7.118 

2.964 

1.122 

1909 

1.5 

10.727 

N/A 

N/A 

N/A 

1.6 

13.184 

N/A 

N/A 

N/A 

1.7 

16.625 

N/A 

N/A 

N/A 

13 

American  Institute  of  Aeronautics  and  Astronautics 


1389 


Table  6.  Ignition  time,  DDT  time,  DDT  distance,  and  experimental  CJ  wavespeed  for 
S-8/air  mixture 


Equivalence  Ratio 

Ignition  Time  [ms] 

DDT  Time  [ms] 

DDT  Distance  [m] 

CJ  Wavespeed  [m/s] 

0.8 

22.032 

N/A 

N/A 

N/A 

0.9 

12.937 

2.366 

1.139 

1826 

1.0 

10.006 

2.346 

1.021 

1806 

1.1 

7.759 

2.277 

0.960 

1805 

1.2 

7.038 

2.357 

0.960 

1821 

1.3 

6.864 

2.494 

0.973 

1844 

1.4 

6.614 

2.676 

1.031 

1881 

1.5 

7.206 

3.080 

1.153 

1939 

1.6 

10.783 

N/A 

N/A 

N/A 

1.7 

15.431 

N/A 

N/A 

N/A 

1.8 

26.975 

N/A 

N/A 

N/A 

1.9 

36.534 

N/A 

N/A 

N/A 
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This  paper  reviews  the  testing  and  evaluation  of  transient  plasma  for  pulse  detonation 
engine  (PDE)  ignition  conducted  at  five  laboratories.  It  also  presents  data  showing 
significant  reductions  in  times  required  for  detonation.  Critical  to  achieving  functional  levels 
of  thrust  are  increased  repetition  rates,  thus  minimal  delay  to  detonation  times  are  an 
important  parameter.  Experiments  have  been  conducted  at  the  University  of  Southern 
California  and  in  collaboration  with  researchers  at  the  Naval  Postgraduate  School,  Wright 
Patterson  Air  Force  Research  Laboratory,  Stanford  University,  Ohio  State  University  and 
the  University  of  Cincinnati.  In  these  studies  it  was  observed  that  TPI  significantly  reduces 
delay  times  (factor  of  2  to  9)  in  both  static  and  flowing  systems. 


I.  Introduction 

THIS  paper  reviews  testing  and  evaluation  of  transient  plasma  for  pulse  detonation  engine  (PDE)  ignition 
under  various  conditions.  The  aerospace  community  has  ongoing  interests  in  the  development  of  propulsion 
technologies  based  on  pulse  detonating  engines  (PDEs),  and  work  is  underway  to  determine  whether  this  is  a 
feasible  technology.  The  PDE  provides  impulse  through  fuel  detonation,  and  its  potential  advantages  include 
efficient  operation  at  both  subsonic  and  supersonic  speeds.  In  theory,  a  PDE  can  efficiently  operate  from  Mach  0  to 
more  than  Mach  4.1’  2  In  order  to  achieve  almost  continuous  thrust,  firing  rates  of  100  Hz  or  more  are  needed. 
Critical  to  achieving  high  repetition  rates  are  minimal  delay  to  detonation  times.  In  work  supported  by  the  Office  of 
Naval  Research  and  the  Air  Force  Office  of  Scientific  Research,  transient  plasma  ignition  (TPI)  has  consistently 
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shown  substantial  reductions  in  ignition  delay  time  for  various  fuels. 3,4,5  Experiments  have  been  conducted  at  the 
University  of  Southern  California  and  in  collaboration  with  researchers  at  the  Naval  Postgraduate  School,  Wright 
Patterson  Air  Force  Research  Laboratory,  Stanford  University,  Ohio  State  University,  the  University  of  Cincinnati, 
and  California  Institute  of  Technology.6  In  these  studies  it  was  observed  that  T PI  significantly  reduces  delay  times  in 
both  static  and  flowing  systems.  Transient  plasma  ignition  is  attractive  as  an  ignition  source  for  PDEs  because  it 
produces  reductions  in  ignition  delay  times,  can  reduce  Deflagration  to  Detonation  T ransition  (DDT)  times,  and  has 
been  shown  to  provide  the  capability  to  ignite  under  leaner  conditions.  This  allows  for  high  repetition  rates,  high 
altitude  operation,  and  the  potential  for  reduced  NOx  emissions.7,8  The  geometry  of  the  discharge  area  is  such  that 
ignition  is  achieved  with  a  high  degree  of  spatial  uniformity  over  a  large  volume  relative  to  traditional  spark 
ignition. 


Figure  1:  Transient  plasma  discharge  (left),  and  spark  discharge  (right)  to  a  metal  mesh  from  a  central  anode. 
Observe  the  coaxial  geometry  allows  for  a  voluminous  array  of  streamers  over  the  anode  length. 


The  short  timescale  of  the  pulse  (  <  100  ns)  prevents  formation  of  an  arc,  and  a  voluminous  array  of  streamers  is 
used  for  ignition.  It  is  possible  that  energetic  electrons  in  the  highly  non-equilibrated  electron  energy  distribution  of 
the  streamers  cause  dissociation  of  hydrocarbon  chain  molecules,  producing  active  radicals  throughout  the  ignition 
volume.9  The  generation  of  a  large  number  of  radicals  over  the  discharge  volume  seeds  chain  branching  and 
propagation  reactions  such  that  multipoint  ignition  rapidly  occurs. 

In  a  PDE  thrust  scales  linearly  with  repetition  rate  (and  tube  volume),  thus  if  ignition  delay  is  reduced  by  a  factor 
of  two,  repetition  rates  can  be  potentially  doubled,  and  thus  thrust  is  potentially  doubled  (assuming  there  are  no 
other  limiting  factors  that  occur).  The  two  major  limiting  factors  for  high  repetition  rate  operation  in  a  PDE  are 
ignition  delay  and  the  gas  exchange  time.  Through  the  use  of  transient  plasma  as  an  ignition  methodology,  ignition 
delay  has  been  substantially  reduced  (factor  of  2  to  9)  relative  to  a  traditional  spark,  making  it  potentially  an 
enabling  technology  for  multi-cycle  PDE  operation.  The  duration  of  the  PDE's  operating  cycle  is  generally  on  the 
order  of  10s  of  milliseconds.  It  is  important  to  note  that  for  a  PDE  to  achieve  enough  thrust  to  be  a  viable 
technology  repetition  rates  of  60  Hz  are  needed,  and  100  Hz  or  more  are  desired. 

II.  Experimental  Setup 


A.  TPI  Generation 

For  the  work  discussed  in  this  paper  the  transient  plasma  is  generated  by  a  line  type  pseudospark  switched  pulse 
generator.  The  pulse  generator  is  capable  of  creating  a  50-75  ns  pulse  up  to  90  kV,  which  creates  a  discharge  as 
seen  in  Figure  l.10  The  key  element  in  the  pulse  generator  is  the  pseudospark  switch,  which  is  a  gas  based  cold, 
hollow  cathode  switch  that  is  capable  of  switching  30  kA,  with  a  rise  time  of  8  kA/ns.  The  pulse  generator  is  based 
on  the  Blumlein  architecture.  However,  instead  of  using  transmission  line,  capacitors  are  used  to  make  the  pulse 
forming  network.  This  results  in  a  minimum  pulse  that  is  a  critically  dampened  pulse,  which  will  give  voltage 
amplitudes  of  64%  of  the  charging  voltage  across  the  load.  This  differs  from  a  traditional  Blumlein  pulse  in  which 
one  obtains  100%  of  the  charging  voltage  across  the  load.  The  pulse  generator  can  be  used  in  conjunction  with  a 
high  voltage  DC  supply  or  a  rapid  charger  for  high  repetition  rate  operation,  typically  for  ignition  application 
operation  around  100  Hz.  Figure  2  depicts  the  pseudospark  pulse  generator. 
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Figure  2:  Pseudospark  based  pulse  generator  schematic. 

The  voltage  and  current  traces  for  the  transient  plasma  and  a  spark  discharge  are  markedly  different.  In  the 
transient  plasma  case,  the  voltage  and  current  overlap,  which  implies  that  real  power  is  being  generated.  However, 
in  the  spark  discharge  case  the  voltage  will  generally  increase  with  no  current,  and  then  drop  suddenly  to  zero  with 
an  increase  in  current  as  an  arc  is  generated.  This  lack  of  overlap  implies  that  in  the  spark  discharge  most  of  the 
energy  is  passing  through  the  reactor  and  will  be  dissipated  in  the  circuit,  and  not  dropped  across  the  load  (typically 
less  than  5%  of  the  energy  is  deposited  in  the  medium). 


TPI  Curve 


ARC  Curve 


Figure3:  Transient  Plasma  (left)  and  transient  plasma  that  coverts  to  an  arc  (right). 


B.  Experimental  Setup 

The  interface  between  the  TPI  system  and  the  PDE  is  largely  the  same  for  the  various  experiments  (Figure  4). 
In  general  a  HV  charging  source,  in  the  form  of  a  HV  DC  supply  or  a  resonant  charger,  is  used  to  charge  the 
pseudospark  switched  pulse  generator.  Generally  the  pressure  is  measured  with  high  speed  pressure  transducers, 
and  wave  speed  is  measured  with  multiple  ion  probes  running  the  length  of  the  tube. 

A  typical  electrode  is  an  8-32"  threaded  rod,  which  is  threaded  for  field  enhancement  to  assist  in  streamer 
development.  It  is  about  5"  in  length  and  acts  as  the  anode  running  coaxially  in  the  center  of  the  tube  at  the  engine 
head.  The  electrode  seen  in  Figure  5  was  developed  for  the  Wright  Patterson  tests  that  follow,  and  is  typical  in 
structure  of  the  electrodes  used.  The  ceramic  is  M  ACOR,  which  is  rated  at  about  1000  V olts/mi I,  and  has  a  CTE 
relatively  close  to  steel.  The  outer  ground  cylinder  is  steel,  and  acts  as  the  return  path  for  the  discharge  current.  The 
electrode  can  be  installed  or  removed  from  the  system  without  the  removal  of  the  PDE  tube  (improvement  over 
previous  TPI  electrode  designs).  Additionally  the  threaded  rod's  length  can  be  adjusted  to  control  the  volume  of  the 
discharge.  In  previous  designs  the  electrode  had  to  be  installed  prior  to  mounting  the  tube,  and  thus  any  changes  to 
its  configuration  or  needed  repair  were  difficult  to  achieve.  It  is  also  important  to  observe  that  it  is  a  purely  coaxial 
design.  This  was  done  largely  to  keep  the  noise  down  to  a  manageable  level.  EM  I  becomes  a  very  large  problem 
for  nearby  devices  if  unshielded  connections  are  used. 
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Tube  Length 


Figured  Top  image  is  general  configuration  of  TPI  interface.  Bottom  illustrates  streamer  formation. 


Figure  5:  HV  TPI  electrode  developed  to  feed  through  the  14mm  interface  used  in  theWP  PDE. 

The  N  PS  experiment  called  for  a  3"  ID  tube,  with  an  electrode  length  of  ~  3  to  6  inches.  The  PDE  is  a  valve 
less  system  that  does  not  modulate  the  airflow  through  the  engine.  Its  diameter  is  such  that  it  allows  for  a  minimum 
of  2  detonation  cells  sizes  for  a  variety  of  fuels.  The  overall  length  of  the  engine  was  1.13  m,  with  a  Schelkhin 
spiral  length  of  0.914m.  Repetition  rates  up  to  40  Hz  were  tested  under  varying  mass  flow  rates.  For  a  detailed 
examination  of  the  setup  outlining  the  N  PS  experimental  setup  seethe  paper  presented  in  reference  12. 

The  Wright  Patterson  experiment  used  a  PDE  consisting  of  a  quad  engine  head  and  four  detonation  tubes.11 
The  tubes  were  2.067  inches  in  inner  diameter,  and  were  73  inches  long.  Only  two  of  the  four  detonation  tubes  were 
used  for  the  Aviation  gasoline  (AVGAS)  testing,  and  the  one  tube  was  used  for  the  Hydrogen  testing.  In  the 
multiple  tube  case,  one  tube  was  run  with  a  sparkplug,  and  the  other  tube  held  the  transient  plasma  electrode  and 
was  fired  180  degrees  out  of  phase.  This  was  done  to  maintain  balance  and  reduce  excess  vibration  in  the  system. 
The  AVGAS  was  heated  to  200°  F  upstream  of  the  inlet  to  vaporize  the  fuel.  A  pressure  transducer  was  located  at 
the  head  of  the  tube,  and  there  were  seven  ion  probes  spaced  along  the  tube.  Shchelkin-like  spirals  were  used  in 
both  the  AVGAS-air  and  the  Hydrogen-air  mixtures  to  ensure  detonation.  The  transient  plasma  was  tested  at  10  Hz, 
and  was  charged  with  a  30  kV  GlassmanHV  DC  supply. 

TheStanford  experiment  used  a  1.5"  ID  tubewith  an  electrode  length  of  ~6  inches.  Five  pressure  probes  and 
seven  ion  probes  were  used.  Additionally,  a  PDA  55  Silicon  photodetector  used  in  conjunction  with  a  308nm 
bandpass  filter  was  used  to  monitor  OH*  emission. 


III.  Results  and  Discussion 


A.  Naval  Postgraduate  School 

In  work  performed  in  collaboration  with  NPS  we  demonstrated  at  high  flow  rates  where  spark-initiated  flames 
are  normally  extinguished,  the  transient  plasma  is  able  to  ignite  and  effectively  create  a  detonation  wave.12 
Significant  reduction  (factor  of  4)  in  ignition  delay  was  shown  for  C2H4-  air  mixtures.  Additionally  the  TPI  ignition 
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delay  seemed  relatively  invariant  to  temperature  and  was  at  comparable  energy  levels  with  the  conventional 
sparkplug  baseline  (Figure  6).  T ests  at  N  PS  prior  to  the  introduction  of  transient  plasma  as  an  ignition  source  were 
limited  to  low  frequency  operation,  unless  extra  oxygen  was  introduced  into  the  system.  While  extra  oxygen  in  the 
lab  may  be  okay,  on  an  airborne  platform  the  extra  oxygen  adds  complexity,  cost,  weight,  and  increases  the  hazard 
levels  to  the  overall  system.  Additionally,  this  experiment  acted  as  a  preliminary  study  showing  that  the  mass  flow 
rate  has  little  effect  on  the  ignition  delay.  However,  as  the  mass  flow  rate  increases,  a  decrease  in  the  detonation 
wave  speed  is  observed.  The  ignition  delay  varied  from  3.95  ms  to  4.25  ms  as  the  mass  flow  rate  varied  from  0.1  to 
0.4  kg/sec.  As  the  ignition  delay  and  mass  flow  rate  increased,  the  detonation  wave  speed  decreased  from  1.5 
km/sec  to  just  over  1  km/sec.  The  latter  case  at  1  km/sec  does  not  achieve  a  detonation  wave.  Moreover,  this 
experiment  tested  possible  multiple  electrode  configurations  to  facilitate  pulsing  the  mixture  several  times  as  it 
transitioned  down  the  tube.  It  was  found  that  multiple  pulses  did  in  fact  further  reduce  ignition  delay,  however,  the 
drag  losses  introduced  by  the  secondary  electrode  made  this  approach  practically  unfeasible.  More  recently,  work 
has  been  performed  at  NPS  using  the  T PI  igniter  in  search  of  optimal  spiral  length  for  DDT  reduction.13  This  is  a 
preface  to  work  that  is  currently  being  done  at  NPS  to  testa  new  staged  PDE  engine  design  where  TPI  is  the  ignition 
source. 
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Figure  6:  The  left  figure  shows  a  valve  less  PDE  setup  at  the  Naval  Postgraduate  School.  This  type  of 
architecture  requires  a  booster,  and  its  anticipated  applications  are  missiles  or  rockets.  The  right  figure  shows  a 
factor  of  4  reduction  in  ignition  delay  for  ethylene-air. 


B.  Wright  Patterson  Test 

Tests  conducted  at  W  right  Patterson  Air  Force  Base  were  performed,  where  TPI  was  first  used  on  a  valved  PDE. 
For  these  first  tests,  H2-air  and  aviation  gasoline  (AVGAS)-air  mixtures  were  used.  Shchel kin- like  spirals  were  used 
for  the  H 2  as  well  as  for  the  AVGAS  mixtures  in  order  to  promote  the  DDT  process.  In  hydrocarbon-air  mixtures 
the  reduction  in  ignition  delay  is  of  primary  importance  due  to  the  low  residence  times  experienced  in  vehicles 
traveling  at  high  speeds  (low  hypersonic  speeds)  where  ignition  delay  times  can  be  orders  of  magnitude  larger  than 
the  flow  residence  time.  The  ignition  delay  results  for  AVGAS  are  depicted  in  Figure  7.  A  reduction  in  the  ignition 
delay  by  a  factor  of  2  was  obtained  here.  The  lean  burn  capabilities  of  the  transient  plasma  ignition  were  also 
demonstrated.  The  transient  plasma  was  able  to  reliably  ignite  AVGAS  -  air  mixtures  at  equivalence  ratios  of 
nearly  0.65,  whereas  the  baseline's  lower  limit  was  0.71.  The  widening  of  the  range  of  operation  into  the  lean  side 
of  the  curve  is  advantageous  for  high  altitude  engine  operation.  Also  the  lean  operation  allows  for  a  more 
economical  use  of  fuel  when  cruising,  as  well  as  reduces  NOx  emissions.  The  reduced  performance  of  the  66  kV 
pulse  relative  to  the  59  k V  pulse  is  likely  resultant  to  small  energy  losses  due  to  inadequate  insulation  between  the 
electrode  and  the  engine  head.  This  is  as  compared  to  higher  pulse  voltages  in  which  small  parasitic  arcing  may 
have  occurred  from  the  H  V  cable/electrode  interface  to  the  engine  head. 
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Figure  7:  The  left  figure  shows  a  valved  PDE  at  Wright  Patterson  Air  Force  Base.  The  valved  architecture 
would  be  used  for  an  aircraft  and  would  need  no  booster.  The  right  figure  shows  a  factor  of  2  reduction  in  ignition 
delay  for  aviation  gasoline. 


For  H ydrogen-ai r  mixtures  the  reduction  in  ignition  delay  is  important,  primarily  at  high  hypersonic  cruising 
speeds  where  the  flow  residence  time  is  very  short.  Hydrogen  -  air  mixtures  were  also  tested  during  these  first 
experiments,  primarily  because  they  are  relatively  easy  to  detonate.  Figure  8  depicts  this  ignition  delay  and  the 
DDT  times  under  these  conditions.  Observe  that  T PI  was  able  to  reduce  the  ignition  delay  time  for  H2  -  air  mixtures 
almost  by  a  factor  of  2.  The  figure  also  depicts  the  DDT  times  for  H2  -  air  mixtures,  which  seemed  to  be  on  the 
order  of  the  baseline  with  little  or  no  improvement.  The  DDT  times  for  AVGAS  were  similar  in  that  T PI  seemed  to 
have  little  effect.  That  having  been  said,  it  should  be  noted  that  the  error  spread  for  the  DDT  times  for  H2  and 
AVGAS  -  air  mixtures  were  quite  large,  and  efforts  are  currently  underway  to  try  to  further  process  the  data  and 
reduce  the  error.  To  date  there  has  not  been  a  lot  of  work  done  on  T  Pi's  effects  on  DDT.  Looking  at  the  data  taken 
at  WP  over  the  past  two  years,  it  suggests  that  besides  ignition  delay  times,  DDT  is  primarily  controlled  by  fluid 
dynamics,  and  may  be  independent  of  ignition  methodology. 
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Figure  8:  Ignition  delay  and  DDT  ti  me  for  H  2-ai  r  mixtures. 
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C.  Stanford  University 

An  example  of  TPI  integration  with  a  PDE  is  shown  in  Figure  9.  TPI  ignition  of  C2H4  -  02  mixtures  resulted  in 
ignition  delay  reductions  by  nearly  one  order  of  magnitude  (factor  of  9).  Of  further  interest  are  the  OH  emission 
measurements.  There  is  a  large  difference  in  the  amount  and  form  of  the  emission  signal  shown  in  figure  10.  This  is 
apreliminary  result  and  needs  to  be  confirmed,  however,  it  does  possibly  suggest  that  TPI  isa  new  ignition  process. 


Figure  9:  The  left  figure  shows  a  PDE  setup  at  Stanford  U  niversity.  The  right  figure  shows  a  factor  of  9 
reduction  in  ignition  delay  for  Hydrogen-Oxygen  mixtures. 
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Figure  10:  OH  emission  on  Stanford  PDE. 


D.  Summary 

Table  1  depicts  some  of  the  ignition  delay  data  taken  at  Stanford  University,  the  Naval  Postgraduate  School, 
and  W  right  Patterson  Air  Force  Base.  Thrust  scales  linearly  with  repetition  rate,  and  it  is  apparent  from  the  results, 
tested  under  a  variety  of  conditions,  that  transient  plasma  is  potentially  an  enabling  technology  for  high  repetition 
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rate  operations.  Under  varying  test  conditions  delay  to  detonation  reductions  ranging  from  factors  of  2  to  9  were 
found.  Generally  hydrocarbon-air  mixtures  were  tested,  however,  hydrogen-air  and  hydrogen-oxygen  mixtures  were 
also  tested.  This  table  indicates  the  delivered  energy  per  pulse.  While  in  general  TPI  delivers  mores  energy  than  a 
conventional  sparkplug,  it  can  deliver  pulses  of  comparable  energy  and  still  provide  significant  reductions  in 
ignition  delay.14 
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T ransient  plasma  ignition  is  definitely  a  viable  technology  and  potentially  an  enabling  technology  for  PDEs. 
This  is  still  a  relatively  new  area  of  research,  and  there  is  still  a  lot  that  needs  to  be  explained,  such  as  the  physical 
processes  behind  transient  plasma  ignition.  Transient  plasma  as  an  ignition  source  has  a  significant  impact  on  the 
ignition  delay  times  of  the  system,  allowing  for  higher  frequencies  of  operation.  This  increase  in  frequency  directly 
correlates  with  thrust,  and  thus  solves  one  of  the  biggest  obstacles  in  producing  a  practical  PDE  to  date  at  potentially 
comparable  energy  cost  to  the  traditional  spark. 


IV.  Conclusions 

Transient  plasma  ignition  is  on  the  cutting  edge  of  ignition  methodologies  for  combustion  engines.  The  PDE 
community  in  particular  is  interested  in  this  technology  for  several  reasons:  1)  the  capability  to  ignite  in  a  manner 
that  achieves  detonation  in  hydrocarbon-air  mixtures  (without  a  previously  required  oxygen  supplement);  2)  the 
extension  of  the  lower  flammability  limit  of  mixture  and  3)  the  capability  to  reduce  ignition  delay  times  by  factors  of 
2-9  offers  comparable  potential  for  increases  in  repetition  rates.  For  these  reasons  transient  plasma  has  the 
potential  to  overcome  the  traditional  capacitive  and  inductive  spark  discharge,  and  laser  discharge  ignition 
techniques. 
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The  purpose  of  the  research  described  herein  is  to  compare  the  ignition  delays  in  an 
experimental  pulsed  detonation  engine  produced  by  thermal  and  non-thermal  ignitions.  The 
commercial  thermal  ignition  has  a  pulse  duration  of  about  1  jus,  whereas  the  non-thermal 
ignitions  have  pulse  durations  of  100  ns.  Ignition  delay  is  an  important  factor,  along  with  fill 
and  purge  times,  that  limit  the  maximum  repetition  rate  and  thrust  of  pulsed  detonation 
engines.  For  stoichiometric  fuel-air  mixtures  with  aviation  gasoline  at  1  atmosphere  and  360- 
480  K,  an  ignition  delay  of  6  ms  was  observed  with  a  non-thermal  ignition,  whereas  the 
ignition  delay  was  11  ms  with  an  aftermarket  automotive  ignition.  By  replacing  the  resistive 
cable  and  resistor  of  the  aftermarket  ignition  with  a  non-resistive  cable  and  surface 
discharge  igniter,  its  ignition  delay  was  reduced  to  7  ms,  which  is  comparable  to  that 
produced  by  the  non-thermal  ignitions. 
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Transient  Plasma  Ignition,  a  1 00-ns  ignition  built  at  The  University  of  Southern  California 
Wright-Patterson  Air  Force  Base,  located  in  Dayton,  OH 
fuel-air  equivalence  ratio 


I.  Introduction 

Pulse  detonation  engines  are  being  developed  because  of  their  mechanical  simplicity  and  potential  to  operate 
efficiently  at  high  speed.  The  basic  constraint  on  PDE  engine  operating  frequency  is  the  time  to  fill,  ignite,  detonate, 
and  purge  each  thrust  tube.  In  the  PDE  engine  under  test,  the  ignition  delays  are  much  larger  than  the  deflagration- 
to-detonation  (DDT)  times.  Thus,  an  ignition  system  that  can  minimize  the  ignition  delay  over  fuel-air  equivalence 
ratios  of  0.8  to  1  is  highly  desirable  to  increase  PDE  operating  frequency  and  thrust,  while  reducing  engine  size. 

Ignition  systems  that  produce  100-ns  electrical  discharges  have  been  shown  to  reduce  the  ignition  delay  below 
that  obtainable  with  standard  spark  ignitions.1  These  ignitions  are  often  referred  to  as  pulsed  corona,  fast  transient, 
transient  plasma,  non-equilibrium  or  non- thermal  ignitions  in  the  literature.  A  100-ns  electrical  discharge  is  the 
initial  breakdown  phase  of  an  arc,  but  here  the  discharge  is  terminated  before  its  impedance  collapses.  Fast  transient 
discharges  produce  streamers  of  highly  reactive  radicals  and  excited  molecules  which  accelerate  the  ignition 
process. 

Fast  transient  ignition  has  been  shown  to  reduce  the  ignition  time  on  other  PDE  engines.2  Ignition  with  non¬ 
equilibrium  electrical  ignitions  is  under  investigation  by  other  research  groups  on  a  variety  of  propulsion  systems, 
including  PDE  engines. 3’4,5,6,7,8  For  example,  Starikovskii  et  al9  have  proposed  an  array  of  fast-ionization  discharges 
to  reduce  ignition  delays  in  PDE  engines. 

The  tests  described  below  are  a  subset  of  an  initial  survey  to  compare  the  capabilities  of  thermal  and  non-thermal 
ignitions  in  a  PDE  engine  over  a  variety  of  operating  conditions.  The  engine  is  fueled  with  aviation  gasoline.  A  more 
complete  description  of  the  tests  is  given  elsewhere.10 

II.  Experimental  Setup 


A.Pulsed  Detonation  Engine 

A  schematic  of  the  AFRL  pulsed  detonation  engine  located  at  Wright-Patterson  AFB,  OH  is  shown  in  Fig.  1. 
Compressed  air  and  aviation  gasoline  were  premixed  and  preheated  to  370-480  K,  then  injected  through  a  General 
Motors  Quad  4  engine  head  and  into  two  5.2  cm  internal  diameter,  1.85  m  long  thrust  tubes  where  it  was  ignited  and 
then  detonated.  The  fill  volume  of  the  fuel-air  mixture  within  the  thrust  tubes  was  regulated  by  the  fuel-air  manifold 
pressure,  the  camshaft/valve  timing  in  the  engine  head  and  the  repetition  rate.  The  fuel-air  mixture  filled 
approximately  100%  of  the  thrust  tubes  before  ignition.  The  valve  timing  was  120°  each  for  the  fill,  fire,  and  purge 
cycles.  The  repetition  rate  was  10  pps.  With  aviation  gasoline  as  the  fuel,  two  thrust  tubes  were  operated  180°  out  of 
phase  to  provide  consistent  fills.  A  Shchelkin  spiral  was  installed  inside  one  thrust  tube  to  aid  in  detonation,  whereas 
the  second  tube  has  no  spiral.  Only  the  tube  with  the  spiral  was  ignited  with  a  spark  plug,  corona  igniter  or  surface 
discharge  igniter;  the  detonated  fuel  was  directed  out  the  open  end  of  the  tube  to  the  atmosphere,  generating  thrust. 
The  fuel-air  mixture  in  the  second  thrust  tube  (without  the  spiral)  was  not  ignited  with  a  spark  plug,  but  flowed  out 
the  open  end  where  it  was  ignited  by  the  exhaust  from  the  first  tube.  To  monitor  the  progression  of  detonation 
waves,  a  series  of  the  ionization  probes  were  installed  along  the  first  thrust  tube,  as  shown  in  Fig.2.  The  ionization 
probes  were  spark  plugs  with  the  center  electrode  charged  to  low  voltage.  An  electrical  discharge  through  the  spark 
plug  is  an  indication  of  plasma.  Detonation  wave  fronts  are  weakly  ionized  and,  thus,  can  be  recorded  by  ionization 
probes  as  they  propagate  down  the  thrust  tube. 

Two  important  measurements  are  reduced  from  data  recorded  by  a  digital  acquisition  system:  the  ignition  delay, 
which  is  the  time  from  when  the  ignition  system  fires  to  when  a  pressure  increase  due  to  heat  release  is  observed  in 
the  thrust  tube,  and  the  detonation  time,  which  is  the  time  from  when  the  ignition  system  fires  to  when  a  detonation 
wave  is  first  observed.  A  detonation  wave  is  said  to  occur  when  the  wave  speed  becomes  90%  of  the  theoretical  CJ 
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velocity  of  -1800  m/s.  From  these  two  measurements,  the  deflagration-to-detonation  time  (DDT),  which  is  equal  to 
the  detonation  time  minus  the  ignition  delay,  is  calculated. 
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Figure  1.  Pulsed  Detonation  Engine  Configuration 


Figure  2.  The  location  of  ionization  probes  (highlighted  by  the  yellow  circles)  along  a  thrust  tube. 
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B.  Exciters 

Five  different  ignition  systems  were  compared  in  these  tests:  the  Transverse  Exciter  (TE),  the  Transient  Plasma 
Ignition  (TPI),  the  AFRL  ignition,  the  Multi-Spark  Discharge  (MSD)  ignition,  and  a  modified  MSD  ignition.  The 
TE,  TPI  and  AFRL  ignitions  are  non-thermal  in  nature,  whereas  the  MSD  and  modified  MSD  ignitions  are  thermal 
ignitions.  The  ignitions  allow  comparisons  based  on  the  type  of  discharge  (thermal  and  non-thermal),  type  of  igniter 
(corona  igniter,  surface  discharge  igniter,  or  spark  plug),  polarity,  and  energy. 

The  TE  ignition  is  a  100-ns,  capacitive  discharge  ignition  built  at  the  AFRL.  It  is  so  named  because  its  primary 
application  is  to  inject  electrical  pulses  transverse  to  high  speed  airflow  in  scramjet  combustors.  The  TE  ignition  is  a 
new  system  and  was  included  here  to  test  its  reliability  before  progressing  onto  high  speed  air  tunnel  tests.  Typical 
output  pulse  voltages  are  25  to  40  kV.  The  TE  ignition  circuit  can  be  arranged  to  produce  either  positive  or  negative 
pulses  to  test  ignition  capability  of  both  polarities.  TE  ignition  energy  is  adjusted  by  varying  the  exciter  capacitance. 
The  discharge  generally  begins  with  a  corona  like  discharge  and  terminates  in  a  spark.  The  efficiency  of  energy 
transfer  from  the  exciter  to  the  electrical  discharge  is  25  to  45%  with  surface  discharge  igniters,  depending  on 
discharge  length,  and  about  45%  with  corona  igniters.  Circuit  design  and  operation  are  described  elsewhere.11 

The  TPI  ignition,  built  at  the  University  of  Southern  California,  is  a  capacitive  discharge  ignition  consisting  of  a 
lumped  element  Blumlein  and  a  3:1  step-up  transformer  to  produce  high  voltage  output  pulses,  typically  52  to  66  kV 
peak  with  a  full-width,  half-maximum  (FWHM)  duration  of  50  to  75  ns.  The  discharge  is  a  corona  discharge  that 
fills  a  2.5  to  5  cm  long  section  of  the  thrust  tube.  Efficiency  of  energy  transfer  from  the  exciter  to  the  electrical 
discharge  is  typically  50%.  Exciter  energy  is  varied  by  adjusting  the  charging  voltage.  In  these  tests,  the  TPI  exciter 
was  operated  only  in  positive  polarity  with  a  corona  igniter,  although  it  can  operate  with  negative  polarity  also.  A 
description  of  the  TPI  ignition  is  provided  in  Ref.  2. 

The  AFRL  ignition  is  a  negative  output  pulse  version  of  the  TE  igniter  with  the  output  switch  removed.  In 
this  setup,  the  exciter  capacitance  and  the  high  voltage  electrode  of  the  igniter  are  directly  connected.  The  charging 
time  is  from  0.5  to  10  milliseconds  (depending  on  capacitance)  and,  when  the  maximum  hold-off  voltage  of  the 
igniter  is  exceeded,  a  100-ns  discharge  from  the  high  voltage  electrode  of  the  igniter  to  ground  occurs.  Data  from 
this  ignition  is  not  included  in  this  paper,  although  the  best  results  are  comparable  with  those  reported  here. 

The  MSD  ignition  is  an  aftermarket  automotive  spark  ignition,  part  number  6215.  It  is  a  multi-channel, 
programmable,  capacitive-discharge  ignition  with  a  resistive  cable  and  spark  plug.  The  voltage  rises  to  a  peak  of  6.5 
kV  (the  spark  gap  breakdown  voltage)  in  about  5  jlis,  and,  after  breakdown,  the  ignition  produces  a  peak  current  of 
0.4  A.  The  FWHM  of  the  power  pulse  is  about  1  jlis,  with  the  current  pulse  continuing  for  about  50  jlis  thereafter. 
The  current  is  limited  by  the  resistance  of  the  cable  and  the  spark  plug.  The  exciter  energy  is  0.105  to  0.115  J.  The 
efficiency  of  energy  transfer  from  the  exciter  to  the  electrical  discharge  is  about  3%.  All  baseline  measurements  are 
done  with  this  ignition.  This  ignition  is  also  referred  to  as  the  unmodified  MSD  ignition. 

The  improved  MSD  ignition  is  the  MSD  exciter,  with  the  resistive  cable  and  spark  plug  replaced  by  a  non- 
resistive  cable  and  a  surface  discharge  igniter,  thus  increasing  the  energy  delivered  to  the  electrical  discharge. 

C.  Igniters 

Three  types  of  igniters  are  used  in  the  tests:  a  corona  igniter,  a  surface  discharge  igniter,  and  a  spark  plug. 
Schematics  of  the  corona  and  surface  discharge  igniters  are  shown  in  Figs.  3  and  4.  All  igniters  are  mounted  in  the 
PDE  engine  head  and  centered  in  the  cylindrical  thrust  tube.  The  gray  areas  are  metallic  flanges  or  pipes,  the  white 
areas  enclosed  by  thin  black  lines  are  voltage-insulating  ceramics,  the  thick  black  lines  are  wires  or  threaded  rods, 
and  the  red  areas  are  electrical  discharges.  All  the  figures  have  cylindrical  geometry.  The  corona  and  surface  igniters 
are  made  from  the  same  device,  consisting  of  a  threaded  0.32  cm  diameter  metallic  electrode,  a  0.95  cm  diameter 
ceramic  tube  surrounding  the  electrode,  and  a  metallic  fitting  that  screwed  into  the  PDE  engine  head.  With  the 
corona  igniter,  the  ceramic  is  pushed  approximately  10  cm  into  the  combustion  chamber  so  that  a  radial  electrical 
discharge  forms  between  the  high  voltage  electrode  to  the  grounded  thrust  tube.  The  radial  distance  between  the 
high  voltage  electrode  and  the  grounded  thrust  tube  is  approximately  2.6  cm  and,  thus,  a  peak  voltage  of  about  30-66 
kV  is  required  to  form  an  electrical  discharge.  The  TE  and  TPI  ignitions  were  used  with  the  corona  igniter.  With  the 
surface  igniter,  the  ceramic  tube  length  is  adjusted  between  1  and  20  mm  such  that  the  electrical  discharge  forms 
along  the  surface  of  the  ceramic,  from  the  high  voltage  electrode  to  the  grounded  engine  head.  A  peak  voltage  of  20 
to  40  kV  is  required  to  form  the  electrical  discharge.  The  TE  and  modified  MSD  ignitions  were  used  with  the 
surface  discharge  igniter.  The  spark  plug  is  a  modified  AC  Delco  41-629,  or  equivalent.  The  spark  plug  has  a  1.1  cm 
outer  diameter,  0.88  cm  long  metallic  cylinder  welded  onto  the  end,  with  two  vent  holes  located  180°  from  each 
other.  This  modified  spark  plug  is  used  exclusively  with  the  unmodified  MSD  exciter. 


4 

American  Institute  of  Aeronautics  and  Astronautics 


1403 


Figure  3.  Placement  and  Operation  of  Corona  Igniter  in  a  PDE  Thrust  Tube 


Figure  4.  Placement  and  Operation  of  a  Surface  Discharge  Igniter  within  a  PDE  Thrust  Tube 


III.  Experimental  Results 

The  baseline  ignition  delays  and  deflagration-to-detonation  times  as  a  function  of  fuel-air  equivalence  ratio  (cp) 
are  shown  in  Fig.  5.  This  data  was  taken  with  the  unmodified  MSD  ignition  with  a  modified  spark  plug  operated  in 
the  PDE  fueled  by  aviation  gasoline.  Data  was  recorded  over  a  fuel-air  equivalence  range  of  0.8  to  1.2.  The  ignition 
delay  is  9.5  ms  at  cp  =  1.2,  rising  to  11  ms  at  cp  =1  and  16.5  ms  at  cp  =  0.8.  The  DDT  times  remain  approximately 
constant  near  2  ms.  The  curves  are  second  order  polynomial  fits  to  the  data  recorded  at  cp  =  0.8,  1,  and  1.2.  These 
curves  are  included  in  the  following  graphs  for  comparison. 

Ignition  delay  and  DDT  data  for  a  TE  ignition  that  produces  positive  polarity  pulses  and  the  modified  MSD 
ignition  are  shown  in  Fig.  6.  A  surface  discharge  igniter  (shown  in  Fig.  4)  is  used  with  both  ignitions.  The  PDE  is 
fueled  with  aviation  gasoline.  Each  data  point  (at  each  equivalence  ratio)  represents  an  average  of  1  to  6 
measurements.  Data  scatter  is  typically  ±2  ms.  The  curves  are  based  on  a  second  degree  polynomial  fit  to  the  data 
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points.  The  energy  levels  quoted  in  the  figures  are  estimated  exciter  energies.  Neither  the  charging  voltage  nor  the 
output  voltage  and  current  waveforms  of  the  exciter  were  monitored  during  operation.  All  the  TE  ignition  delay 
curves  lie  below  the  baseline  MSD  ignition  delay  curve.  As  the  capacitance  and  energy  increases,  the  ignition  delay 
decreases,  while  the  DDT  times  remain  approximately  constant.  The  shortest  ignition  delays  are  6.5  ms  at  cp  =  1  and 
1.2  and  1 1  ms  at  cp  =  0.8  when  a  4  nF  capacitor  is  installed  in  the  TE  exciter.  The  spread  from  the  lowest  capacitance 
(130  pF)  to  the  highest  capacitance  (4nF)  is  1.5  ms  at  cp  =  1  and  1.2  and  5  ms  at  cp  =  0.8. 

A  comparison  between  the  TE  ignition  delays  at  two  selected  capacitances  and  the  modified  and  unmodified 
MSD  ignition  delays  are  shown  in  Table  1.  Note  that  the  modified  MSD  ignition  delays  are  comparable  to  those  of 
the  TE  ignition,  although  the  exciter  energy  of  the  modified  MSD  ignition  is  less.  The  data  indicate  that  a  thermal 
(modified  MSD)  ignition  can  produce  ignition  delays  comparable  to  those  of  a  non-thermal  (TE)  ignition,  under  the 
present  PDE  operating  conditions  of  1  atmosphere  pressure  and  360  to  480  K.  By  replacing  a  resistive  cable  and 
spark  plug  with  a  non-resistive  cable  and  surface  discharge  igniter,  the  ignition  delay  produced  by  a  MSD  ignition 
system  can  be  reduced  by  4  ms  at  lean  and  stoichiometric  fuel-air  ratios. 

Table  1.  Comparison  of  TE,  Improved  MSD,  and  Unmodified  MSD  Ignition  Delays 


Fuel- Air  Equivalence  Ratio 

0.8 

1.0 

1.2 

TE  Ignition,  Surface  Discharge  Igniter.  650  pF,  0.25  J 

12  ms 

7  ms 

7  ms 

TE  Ignition,  Surface  Discharge  Igniter,  4  nF,  1.5  J 

11  ms 

6.5  ms 

6.5  ms 

Improved  MSD  Ignition,  Surface  Discharge  Igniter,  0.1 15  J 

12.5  ms 

7  ms 

8.5  ms 

Unmodified  MSD  Ignition,  Modified  Resistor  Spark  Plug,  0.1 15  J 

16.5  ms 

1 1  ms 

9.5  ms 

A  similar  set  of  data  for  a  TE  ignition  that  produces  negative  polarity  pulses  is  shown  in  Fig.  7.  In  this  case,  a 
corona  igniter  is  used  (shown  in  Fig.  3).  The  shortest  ignition  delays  were  produced  with  the  largest  capacitance,  1.3 
nF,  except  at  cp  =  1.2  where  the  237.5  pF  capacitance  produced  slightly  better  results.  Comparisons  of  the  ignition 
delays  produced  by  positive  and  negative  pulses  at  two  selected  capacitances  are  shown  in  Tables  2  and  3.  For  the 
case  of  a  237.5  pF  capacitance,  the  ignition  delays  at  cp  =  1  and  1.2  are  about  7  ms  for  both  polarities,  whereas  the 
ignition  delay  for  the  positive  polarity  is  3.5  ms  longer.  In  the  case  of  a  1.3  nF  capacitance,  the  ignition  delays  were 
nearly  the  same  at  each  of  the  fuel-air  equivalence  ratios  (11  ms  at  cp  =  0.8  and  7  ms  at  cp  =  1.0  and  1.2).  The  data 
indicates  that  the  negative  polarity,  corona  igniter  setup  has  an  advantage  over  the  positive  polarity,  surface 
discharge  igniter  at  low  energy  and  capacitance  (237.5  pF).  At  the  higher  capacitance  (1.3  nF),  the  difference  in 
ignition  delays  between  a  positive  pulse  with  a  surface  discharge  igniter  and  a  negative  pulse  with  a  corona  igniter 
are  small. 

Table  2.  Comparison  of  TE  Ignition  Delays  with  a  237.5  pF  Capacitance 


Fuel- Air  Equivalence  Ratio 

0.8 

1.0 

1.2 

Fig.  6  -  Positive  Polarity,  Surface  Discharge  Igniter 

14.5  ms 

7  ms 

7  ms 

Fig.  7  -  Negative  Polarity,  Corona  Igniter 

1 1  ms 

7.5  ms 

7  ms 

Table  3.  Comparison  of  TE  Ignition  Delays  with  a  1.3  nF  Capacitance 


Fuel- Air  Equivalence  Ratio 

0.8 

1.0 

1.2 

Fig.  6  -  Positive  Polarity,  Surface  Discharge  Igniter 

1 1  ms 

7  ms 

7  ms 

Fig.  7  -  Negative  Polarity,  Corona  Igniter 

10.5  ms 

7  ms 

7  ms 
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Figure  5.  Baseline  Ignition  Delays  and  DDT  Times  with  Aviation  Gasoline 


■  MSD  IGN  0.1 15J 

■  MSD  DDT  0.1 1 5J 


Figure  6.  Ignition  Delays  and  DDT  Times  for  the  Positive  Polarity  TE  Ignition  and  the  Modified  MSD 
Ignition  with  a  Surface  Discharge  Igniter 
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Figure  7.  Ignition  Delays  and  DDT  Times  for  the  Negative  Polarity  TE  Ignition  with  a  Corona  Igniter 

The  ignition  delays  and  DDT  times  produced  by  the  TPI  Ignition  with  a  corona  igniter  are  shown  in  Fig.  8.  The 
ignition  delays  produced  by  the  TPI  ignition  are  less  than  those  produced  by  the  unmodified  MSD  ignition.  The  TPI 
ignition  produces  52  to  66  KV  pulses  that  over-stressed  the  ceramics  of  the  corona  igniter,  producing  undesired 
corona  discharges  that  reduced  the  energy  available  for  ignition.  The  length  of  the  discharge  volume  was  determined 
by  the  length  of  threaded  rod  exposed  at  the  end  of  the  igniter.  The  length  was  2.5  to  5  cm.  In  Fig.  8,  the  lowest 
ignition  delays  are  produced  when  the  TPI  exciter  energy  is  3.4  J,  except  at  cp  =  1.2  where  the  2.2  J  setting  produced 
slightly  better  results.  The  ignition  delays  for  the  3.4  J  setting  are  1 1  ms  at  cp  =  0.8,  6  ms  at  cp  =  1.0,  and  5.5  ms  at  cp 
=  1.2.  These  ignition  delays  are  equal  to  or  slightly  better  than  the  ignition  delays  for  the  positive  polarity  4  nF,  1.5  J 
TE  igniter  with  a  surface  discharge  igniter  in  Fig.  6  (1 1  ms  at  cp  =  0.8,  6.5  ms  at  cp  =  1.0,  and  6.5  ms  at  cp  =  1.2).  The 
ignition  delays  for  cp  between  0.8  and  1.0  are  most  important  because  it  is  desirable  for  the  PDE  to  operate  under 
lean  conditions  to  conserve  fuel.  The  DDT  times  appear  to  increase  for  the  TPI  when  the  exciter  energy  is  3.4  J.  A 
similar  trend  was  observed  with  hydrogen  as  the  fuel  (which  is  not  presented  in  this  paper). 
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Figure  8.  Ignition  Delays  and  DDT  Times  for  the  Positive  Polarity  TPI  Ignition  with  a  Corona  Igniter 


IV.  Conclusion 

In  a  preliminary  survey  on  an  experimental  pulsed  detonation  engine  fueled  with  aviation  gasoline,  it  has  been 
demonstrated  that  non-thermal  ignitions  can  reduce  the  ignition  delay  by  5-6  ms,  or  equivalently  30  to  45%,  below 
that  observed  with  an  aftermarket  automotive  ignition  at  lean  to  stoichiometric  fuel-air  equivalence  ratios.  Non- 
thermal  ignitions  with  0.5  to  3  J  energies  produce  the  shortest  ignition  delays.  Ignition  delays  are  approximately  the 
same  for  positive  corona  or  negative  spark  discharges.  It  has  also  been  demonstrated  that  by  a  simple  modification 
of  an  aftermarket  automotive  thermal  ignition,  ignition  delays  can  be  reduced  by  4  ms  under  the  same  PDE 
operating  conditions,  but  with  0.1 15  J  exciter  energy.  The  shortest  ignition  delay  at  cp  =1  was  6  ms,  produced  by  the 
Transient  Plasma  Ignition.  At  cp  =  0.8,  an  ignition  delay  of  1 1  ms  was  observed  with  both  the  Transverse  Exciter  and 
the  Transient  Plasma  Ignition.  Ignition  delays  were  substantially  longer  than  the  deflagration-to-detonation  times, 
which  were  about  1  to  3  ms. 
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Evaluation  of  Catalytic  and  Thermal  Cracking 
in  a  JP-8  Fueled  Pulsed  Detonation  Engine 
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and 
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Pulsed  detonation  engines  (PDEs)  depend  on  rapid  ignition  and  transition  from 
deflagration  to  detonation.  Converting  the  PDE  from  experimental  to  operational  use  will 
necessitate  a  considerable  reduction  in  the  time  required  to  ignite  and  detonate  a  liquid 
hydrocarbon  fuel,  such  as  JP-8,  in  air.  This  research  effort  is  focused  on  PDE  operation 
enhancements  using  dual-detonation-tube,  concentric-counter-flow  heat  exchangers  to 
elevate  the  fuel  temperature  levels  sufficiently  to  induce  thermal  cracking.  Additionally,  a 
zeolite  catalytic  coating  is  applied  to  the  heat-exchanger  surfaces  to  stimulate  further 
cracking  of  the  fuel  and  reduce  coke  deposition.  To  quantify  the  PDE  performance,  three 
parameters  are  examined,  ignition  time,  deflagration-to-detonation  transition  (DDT)  time, 
and  DDT  distance.  As  compared  with  flash-vaporized  JP-8/air  mixtures,  the  cracked  JP- 
8/air  mixture  produces  a  shorter  ignition  time,  DDT  time,  and  DDT  distance  for  the 
majority  of  equivalence  ratios,  with  a  reduction  in  ignition  time  of  up  to  60%  at  908  K. 
Furthermore,  both  the  ignition  and  detonability  limits  are  expanded  by  cracking  the  fuel, 
with  lean  limits  at  an  equivalence  ratio  of  0.75.  Coke  deposition  found  in  the  fuel  filter 
consists  of  carbon  as  well  as  substantial  concentrations  of  silicon  and  aluminum,  resulting 
from  deterioration  of  the  silica-alumina  zeolite  structure.  Additionally,  the  catalyst  was 
coated  in  coke  deposition  after  5  hr  of  operation,  although  no  degradation  in  performance  is 
observed. 


Nomenclature 


Pcrit 

Mcj 

Po 

To 

X 


Critical  Initiation  Energy 
Chapman-Jougeut  Mach  Number 
Initial  Fuel/Air-Mixture  Pressure 
Initial  Fuel/Air-Mixture  Ratio  of  Specific  Heats 
Cell  Size 


I.  Introduction 

THEORETICALLY,  the  pulsed-detonation-engine  (PDE)  cycle  can  provide  nearly  constant-volume  combustion, 
with  lower  entropy  gain  and  higher  propulsive  efficiency;  but  practical  PDEs  are  still  in  the  early  stages  of 
development.1"3  Several  technological  barriers  must  be  overcome  before  the  PDE  can  be  considered  a  realistic 
means  of  providing  propulsion  to  operational  aircraft.4  A  large  barrier  is  the  efficient  ignition  and  detonation 
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initiation  of  low- vapor-pressure  hydrocarbon  fuels  such  as  JP-8.  While  a  substantial  amount  of  research  has  been 
performed  with  gaseous  fuels  such  as  hydrogen  and  simple  hydrocarbons,5  only  recently  have  studies  on  liquid 
hydrocarbon  fuels  been  conducted.6  This  lack  of  research  has  resulted  in  a  large  gap  between  experimental  and  the 
operational  use  of  PDEs.  Nearly  all  United  States  Air  Force  (USAF)  aircraft  are  operated  with  liquid  hydrocarbon 
fuels  primarily  JP-8.7  Therefore,  the  ability  to  utilize  those  fuels  efficiently  in  the  PDE  is  necessary  to  transition 
PDE  technology  from  the  research  phase  to  the  operational-use  phase. 

The  conversion  from  gaseous  fuels  to  liquid  hydrocarbon  fuels  has  highlighted  three  key  cycle-performance 
parameters  that  adversely  affect  efficient  PDE  operation:  1)  time  from  spark  deposition  to  the  creation  of  a 
deflagration  wave  within  the  fuel/air  mixture  (ignition  time),  2)  the  time  required  to  transition  the  deflagration  wave 
into  a  detonation  wave  (DDT  time),  and  3)  the  length  of  detonation  tube  required  for  the  mixture  to  transition  to  a 
detonation  (DDT  distance).  Both  the  ignition  time  and  the  DDT  time  are  nearly  an  order  of  magnitude  longer  for 
complex  liquid  hydrocarbon  fuels  than  for  hydrogen.  For  example,  the  ignition  time  for  a  hydrogen/air  mixture  is 
on  the  order  of  1  ms,  whereas  that  for  a  JP-8/air  mixture  is  -7  ms. 

This  research  marks  the  first  evaluation  of  a  PDE  fueled  with  thermally  and  catalytically  cracked  JP-8  fuel. 
Previous  research8,9  demonstrated  the  benefits  of  preheating  JP-8  to  flash  vaporization  and  supercritical 
temperatures.  Tucker  et  al.8  demonstrated  that  flash  vaporization  of  JP-8  reduces  both  ignition  time  and  DDT  time, 
as  well  as  increases  the  ignition  and  detonation  limits.  Helfrich  et  al.9  found  that  heating  JP-8  to  supercritical 
temperatures  caused  a  decrease  in  DDT  time  and  DDT  distance  and  improved  the  consistency  of  detonations  The 
focus  of  the  present  research  was  to  use  a  dual-detonation-tube,  concentric-counter-flow  heat-exchanger  system  to 
elevate  the  fuel  temperatures  sufficiently  to  crack  the  fuel  thermally  with  the  assistance  of  a  zeolite  catalytic  coating. 


II.  Background  and  Theory 

Previous  experimental  research5  has  shown  that  a  typical,  stoichiometric,  low-vapor-pressure  liquid- 
hydrocarbon/air  mixture  requires  on  the  order  of  1 05  J  of  energy  for  direct  initiation  of  detonation  (critical  initiation 
energy),  which  is  six  orders  of  magnitude  greater  than  that  available  from  a  typical  spark  plug  (-100  mJ).  Thus,  a 
mixture  with  low  critical  initiation  energy  is  more  susceptible  to  DDT.  Knystautas  et  al.10  developed  a  correlation 
between  the  detonation  cell  size  (2)  and  the  critical  initiation  energy  of  a  mixture,  shown  in  Eq  (1): 

E„,,=  (2197/1 6)ltycPcM2jX  (1) 

where  Ecrit  is  the  critical  initiation  energy  of  a  fuel/air  mixture,  yQ  is  the  initial  ratio  of  specific  heats,  PQ  is  the  initial 
mixture  pressure,  MCj  is  the  Chapman-Jougeut  Mach  Number  of  the  mixture,  and  /  is  a  dimensionless  constant. 
Additionally,  Schauer  et  al.11  developed  a  correlation  for  the  detonation  cell  size  and  the  critical  initiation  energy  of 
a  mixture  based  on  data  gathered  by  Kaneshige  and  Shepherd,5  Eq.  (2): 

Ecnt  =  3.375/t3  (2) 

Although  the  two  equations  appear  to  be  different,  the  important  point  is  that  the  critical  initiation  energy  varies  with 
the  cube  of  the  detonation  cell  size,  which  means  that  a  decrease  in  cell  size  is  an  indication  of  improved 
detonability. 

The  detonation  cell  size  is  a  physical  characteristic  of  a  detonation  wave  as  it  propagates,  as  shown  in  Fig  1.  A 
more  detailed  discussion  of  detonation  cell  structure  can  be  found  in  Fickett  and  Davis.12  Figure  2  is  a  plot  of 
detonation  cell  size  as  a  function  of  equivalence  ratio  for  acetylene,  hydrogen,  ethylene,  and  JP-10.  JP-10  is  a  higher 
density  liquid  hydrocarbon  with  a  density  on  the  same  order  as  that  of  JP-8.  Acetylene,  hydrogen,  and  ethylene  are 
shown  to  have  a  smaller  detonation  cell  size  than  JP-10  at  corresponding  equivalence  ratios;  therefore,  it  is  inferred 
from  Eqs.  (1)  and  (2)  that  acetylene,  hydrogen,  and  ethylene  are  more  detonable  than  high-density  liquid 
hydrocarbons.  The  data  from  Fig.  2  were  compiled  by  Kaneshige  and  Shepherd5  but  experimentally  determined 
elsewhere. 10,13,14 
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Figure  1.  Representative  two-dimensional  detonation  cell  structure 


Equivalence  Ratio 


Figure  2.  Plot  of  detonation  cell  size  as  function  of 
equivalence  ratio  for  four  fuels  in  air. 


If  a  liquid  hydrocarbon  fuel  is  heated  to  a  sufficiently  high  temperature  (-800  K),  it  will  begin  to  undergo 
endothermic  reactions  known  as  thermal  cracking.15  As  a  result  of  these  endothermic  reactions,  the  complex 
hydrocarbon  bonds  begin  to  break  apart  and  form  smaller,  lighter  hydrocarbons  and  hydrogen.16,17  Huang  et  al.15 
have  shown  with  Gas  Chromatograph/Mass  Spectrometer  (GC/MS)  analysis  that  when  JP-8  was  heated  to  -960  K,  a 
substantial  shift  in  composition  occured.  The  concentrations  of  heavy  liquid  hydrocarbons  (decane,  undecane, 
dodecane,  tridecane,  tetradecane,  and  pentadecane)  decreased,  whereas  that  of  lighter  liquid  hydrocarbons  (butene, 
benzene,  and  toluene)  increased.15  As  these  lighter  hydrocarbons  are  formed  (and  heavier  hydrocarbon 
concentration  decreases)  the  ignition  and  DDT  times  are  likely  reduced.  Using  a  gas  chromatograph,  Huang  et  al.15 
showed  that  endothermic  reactions  also  produced  hydrogen  and  several  gaseous  hydrocarbons,  such  as  ethylene.  As 
shown  in  Fig.  2,  hydrogen  and  ethylene  have  smaller  cell  sizes,  leading  to  increased  detonability.  Austin  and 
Shepherd13  have  shown  that  adding  hydrogen  or  ethylene  to  a  liquid  hydrocarbon  decreases  the  cell  size  of  the 
mixture,  thereby  increasing  detonability. 

Zeolite  catalytic  coatings  have  been  used  in  several  experiments15"19  to  aid  in  fuel  cracking  and  minimize 
coking.  Huang  et  al.19  found  that  a  wall- supported  zeolite  catalyst  would  permit  an  experiment  to  run  five  times 
longer.  Galligan18  found  that  a  zeolite  catalyst  could  be  used  to  obtain  >90%  conversion  of  JP-10  to  other 
hydrocarbons.  Shepherd  et  al.16  showed  that  the  use  of  a  zeolite  catalyst  could  increase  the  percent  of  JP-10 
conversion  by  an  order  of  magnitude  over  that  of  thermal  cracking  alone. 
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III.  Experimental  Setup  and  Instrumentation 


A.  Facilities  and  PDE  Details 

This  research  was  conducted  in  the  Pulsed  Detonation  Research  Facility  (PDRF),  which  is  located  at  Wright- 
Patterson  AFB  in  Ohio.  This  facility  was  described  in  detail  elsewhere,20  and  only  the  details  that  are  relevant  to  the 
current  research  are  provided  here.  The  PDE  for  this  study  consisted  of  the  valve  train  from  a  GM  quad-four- 
engine  head  with  two  1.83-m-long,  Schedule-40  stainless-steel  detonation  tubes  (50.8-mm  diameter);  each  tube  had 
a  1.22-m-long  Schelkin-like  spiral,  with  one  end  adjacent  to  the  closed  end  of  the  detonation  tube,  to  promote 
DDT.21  Each  detonation  tube  had  an  inconel  heat  exchanger  (described  later). 

The  PDE  cycle  consisted  of  three  equally  timed  phases— fill,  fire,  and  purge,  as  shown  in  Fig.  3.  During  the 
fill  phase,  the  intake  valves  were  opened  to  fill  the  PDE  detonation  tube  with  a  volume  of  premixed  fuel  and  air  that 
was  equal  to  the  volume  of  the  detonation  tube  (fill  fraction  of  one).  For  all  tests  the  fill  air  was  initially  heated  to 
394  K  prior  to  mixing  with  the  fuel.  During  the  fire  phase,  spark  energy  was  released,  causing  the  formation  of  a 
deflagration  wave  that  transitioned  to  a  detonation  wave.  The  ignition  system  provided  spark  pulses  through 
modified  spark  plugs,  with  each  spark  plug  supplying  an  ignition  energy  of  1 1 5  mJ.  The  spark  delay  after  the  intake 
valves  were  closed  was  6  ms.  During  the  purge  phase,  the  exhaust  valves  were  opened  to  fill  the  detonation  tube 
with  a  volume  of  air  (unheated)  that  was  equal  to  one-half  the  volume  of  the  detonation  tube  (purge  fraction  of  0.5). 
The  purge  air  cooled  the  detonation  tube  and  removed  a  portion  of  the  exhaust  gases,  preventing  auto-ignition.  The 
PDE  firing  frequency  was  kept  constant  at  15  Hz  for  all  testing. 


Beginning  of  Fill  Phase 


End  of  Fill  Phase 


■.  ■ 


Wm 


Beginning  of  Fire  Phase 


HSpark  and  Deflagration  Wave  Initiated 


End  of  Fire  Phase 


Detonation  Wave 


Figure  3.  Diagrams  of  fill,  fire,  and  purge  phases  of  PDE  cycle. 


Beginning  of  Purge  Phase 


End  of  Purge  Phase 


B.  Fuel  Heating  System 

The  liquid  fuel  required  for  this  testing  was  supplied  by  two  hydraulic  bladder  accumulators  that  were 
pressurized  by  nitrogen.  The  nitrogen  pressurized  the  fuel  above  the  critical  pressure  for  the  duration  of  the  test  to 
prevent  phase  change.  The  fuel  was  pressure  fed  to  the  inlet  of  the  fuel  heating  system  (FHS).  The  FHS  consisted 
of  two  inconel  heat  exchangers,  a  fuel  filter  assembly,  fuel  injection  nozzles,  instrumentation,  and  associated  tubing 
and  fittings  necessary  to  connect  the  critical  components.  The  flow  path  and  instrumentation  are  shown  in 
schematic  and  photographic  form  in  Figs.  4(a)  and  4(b),  respectively.  The  fuel  entered  the  test  stand  through  a 
pneumatically-operated  ball  valve  and  then  flowed  through  the  heat-exchanger  on  tube  three.  The  fuel  was  then 
routed  through  the  heat-exchanger  on  tube  two  and  through  the  filter  to  the  fill-air  manifold,  where  it  was  injected 
into  the  air  stream  via  the  fuel-injection  nozzles.  The  fuel  filter  was  used  to  remove  the  coking  that  was  formed  as  a 
result  of  thermal  cracking  of  the  fuel.22  The  fuel  lines  that  carried  heated  fuel  (fuel  that  had  traversed  through  a  heat- 
exchanger)  were  insulated  with  a  ceramic-tape  insulation  to  prevent  heat  loss  [Note:  Insulation  is  removed  in  Fig. 
4(b)  for  visual  clarity]. 

The  fuel  mass  flow  rate  of  the  nozzles  is  proportional  to  the  square  root  of  the  pressure  drop  across  the  fuel 
nozzles  and  the  fuel  density.23,24  To  compensate  for  the  decrease  in  fuel  density  during  heating  of  the  fuel  in  the 
supercritical  regime,  the  charge  pressure  of  the  accumulators  was  increased  to  maintain  a  constant  fuel  mass  flow 
rate.  The  accumulator  charge  pressure  was  varied  during  the  test  using  a  pneumatic  dome-loaded  regulator  [for 
details,  see  Ref.  25]. 

To  minimize  oxidative  carbon  deposition  in  the  FHS,  the  JP-8  was  de-oxygenated  through  a  nitrogen  sparging 
process,  reducing  the  oxygen  concentration  to  <1  ppm.  The  sparging  process  involved  bubbling  a  volume  of 
nitrogen  through  the  JP-8  to  displace  the  dissolved  oxygen  in  the  fuel.  The  volume  of  nitrogen  necessary  to  reduce 
the  oxygen  concentration  to  acceptable  levels  was  determined  experimentally  in  previous  work;26  and  to  ensure 
acceptable  levels,  a  factor  of  safety  of  two  was  applied  to  all  nitrogen  volume  calculations. 
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Figure  4.  (a)  Diagram  and  (b)  photograph  of  the  PDE  with  the  fuel  heating  system  and  instrumentation. 


C.  Heat  Exchangers 

Two  identical  concentric-tube  heat  exchangers  were 
fabricated  for  this  research.  Each  0.91-m-long  heat 
exchanger  was  fabricated  with  a  50.8-mm-dia,  inconel-625, 
Schedule- 10  inner  tube  and  a  63.5-mm-dia,  inconel-600, 
Schedule-40  outer  tube  allowing  a  1.22  mm  annular  gap.  A 
photograph  of  one  of  the  heat  exchangers,  with  the 
associated  instrumentation  ports,  is  shown  in  Fig.  5. 


Figure  5.  Photograph  of  heat  exchanger. 


D.  Zeolite  Catalytic  Coating 

The  inner  walls  of  the  two  heat  exchangers  and  the  tubing  between  them  and  the  fuel  injection  nozzles  were 
coated  with  an  inexpensive  zeolite  catalyst  in  a  ceramic-like  binder.  The  catalyst  was  applied  by  a  contractor  using 
a  proprietary  method.  The  zeolite  structure  is  known  to  be  composed  of  a  silica-alumina,  but  the  catalytic  agent  is 
proprietary  information.  As  mentioned  earlier,  the  catalyst  was  applied  to  decrease  coke  deposition  and  increase 
fuel  cracking. 

E.  Instrumentation 

Ion  probes  were  placed  in  ports,  spaced  0.102  m  apart,  along  the  length  of  the  detonation  tube  and  heat 
exchanger  (see  Figs.  4  and  5),  and  were  used  to  measure  the  velocity  of  the  combustion  wave  (wavespeed). 
Combustion  waves  propagating  at  speeds  within  10%  of  the  upper  Chapman- Jouguet  point  (assumed  to  be  1800 
m/s)  were  considered  to  be  detonation  waves.  Thermocouples  were  placed  in  the  center  of  the  flow  path  to  gather 
temperature  data  at  the  inlet  and  outlet  of  each  heat  exchanger  (J-type)  and  at  the  inlet  to  the  fill-air  manifold  (T- 
type).  Additional  J-type  thermocouples  were  placed  in  the  thermocouple  ports  (see  Fig.  5)  in  both  heat  exchangers 
to  determine  fuel  temperature  within  the  heat  exchanger.  External  heat-exchanger  wall  temperatures  were  measured 
with  J-type  thermocouples  that  were  mounted  externally  by  compression  clamps  on  the  PDE  detonation  tube.  A 
pressure  transducer  was  situated  at  the  closed  end  of  the  detonation  tubes  to  measure  the  pressure  that  was  used  to 
determine  the  ignition  time. 


IV.  Results  and  Discussion 

The  experimentally  determined  ignition  time,  DDT  time,  and  DDT  distance  are  plotted  as  a  function  of  fuel- 
injection  temperature  (Figs.  6,  7,  and  8,  respectively)  and  equivalence  ratio  (Figs.  9,  10,  and  11,  respectively). 
Additionally,  the  results  of  a  thorough  examination  of  the  coke  deposition  and  catalyst  condition  are  presented. 
Each  data  point  represents  the  mean  value  of  30  -  40  ignitions.  The  total  experimental  uncertainty  is  presented 
whenever  possible.  Results  presented  as  a  function  of  equivalence  ratio  are  shown  with  flash-vaporized  JP-8  data 
determined  by  Helfrich  et  al.27  Results  presented  as  a  function  of  fuel  injection-temperature  are  shown  with  the 
supercritical  fuel-injection  results  for  JP-8  that  were  determined  by  Helfrich  et  al.9  Results  presented  as  a  function 
of  fuel  injection  temperature  were  collected  with  a  near- stoichiometric  mixture  of  fuel  and  air.  The  measured 
equivalence  ratio  was  found  to  vary  no  more  than  2%. 11 
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A.  Results  as  a  Function  of  Fuel-Injection  Temperature 

Figure  6  is  a  plot  of  ignition  time  as  a  function  of  fuel-injection  temperature  for  a  near-stoichiometric  JP- 8/air 
mixture.  The  ignition  time  decreases  rapidly  at  temperatures  above  800  K,  which  is  the  threshold  for  significant 
cracking  to  occur.15  The  ignition  time  is  reduced  by  19%  when  the  fuel  is  heated  from  800  K  to  900  K.  This 
appealing  trend  implies  that  further  elevation  of  the  fuel  temperature  will  result  in  reductions  in  ignition  time, 
although  the  temperature  limit  to  the  trend  is  unknown.  The  endothermic  data  matches  well  with  the  supercritical 
data  of  Helfrich  et  al.9  in  the  overlapping  range. 


Fuel  Injection  Tempertature,  K 


Figure  6.  Plot  of  ignition  time  as  function  of  fuel- 
injection  temperature  for  JP-8/air  mixture. 


Figure  7  is  a  plot  of  DDT  time  as  a  function  of  fuel-injection  temperature  for  a  near-stoichiometric  JP- 8/air 
mixture.  The  DDT  time  appears  to  be  independent  of  fuel- injection  temperature,  once  the  fuel  has  begun  to  crack, 
with  a  constant  DDT  time  of  2.25  ms.  The  data  of  Helfrich  et  al.9  showed  a  nearly  linear  decrease  in  DDT  time  that 
does  not  appear  in  the  present  research,  although  the  values  of  DDT  time  match  quite  well  in  the  overlapping 
temperature  range.  The  detonations  become  more  consistent  with  increasing  fuel-injection  temperature,  as  shown 
by  the  decrease  in  uncertainty  with  increasing  fuel- injection  temperature. 
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Figure  7.  Plot  of  DDT  time  as  function  of  fuel- 
injection  temperature  for  JP-8/air  mixture. 
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The  DDT  distance  plotted  as  a  function  of  fuel-injection  temperature  for  a  near-stoichiometric  JP-8/air  mixture  is 
shown  in  Fig.  8.  The  DDT  distance  is  independent  of  fuel-injection  temperature,  which  is  consistent  with  the  data  of 
Helfrich  et  al.9  However,  the  magnitude  of  the  DDT  distance  was  found  to  be  slightly  higher  than  in  the  data  of 
Helfrich  et  al.9  because  the  earlier  experiments  incorporated  a  0.914-m  spiral  and  the  current  experiment  was 
performed  with  a  1 .22-m  spiral.  The  longer  spiral  creates  drag  on  the  combustion  wave,  likely  delaying  detonation 
transition  slightly. 


Fuel  Injection  Temperature,  K 
Figure  8.  Plot  of  DDT  distance  as  function  of 
fuel-injection  temperature  for  JP-8/air  mixture. 


B.  Results  as  a  Function  of  Equivalence  Ratio 

Figure  9  is  a  plot  of  ignition  time  as  a  function  of  equivalence  ratio  for  a  JP-8/air  mixture  at  three  temperatures. 
Because  of  fuel-system  limitations,  temperatures  in  excess  of  866  K  could  not  be  reached  for  equivalence  ratios 
greater  than  stoichiometric.  As  expected,  a  significant  decrease  in  ignition  time  at  all  equivalence  ratios  is  observed 
in  JP-8  data  at  866K,  as  compared  to  JP-8  data  at  56 IK.  For  most  equivalence  ratios,  at  least  a  30%  reduction  in 
ignition  time  occurs.  The  JP-8  data  at  908  K  show  a  further  reduction  in  ignition  time,  with  a  60%  reduction  at  an 
equivalence  ratio  of  0.9.  The  JP-8  results  at  866  K  and  908  K  are  more  consistent  than  those  at  561  K,  as 
demonstrated  by  a  reduction  in  uncertainty.  Additionally,  the  lean  ignition  limit  of  the  JP-8  at  908  K  is  0.75,  which 
is  significantly  better  than  the  0.9  lean  limit  at  561  K. 
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Equivalence  Ratio 


Figure  9.  Plot  of  ignition  time  as  function  of 
equivalence  ratio  for  JP-8/air  mixture. 


A  plot  of  the  DDT  time  as  a  function  of  equivalence  ratio  for  a  JP-8/air  mixture  at  three  temperatures  is  shown  in 
Fig.  10.  The  minimum  DDT  time,  occurring  at  an  equivalence  ratio  of  1.1  for  both  the  endothermic  and  flash- 
vaporized  JP-8,  is  not  affected  by  the  fuel  cracking.  However,  at  equivalence  ratios  >1.2  and  <1.0,  the  endothermic 
JP-8  produces  a  shorter  DDT  time.  The  detonations  occur  more  consistently  with  the  endothermic  JP-8  than  the 
flash- vaporized  JP-8,  as  shown  by  the  smaller  uncertainty.  In  addition,  both  the  rich  and  lean  detonability  limits 
have  been  expanded.  To  the  authors’  knowledge,  the  lean  limit  of  0.75  is  the  leanest  JP-8/air  mixture  to  be 
detonated  through  spark  initiation  and  DDT  using  a  spiral  in  a  PDE. 
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Figure  10.  Plot  of  DDT  time  as  function  of 
equivalence  ratio  for  JP-8/air  mixture. 
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Figure  11  is  a  plot  of  DDT  distance  as  a  function  of  equivalence  ratio  for  a  JP-8/air  mixture  at  three 
temperatures.  The  DDT  distance  of  the  endothermic  JP-8  is  shorter  (greater  than  10  cm  for  most  equivalence  ratios) 
than  that  required  for  the  flash-vaporized  JP-8  for  all  equivalence  ratios.  Both  the  flash-vaporized  JP-8  experiment 
performed  by  Helfrich  et  al.27  and  the  present  experiment  used  a  1 .22-m-long  spiral,  facilitating  a  good  comparison 
of  DDT  distance. 
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Figure  11.  Plot  of  DDT  time  as  function  of 
equivalence  ratio  for  JP-8/air  mixture. 


C.  Analysis  of  Coke  Deposit 

After  approximately  5  hr  of  accumulated  run  time,  a  significant 
increase  in  pressure  drop  across  the  fuel  filter  (see  Fig.  4)  was 
observed.  The  filter  was  subsequently  removed  and  cleaned.  An 
inspection  of  the  filter  housing  resulted  in  the  identification  of  a  large 
quantity  of  loose  black  deposits,  suspected  to  be  coke.  Additionally, 
the  filter  element  was  clogged  with  the  same  black  deposits.  Figure 
12  is  a  photograph  of  the  clogged  filter  element  adjacent  to  a  new  one. 

To  confirm  the  content  of  the  deposit,  a  sample  was  analyzed  in  a 
scanning  electron  microscope  (SEM)  that  is  equipped  with  an  energy- 
dispersive  x-ray  detector  (EDX).  The  SEM  is  capable  of  capturing 
photographs  of  a  sample  at  the  micron  level  (micrographs).  The  EDX 
is  capable  of  identifying  the  elemental  components  of  a  sample, 
although  it  is  not  quantitatively  accurate  for  determining  the 
concentrations  of  carbon  and  oxygen.  Figure  13(a)  is  a  SEM 
micrograph  of  the  carbon  sample  at  600x  magnification.  The  large 
smooth  structure  in  the  lower-left  comer  of  Fig.  13(a)  is  probably  a 
carbon  structure.  Figure  13(b)  is  a  plot  of  the  relative  concentrations  of  the  elemental  species  as  measured  by  the 
EDX.  While  the  exact  concentration  of  carbon  cannot  be  determined  with  the  EDX,  it  is  apparent  that  significant 
carbon  is  present.  In  addition  to  carbon,  two  other  elements  are  prominent,  aluminum  and  silicon.  The  EDX  data 
indicate  that,  excluding  carbon  and  oxygen,  42.4%  of  the  sample  is  aluminum  and  41.5%  of  the  sample  is  silicon. 
As  mentioned  earlier,  the  zeolite  stmcture  is  made  of  silica-alumina.  Thus,  it  is  concluded  that  some  of  the  zeolite 
catalyst  has  flaked  off  during  testing,  although  no  degradation  in  PDE  performance  was  observed.  The  extremely 
porous  stmctures  apparent  throughout  Fig.  13(a)  are  probably  the  zeolite  fragments. 


Figure  12.  Photograph  of  coke-filled 
filter  element  (left)  and  new  filter 
element  (right). 
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(a) 

Figure  13.  (a)  SEM  micrograph  of  black  powder  from  filter  housing,  magnified  to  600x,  and  (b)  plot  from 
EDX  of  relative  concentrations  of  elements  found  in  black  deposit. 


To  determine  the  concentration  of  carbon,  the  sample  was  further  analyzed  using  a  Leco  RC  412  surface  carbon 
determinator  (SCD).  The  SCD  operates  by  heating  the  sample  in  a  furnace  with  02,  thereby  oxidizing  the  carbon  in 
the  sample  to  C02.28  The  C02  is  then  measured  using  a  calibrated  IR  detector  to  determine  the  concentration  of 
carbon  in  the  sample.28  The  SCD  was  set  to  heat  the  sample,  starting  at  150°C,  increasing  20°C/min,  ending  at 
750°C,  and  holding  the  sample  at  750°C  for  another  10  min.  Figure  14(a)  is  a  plot  of  the  relative  signal  (amount  of 
C02)  and  temperature  (shown  in  °C  on  plot)  as  a  function  of  time.  The  majority  of  the  sample  is  oxidized  between 
650  K  and  750  K,  which  is  indicative  of  carbon  rings.  The  SCD  measurement  showed  that  the  sample  contained 
38%  carbon.  The  portion  of  the  sample  that  was  left  after  the  SCD  test  (49%  by  mass)  is  comprised  of 
nonoxidizable  elements,  or  ash.  The  ash  was  then  analyzed  with  the  SEM  and  the  EDX.  Figure  14(b)  is  a  plot  of 
relative  concentrations  of  the  ash.  As  expected,  the  only  compounds  remaining  were  aluminum  and  silicon. 
Therefore,  approximately  one-half  of  the  deposit  collected  from  the  filter  housing  was  composed  of  zeolite 
fragments. 


Low  Carbon  Analysis  Tiie  In  Seconds 


(a)  (b) 

Figure  14.  (a)  Plot  from  SCD  of  relative  signal  intensity  (oxidation  level)  and  furnace  temperature  (in  °C)  as 
function  of  time,  and  (b)  plot  from  EDX  of  relative  concentrations  of  nonoxidizable  ash. 


Because  of  the  large  amount  of  coking  and  zeolite  fragments  found  in  the  filter  housing,  it  was  suspected  that  the 
zeolite  catalyst  was  clogged  with  coke,  although  no  reduction  in  performance  was  noted.  When  the  zeolite  structure 
in  a  catalyst  becomes  clogged,  the  fuel  molecules  cannot  move  through  structure,  rendering  it  useless.  To  determine 
the  state  of  the  zeolite  structure,  a  section  of  the  tubing  directly  upstream  of  the  fuel  filter  was  removed,  and  the 
surface  with  the  catalyst  was  examined  with  the  SEM  and  the  EDX.  Figure  15(a)  is  an  SEM  micrograph  of  the 
catalyst  after  use  (5  hr  of  operation),  and  Fig.  15(b)  is  a  plot  from  the  EDX  of  the  relative  concentration  of  the 
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elements  detected  in  the  used  catalyst.  Additionally,  a  section  of  tube  with  fresh  catalyst  was  examined  with  the 
SEM  and  EDX  for  comparison  purposes.  Figure  16(a)  is  an  SEM  micrograph  of  the  fresh  catalyst,  and  Fig.  16(b)  is 
a  plot  from  the  EDX  of  the  relative  concentration  of  the  elements  detected  in  the  fresh  catalyst.  Comparing  Figs. 
15(a)  and  16(a),  a  distinct  difference  in  the  surface  texture  is  apparent.  The  fresh  catalyst  is  very  smooth,  with  small 
cracks  resulting  from  the  application  process,  whereas  the  used  surface  is  covered  with  micron-sized  structures.  The 
small  structures  on  the  surface  of  the  used  catalyst  are  probably  coke  deposits.  This  hypothesis  is  supported  by  the 
comparison  of  Figs.  15(b)  and  16(b).  The  fresh  catalyst  contains  no  trace  of  carbon,  whereas  the  used  catalyst 
contains  a  large  concentration  of  carbon.  Therefore,  although  no  noticeable  reduction  in  performance,  it  is 
concluded  that  the  catalyst  was  covered  in  coke  deposits  after  5  hr  of  operation. 


Figure  15.  (a)  SEM  micrograph  of  used  catalyst  (5  hr  of  operation),  and  (b)  plot  from  the  EDX  of  relative 
concentration  of  elements  detected  in  used  catalyst. 


Figure  16.  (a)  SEM  micrograph  of  fresh  catalyst,  and  (b)  plot  from  EDX  of  the  relative  concentration  of 
elements  detected  in  fresh  catalyst. 


V.  Conclusions 

This  research  marked  the  first  analysis  of  the  effect  of  thermal  and  catalytic  cracking  of  JP-8  on  key  PDE 
performance  parameters,  including  ignition  time,  DDT  time,  and  DDT  distance.  Ignition  time  for  a  JP-8/air  mixture 
was  found  to  decrease  rapidly  when  the  fuel  was  heated  above  800  K.  DDT  time  and  distance  were  found  to  be 
independent  of  temperature  in  the  range  tested  at  stoichiometric  conditions,  but  the  consistency  of  detonations 
increased.  Endothermic  JP-8  was  found  to  require  a  shorter  ignition  time,  DDT  time,  and  DDT  distance  for  the 
majority  of  equivalence  ratios,  as  compared  to  flash- vaporized  JP-8,  with  reductions  in  ignition  time  of  up  to  60%. 
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Furthermore,  both  the  ignition  and  detonability  limits  were  expanded  by  cracking  the  fuel,  with  lean  limits  at  an 
equivalence  ratio  of  0.75. 

Analysis  of  coke  deposition  resulting  from  thermal  cracking  of  the  JP-8  showed  a  large  concentration  of  carbon 
molecules,  probably  large  carbon  rings.  In  addition  to  the  carbon,  a  substantial  quantity  of  silicon  and  aluminum 
was  present  in  the  filter,  suggesting  that  the  zeolite  structure  had  deteriorated.  The  catalyst  was  also  found  to  be 
completely  covered  by  coke  deposits  after  5  hr  of  operation,  although  no  degradation  in  performance  was  observed. 
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A  study  of  confined  detonation  transmission  across  a  step  expansion  was  conducted  using 
experimental  and  computational  techniques.  Transmission  success  of  ethylene/air 
detonations  at  various  equivalence  ratios  was  compared  to  the  transmission  of  hydrogen/air 
detonations.  The  highest  rate  of  transmission  success  in  the  experimental  results  for 
ethylene  was  noted  at  equivalence  ratios  richer  than  the  conditions  of  minimum  cell  size, 
indicating  the  presence  of  effects  other  than  cell  size  and  expansion  ratio.  Hydrogen  proved 
to  have  better  transmission  success  than  ethylene,  even  when  normalized  to  the  cell  size 
upstream  of  the  expansion.  The  difference  is  theorized  to  result  from  the  disparity  in  critical 
initiation  energy  of  the  two  fuels.  Computational  results  show  the  presence  of  a  relationship 
between  the  number  of  transverse  waves  upstream  of  the  expansion  and  the  degree  of 
expansion  that  correlates  to  success  or  failure  of  a  confined  detonation  transmission. 
Detonation  transmissions  are  also  observed  to  fail  when  a  single  transverse  wave  in  the 
upstream  channel  is  partially  reflected  at  the  step  expansion. 


Nomenclature 


CJ 

-  Chapman-Jouguet 

CFD 

=  computational  fluid  dynamics 

d2/d] 

=  expansion  ratio,  or  degree  of  expansion 

DDT 

=  deflagration  to  detonation  transition 

f 

=  engine  cycle  frequency 

n 

=  number  of  cells 

nc 

=  critical  number  of  cells 

PDE 

=  pulsed  detonation  engine 

RI-R9 

=  regions  of  detonation  tube 

=  equivalence  ratio 

A 

=  detonation  cell  size 

I.  Introduction 

Pulsed  detonation  engines  (PDE)  ignited  by  low-energy  spark  systems  typically  employ  spiral  or  other  obstacle 
devices  in  the  detonation  tube  to  encourage  deflagration  to  detonation  transition  (DDT).  Obstacles  decrease  the 
thrust  produced  by  the  PDE,  and  DDT  significantly  increases  the  required  cycle  time  as  well  as  the  length  of  the 
PDE  when  compared  to  a  directly  initiated  detonation.  Direct  initiation,  however,  requires  a  tremendous  amount  of 
energy  in  a  tube  large  enough  to  be  of  practical  use  in  a  pulsed  detonation  engine1.  High  energy  ignition  pulses  may 
be  achieved  using  a  pre-detonator  or  some  other  method  to  establish  a  detonation  in  a  small  tube  and  then  propagate 
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the  detonation  into  a  larger  tube.  It  is  well  known  that  a  detonation  emerging  from  a  tube  will  propagate  spherically 
into  an  unconfmed  space  if  the  tube  has  a  diameter  of  at  least  13  times  the  detonation  cell  size  A.  2  This  would 
require  a  pre-detonator  diameter  of  nearly  200  mm  (7.8  in)  for  detonations  of  hydrogen  in  air3  and  larger  diameters 
for  detonations  of  hydrocarbon  fuels,  an  impractically  large  size  for  a  pre-detonator.  Detonations  emerging  from 
diameters  smaller  than  13  A  will  fail  when  they  diffract  into  an  unconfmed  space,  meaning  that  the  leading  shock  of 
the  detonation  wave  will  decouple  from  the  combustion  wave  front.  However,  a  detonation  propagating  from  a 
small  tube  into  a  larger  tube  will  persist  through  the  expansion  for  diameter  ratios  below  some  limit.4  The  limits 
governing  the  success  or  failure  of  a  confined  detonation  diffraction,  however,  have  not  been  clearly  defined. 

References  5  and  6  describe  three  modes  of  unconfined  detonation  transmission  at  an  expansion:  1)  multi-front 
ignition,  where  the  detonation  transitions  smoothly  across  the  expansion,  2)  critical  transition,  where  the  shock  wave 
and  combustion  wave  front  initially  separate,  then  the  detonation  is  re-initiated  by  a  localized  explosion,  and  3) 
failure,  a  deflagration  wave  behind  an  entirely  separated  shock  front.  References  7  and  8  define  these  modes  as 
supercritical,  near-critical,  and  sub-critical,  respectively.  The  number  of  cell  widths  in  the  upstream  tube  determine 
the  mode  of  transmission,  with  13 A  being  the  accepted  minimum  tube  diameter  for  a  successful  transition 
(supercritical  or  near-critical). 

The  confined  diffraction  problem  is  somewhat  more  complex  than  unconfmed  diffraction,  because  the 
detonation  interacts  with  the  downstream  tube  walls  as  it  diffracts.  Experiments  on  detonation  diffraction  in 
hydrogen  and  air  mixtures  showed  wavespeed  phenomena  consistent  with  detonation  re-initiation  resulting  from 
wall  reflection  downstream  of  a  step  expansion.9  The  authors  of  reference  10  found  that  the  influence  of  the  walls 
downstream  vanished  above  expansion  ratios  of  5,  and  the  detonation  diffracted  as  if  unconfmed.  The  purpose  of 
the  current  experiments  is  to  determine  the  existence  of  a  relationship  between  number  of  cells  in  the  upstream  tube, 
the  degree  of  confinement,  and  the  ultimate  success  or  failure  of  a  detonation  transmission  across  a  step  expansion. 

II.  Background 


A.  Experimental 

An  experimental  study  was  conducted  to  investigate  detonation  transmission  across  a  confined  step  expansion  in 
non-coaxial  circular  tubes.  In  particular,  it  was  desired  to  determine  the  limits  of  successful  transmission  as  a 
function  of  tube  geometry  and  detonation  cell  size,  X.  The  experiments  were  carried  out  in  the  AFRL  pulsed 
detonation  research  facility  at  Wright-Patterson  AFB,  Ohio.  This  facility  has  previously  been  described  in  detail,11 
and  only  the  pertinent  modifications  for  the  current  experiment  are  described. 

Air  and  fuel  were  delivered  to  the  detonation  tubes  through  the  valving  of  a  General  Motors  quad-4  automotive 
cylinder  head.  The  engine  cycle  was  divided  into  three  equal  partitions;  fill,  fire,  and  purge.  During  the  fill  phase, 
the  intake  valves  were  opened, 
allowing  a  gaseous  fuel  and  air 
mixture  to  enter  the  tubes.  The 
volume  of  fuel/air  that  flowed  into 
the  tubes  was  a  function  of  the  fill 
manifold  pressure  and  the  length 
of  time  the  intake  valves  remained 
open,  or  the  engine  cycle 
frequency  if).  This  volume, 
divided  by  the  total  volume  of  the 
tubes,  is  known  as  fill  fraction, 
and  was  set  to  1.0  for  this 
experiment.  The  fire  phase  began 
when  the  intake  valve  closed  and  ended  when  the  purge  valves  opened.  When  the  intake  valves  closed,  combustion 
was  spark-initiated  after  a  brief  delay,  known  as  spark  delay. 

The  test  section  consisted  of  a  1.2  m  (4  ft)  section  of  26  mm  (1  in)  diameter  detonation  tube,  followed  by  a  non¬ 
coaxial  step  expansion  to  a  larger  diameter  detonation  tube  as  shown  in  Fig.  1.  The  26  mm  detonation  tube 
contained  a  Shchelkin-type  spiral  obstruction  along  the  first  two  feet  of  its  length  to  ensure  successful  deflagration- 
to-detonation  transition  (DDT)  prior  to  reaching  the  step  expansion.  The  diameter  of  the  downstream  (larger) 
detonation  tube  was  varied  to  determine  the  effect  of  confinement  on  successful  transmission  of  a  detonation.  Runs 
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Fig.  1.  Cutaway  sketch  of  experimental  apparatus,  showing  approximate 
ion  probe  locations  relative  to  step  expansion,  and  indicating  regions  of 
average  wavespeed  calculation  (R1-R9). 
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were  conducted  with  downstream  tube  diameters  of  35  mm  (1.4  in),  41  mm  (1.6  in),  53  mm  (2.1  in)  and  63  mm  (2.5 
in),  with/=  10  Hz.  Table  1  shows  a  matrix  of  the  conditions  for  each  test  run. 

Ion  probes  were  placed  at  intervals  along  the  length  of  the  detonation  tubes  to  determine  the  combustion 
wavespeed.  Wavespeeds  in  each  region  (labeled  Rl,  R2,  etc.  in  Fig.  1)  were  computed  from  the  distance  and  the 
time  of  travel  between  probes.  Due  to  manufacturing  inconsistencies,  the  locations  of  the  ion  probes  varied  on  the 
different  downstream  tubes.  For  this  reason,  Fig.  1  does  not  show  measurements  of  the  ion  probe  locations. 


Table  1.  Matrix  of  conditions  for  each  test  run 


Run 

Number 

Downstream  Tube 
Diameter  (mm) 

Equivalence 

Ratio  ((]))  Range 

Fuel/Oxidizer 

Fill  Fraction 

Spark  Delay 
(msec) 

1 

35 

0.83-  1.58 

Ethylene/air 

1.0 

4 

2 

41 

0.83-  1.58 

Ethylene/air 

1.0 

4 

3 

53 

0.83-  1.58 

Ethylene/air 

1.0 

4 

4 

63 

0.83-  1.58 

Ethylene/air 

1.0 

4 

5 

53 

0.45-2.4 

Hydrogen/air 

1.0 

4 

The  Chapman-Jouguet  (CJ)  wavespeed  for  ethylene  and  air  at  near-stoichiometric  mixtures  is  approximately 
1824  m/s.  12  Likewise,  the  CJ  wavespeed  for  stoichiometric  hydrogen  and  air  is  1971  m/s.  13  A  combustion  wave 
traveling  within  approximately  20  percent  of  the  CJ  value  through  consecutive  regions  was  considered  to  be  a 
detonation. 


B.  Computational 


The  computations  were  performed  only  for  hydrogen  in  air  using  Euler  type  equations  with  exothermic  chemical 
reactions  in  a  2-D  channel.  The  equations  can  be  expressed  in  the  form: 


dq  SE  SF  „  _  „ 
3 t  +  ^  +  ~^+H=° 


(1) 


Equation  1  represents  a  vector  set  of  6  equations,  namely,  mass,  momentum  (x  and  y),  energy,  and  two  progress 
variables.  The  reaction  was  stoichiometric  hydrogen  and  air,  and  was  represented  by  the  two-step  model  of 
Korobeinikov.14  The  two  steps  consist  of  a  non- exothermic  irreversible  induction  reaction  followed  by  an 
exothermic  reversible  recombination  reaction. 

The  simulation  used  an  explicit  2nd-order  MacCormack  predictor-corrector  technique  with  4th-order  flux- 
corrected  transport  for  accurate  resolution  of  properties  across  shock  waves.  All  calculations  were  initiated  with  a 
planar  Zeldovich,  von-Neumann  and  Doering  (ZND)  detonation  wave.  Cellular  character  was  generated  by 
perturbing  the  ZND  wave  by  artificially  elevating  the  temperature  in  a  few  discrete  locations  near  the  wave,  and 
allowing  transverse  waves  to  naturally  develop.  This  technique  has  previously  been  used  successfully  and  is 
discussed  in  greater  detail  elsewhere.15 

The  computations  were  performed  for  a  channel  of  overall  length  approximately  0.98  m.  The  first  0.33  m  of 
tube  length  was  a  narrower  passage,  followed  by  a  wider  passage  0.65  m  in  length.  This  was  considered  to  be 
adequate  length  to  allow  the  cellular  structure  upstream  of  the  expansion  to  fully  develop,  and  to  allow  for 
determination  of  transmission  success  downstream  of  the  expansion.  The  widths  of  both  the  upstream  and 
downstream  channels  were  varied  to  obtain  the  desired  number  of  cells  upstream  of  the  expansion  and  the  desired 
expansion  ratio. 


III.  Results 


A.  Character  of  the  experimental  data 

Numerous  studies  have  been  conducted  to  measure  the  cell  size  of  detonations  in  various  fuel  and  oxidizer 
combinations.3,  12  The  relationship  between  cell  size  (A)  and  equivalence  ratio  {(/))  has  been  shown  to  have  an 
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approximately  parabolic  character,  with  the  minimum  cell  size  usually  occurring  in  slightly  rich  mixtures,  as  shown 
in  Fig.  2a.  There  is  considerable  spread  to  the  available  cell  size  data,  particularly  for  ethylene/air,  sometimes  even 
within  data  taken  by  a  single  investigator.  No  cell  size  measurements  were  made  as  part  of  the  current  study,  but 
rather  the  cell  size  estimations  offered  herein  are  based  on  correlations  to  the  measured  0.  Figure  2b  presents  critical 
initiation  energy  as  a  function  of  0. 

The  minimum  cell  size  for  an  ethylene/air  mixture  was  shown  in  reference  12  to  be  20.89  mm  at  0  =  1.07.  The 
inner  diameter  of  the  upstream  tube  used  in  the  current  experiment  was  26  mm,  slightly  larger  than  the  minimum 
cell  size.  The  implication  of  this  particular  combination  of  geometry  and  cell  size  is  that  the  upstream  tube  contains 
at  most  slightly  more  than  one  full  detonation  cell  width,  and  in  many  cases,  contains  less  than  a  complete 
detonation  cell  width.  This  small  upstream  tube  diameter  is  believed  to  be  a  major  factor  in  the  low  overall 
transmission  success  for  ethylene/air  detonations  in  the  current  experiment. 


Fig.  2.  (a)  Cell  size  plotted  as  a  function  of  equivalence  ratio,  from  references  3  and  12.  (b)  Critical 
initiation  energy  plotted  as  a  function  of  equivalence  ratio,  from  reference  1. 

Curves  were  fit  to  the  data  of  cell  size  and  critical  initiation  in  Fig.  2a  and  Fig.  2b.  The  curve  fit  to  the  log  of 
critical  initiation  energy  was  a  straightforward  4th-order  polynomial.  A  good  fit  for  cell  size,  however,  required  two 
separate  curves,  a  4th-order  polynomial  for  0  greater  than  0.8  and  a  two  parameter  power  function  for  01ess  than  0.8 

B.  Experimental  Results 

Figure  3  shows  the  success  rate  of  ethylene/air  detonation  transmissions  at  various  equivalence  ratios  for  four 
different  expansion  ratios  and  for  hydrogen/air  in  a  single  expansion  ratio,  as  shown  in  Table  1.  The  experimental 
data  for  ethylene/air  showed  unexpectedly  high  transmission  success  at  high  0(1.41  and  1.58)  and  low  0(0.83  and 
0.89).  Upon  further  examination,  overdriven  wavespeeds  were  noted  in  the  vicinity  of  the  step  expansion,  indicating 
possible  DDT  in  this  region.  Since  the  overdriven  conditions  of  a  DDT  can  reduce  the  cell  size  (and  hence  increase 
the  number  of  transverse  waves)  by  as  much  as  an  order  of  magnitude,16  data  showing  evidence  of  DDT  near  the 
step  were  eliminated  from  consideration.  Only  runs  that  showed  consistent  near-CJ  wavespeeds  in  consecutive 
regions  upstream  of  the  expansion  are  shown  in  Fig.  3. 

As  might  be  expected,  detonation  transmissions  for  both  fuels  are  more  successful  near  stoichiometric  0  where 
cell  sizes  are  smaller,  and  success  decreases  in  rich  or  lean  mixtures  as  the  cell  size  (presumably)  grows.  However, 
for  ethylene,  the  peak  transmission  rates  occur  between  0  =  1.24  and  1.41,  to  the  rich  side  of  the  anticipated 
minimum  cell  size  (0  =  1.07). 

The  critical  initiation  energy  plot  of  Fig.  2b  offers  an  explanation  for  the  shifting  of  the  transmission  success 
data.  Successful  re-initiation  of  a  detonation  following  a  step  expansion  is  thought  to  occur  as  a  result  of  transverse 
wave  interactions  and  wall  reflections,  which  combine  to  produce  a  transverse  detonation  or  local  explosion  of 
sufficient  strength  to  re-ignite  a  detonation.9  This  phenomenon  is  akin  to  direct  initiation  of  a  detonation  using  a 
high-energy  ignition  source.  It  follows  that  re-initiation  behavior  following  a  step  expansion  is  similar  to  direct 
initiation  behavior.  In  Fig.  2b,  the  minimum  critical  initiation  energy  for  hydrogen  is  very  near  stoichiometric 
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equivalence.  Ethylene,  however,  has  a  minimum  at  approximately  0  =  1.45.  This  means  that  for  equivalence  ratios 
between  0  =  1.24  and  0  =  1.41,  the  energy  required  to  re-initiate  a  detonation  will  be  far  less  than  the  energy 
required  near  stoichiometric  conditions.  As  the  mixture  becomes  too  rich  (above  0  =  1.41)  the  number  of  upstream 
transverse  waves  is  presumably  reduced  to  the  point  that  detonations  no  longer  survive  the  expansion,  despite  the 
fact  that  critical  initiation  energy  is  near  minimum.  It  appears,  then,  successful  transmission  is  influenced  by  critical 
initiation  energy  and  the  number  of  transverse  waves  upstream  of  the  expansion. 

Hydrogen/air  detonations  have  a  smaller  cell  size,  and  so  transmit  more  easily  across  a  step  expansion  than 
ethylene/air  detonations.  Additionally,  hydrogen  has  lower  critical  initiation  energy  than  ethylene  at  all  equivalence 
ratios  (Fig.  2b).  As  a  result,  hydrogen  detonations  are  more  consistently  transmitted  across  a  wider  range  of 
equivalence  ratios  (100%  successful  from  0  =  0.65  to  2.1). 


--A--H2,  d2/d1  =  1 .97 
— ♦ — C2H4,  d2/d1  =  1 .32 
— » — C2H4,  d2/d1  =  1 .53 
— * — C2H4,  d2/d1  =  1.97 
x  C2H4,  d2/d1=2.35 


Equivalence  Ratio  (0) 

Fig.  3.  Transmission  success  of  hydrogen/  air  and  ethylene/air  detonations  across  a  step  expansion 


Increased  step  size  is  seen  in  Fig.  3  to  have  an  effect  on  transmission  success,  but  the  results  raise  some 
questions.  The  smallest  expansion  (d2/di=l  .32)  clearly  has  the  best  transmission  rate,  and  the  largest  expansion 
(d2/di=2.35)  shows  zero  transmission  success.  The  two  intermediate  expansions  are  almost  cleanly  reversed,  with 
the  d2/di=l  .97  expansion  performing  better  than  the  smaller  d2/d!=l  .53  expansion.  One  could  speculate  that  the 
larger  geometry  produces  reflections  that  are  more  prone  to  release  sufficient  energy  for  re-initiation  than  the 
smaller  expansion,  but  this  seems  unlikely.  At  0  =  1.41,  very  near  the  minimum  critical  initiation  energy,  the 
d2/di=l  .53  expansion  shows  greater  success  than  d2/di=1.97,  which  is  the  expected  result. 

The  transmission  success  for  ethylene  in  the  smallest  expansion  at  0  =  0.83  appears  to  be  something  of  an 
outlier.  While  the  other  step  sizes  dropped  to  zero  transmission  success  at  this  0,  the  smallest  expansion  appears  to 
improve  over  0  =  0.89.  Whatever  the  reason  for  this  increase,  it  is  unlikely  that  the  trend  will  continue  as  0  is 
reduced. 

Figure  4  further  explores  the  relationship  between  critical  initiation  energy  and  cell  size  by  correlating  the  curve 
fits  of  Fig.  2.  Fean  data  are  separated  from  rich  data  in  Fig.  4  by  plotting  the  lean  cell  sizes  as  negative  numbers. 
Improved  detonation  transmission  should  be  achieved  by  reducing  both  required  initiation  energy  and  the  cell  size, 
or  in  other  words,  by  approaching  the  origin  of  the  plot. 

While  the  cell  size  and  critical  initiation  energy  of  hydrogen  both  strictly  approach  the  origin  near  stoichiometric 
equivalence,  there  is  a  “hook”  in  the  ethylene  data  on  the  right  hand  (rich)  side  of  Fig.  4.  This  hook  clearly 
illustrates  that  the  minimum  critical  initiation  energy  for  ethylene,  unlike  other  fuels,  occurs  well  away  from  the 
equivalence  ratio  for  minimum  cell  size.  This  hooked  shape  also  means  that  the  effects  of  cell  size  and  critical 
initiation  energy,  in  terms  of  successful  detonation  transmission  across  a  step  expansion,  compete  with  one  another 
for  ethylene  between  0=1  and  1.5.  Another  point  clearly  illustrated  in  Fig.  4  is  that  the  minimum  critical  initiation 
energy  of  ethylene  is  equal  to  the  critical  initiation  energy  of  hydrogen  at  approximately  0  =  2.0,  meaning  that 
hydrogen  detonation  transmissions  will  always  be  more  successful  than  ethylene  detonation  transmissions,  at  any  0 
of  interest. 
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Fig.  4.  Cell  size  vs.  critical  initiation  energy  for  hydrogen/air  and  ethylene/air,  correlated  from  the  curve 
fits  of  Fig.  2.  Lean  cell  sizes  are  shown  as  negative  numbers. 


Since  hydrogen  and  ethylene  detonations  at  a  given  equivalence  ratio  have  different  cell  sizes,  it  would  be  useful 
to  isolate  the  effects  of  cell  size  in  relation  to  the  success  or  failure  of  the  detonation  transmission.  Unfortunately, 
there  is  an  asymmetric  character  to  the  data  that  resists  plotting  as  a  simple  function  of  cell  size.  An  alternative 
method  of  display  is  to  plot  rich  and  lean  data  on  separate  halves  of  the  figure,  by  allowing  cell  sizes  below  the 
minimum  cell  size  (at  (/)=  1.07)  to  take  negative  values,  in  much  the  same  manner  as  Fig.  4 

The  transmission  success  of  ethylene  and  hydrogen  can  be  said  to  have  the  same  basic  character,  with  maximum 
transmission  success  near  minimum  cell  size  for  hydrogen  and  near  (j)  =  1 .4  for  ethylene,  most  likely  due  to  the 
effect  of  critical  initiation  energy.  Again,  hydrogen  is  seen  to  produce  superior  results  for  the  current  experimental 
setup.  Transmission  success  rates  for  both  hydrogen  and  ethylene  fall  off  as  0  becomes  rich  or  lean,  but  the  falloff 
points  are  at  different  cell  sizes,  reinforcing  the  idea  that  cell  size  alone  does  not  determine  transmission  success. 


-  -  a  -  -  H2,  d2/d  1  =  1 .97 
— * — C2H4,  d2/d  1  =  1 .32 
— • — C2H4,  d2/d1  =  1 .53 
— a — C2H4,  d2/d  1  =  1 .97 


Fig.  5.  Transmission  success  of  ethylene/air  and  hydrogen  air  plotted  as  a  function  of  cell  size.  Cell  sizes 
for  mixtures  leaner  than  0=  1.07  are  shown  as  negative  numbers. 
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C.  Computational  Results 


A  number  of  computational  runs  were  conducted  for  hydrogen/air  using  the  2-D  computational  fluid  dynamics 
(CFD)  code  previously  described,  varying  the  channel  width  both  upstream  and  downstream  of  a  non-symmetric 
two-dimensional  step  expansion.  The  intent  of  this  study  was  to  search  for  the  boundary  of  successful  transmission 
of  a  detonation,  and  relate  it  to  the  degree  of  expansion  and  the  cell  size. 

Successful  transmission  of  a  detonation  was  judged  qualitatively  by  whether  the  characteristic  detonation 
structure  of  incident  shocks,  Mach  stems  and  transverse  waves  was  preserved  as  the  detonation  negotiated  the  step. 
A  successful  detonation  was  marked  by  strong  reflections  off  the  downstream  tube  walls,  interactions  of  these 
reflections  with  other  transverse  waves,  and  downstream  re-establishment  of  regular  cellular  structure  behind  a 
strong  wavefront.  On  the  other  hand,  a  failed  detonation  generally  exhibited  a  weaker  reflection  off  the  tube  walls,  a 
lack  of  interaction  with  transverse  waves,  and  a  continued  weakening  and  slowing  of  the  combustion  wave. 
Examples  of  successful  and  failed  detonation  transmissions  are  shown  in  Figs.  6  and  7,  respectively. 

In  Fig.  6,  the  detonation  is  seen  to  be  re-initiated  as  a  result  of  a  strong  transverse  wave  reflection  from  the  lower 
wall  of  the  channel,  possibly  interacting  with  another  transmitted  transverse  wave.  At  the  larger  step  of  Fig.  7, 
however,  the  transverse  wave  has  been  weakened  by  diffraction  to  the  extent  that  the  reflection  is  of  insufficient 
strength  to  re-initiate  the  detonation. 


Fig.  6.  CFD  plot  of  peak  pressure  history  in  a  sudden  expansion,  showing  successful  transmission  of  a 
detonation.  Channel  widths  are  32.5  mm  upstream,  65  mm  downstream. 


Fig.  7.  CFD  plot  of  peak  pressure  history  in  a  sudden  expansion,  showing  unsuccessful  transmission  of  a 
detonation.  Channel  widths  are  26  mm  upstream,  65  mm  downstream. 


Because  the  downstream  re-initiation  was  generally  the  result  of  a  single  reflection  in  the  current  CFD,  the 
downstream  wave  structure  usually  contained  a  single  transverse  wave  initially.  Then,  if  the  downstream  channel 
width  was  sufficiently  large,  as  in  Fig.  6,  other  transverse  waves  were  formed,  eventually  resulting  in  the  normal 
detonation  cellular  structure. 

The  results  of  transmission  success  across  a  wide  range  of  upstream  and  downstream  channel  widths  are 
summarized  in  Fig.  8,  expressed  in  a  method  similar  to  that  suggested  in  reference  10.  This  method  plots  the  degree 
of  expansion  (d2/di)  on  the  horizontal  axis  and  a  cell  size  parameter  on  the  vertical  axis.  The  cell  size  parameter  is 
the  ratio  of  critical  number  of  cells  (nc)  to  the  actual  number  of  cells  (n)  in  the  upstream  tube.  As  will  be  seen  later, 
the  cell  size  A  varies  with  geometry,  so  the  cell  size  parameter  is  expressed  as  ncA/dh  with  >1=15  mm  and  nc  =  13, 
both  assumed  constant  for  plotting  purposes.  As  can  be  seen  in  Figs.  6,  7  and  9,  A  in  the  current  simulation  is  on  the 
order  of  twice  the  assumed  value.  By  fixing  nc  and  A,  the  vertical  axis  of  Fig.  8  becomes  simply  the  inverse  of 
upstream  diameter  multiplied  by  a  constant.  Different  values  of  nc  and  A  would  scale  the  axis,  but  will  not 
fundamentally  affect  the  information  presented. 
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Fig.  8.  Relationship  between  cell  size  parameter  (critical  number  of  cells  (nc),  cell  size  (A),  upstream 
channel  width  (di))  and  the  expansion  ratio  (d2/di),  indicating  points  of  successful  and  failed  detonation 
transmission,  as  determined  by  CFD  calculations. 

The  results  in  Fig.  8  indicate  that  there  are  distinct  regions  of  failed  transmissions  and  successful  transmissions. 
The  majority  of  failed  transmissions  can  be  separated  from  the  successful  transmissions  by  a  curve  extending  from 
the  upper  left  to  the  lower  right  of  the  plot.  At  the  boundary  of  such  a  curve,  however,  there  would  be  a  number  of 
exceptions — failed  transmissions  in  the  region  of  successful  transmissions,  or  vice  versa.  These  exceptions  are 
thought  to  be  related  to  the  number  of  transverse  waves  in  the  upstream  channel,  which  are  discrete  in  nature,  and 
cause  an  almost  stepwise  character  to  the  data  at  the  boundary.  For  the  majority  of  runs  above  ncA/&i  =  5  on  the 
vertical  axis  of  Fig.  8,  only  one  transverse  wave  was  present  in  the  upstream  channel.  The  successful  transmissions 
at  d2/di  =  2.5,  however,  had  two  transverse  waves.  As  the  number  of  transverse  waves  increases  further,  the  results 
will  likely  hold  more  to  a  continuous  curve,  but  the  difference  between  one  and  two  waves  is  quite  significant,  likely 
disrupting  the  otherwise  smooth  character  of  the  data. 

Interestingly,  A  is  not  found  to  be  completely  independent  of  channel  width  in  the  current  simulation.  When  the 
channel  width  is  less  than  A,  only  one  transverse  wave  exists  in  the  channel.  The  normal  failure/re-initiation  that 
occurs  in  a  planar  detonation  wave  as  a  result  of  transverse  wave  interactions  is  not  present  when  only  one 
transverse  wave  exists,  but  rather  the  existence  of  the  detonation  is  wholly  dependent  on  re-initiation  via  wall 
reflections  of  the  single  transverse  wave.  As  a  result,  the  channel  width  (di)  becomes  half  the  cell  width  when  only 
a  single  transverse  wave  is  present  in  the  2-D  channel,  as  seen  in  Figs.  9.  A  similar  outcome  is  seen  when  only  two 
transverse  waves  exist;  that  is,  di  ~  A,  seen  in  Fig.  6. 

There  is  a  single  failure  point  contained  inside  the  region  of  successful  transitions  in  Fig.  8.  This  failure  occurs 
in  a  regime  where  only  a  single  transverse  wave  is  present  upstream  and,  by  coincidence,  that  transverse  wave 
encounters  the  edge  of  the  step  in  such  a  manner  that  part  of  the  energy  is  reflected  upward  while  the  remaining 
energy  continues  downward  (Fig.  9a).  After  the  expansion,  neither  the  reflected  nor  the  non-reflected  portions  of 
the  transverse  wave  possess  sufficient  energy  to  re-initiate  detonation.  To  verify  that  this  failure  mode  was  simply  a 
coincidental  occurrence,  additional  runs  were  made  using  the  same  initial  conditions  and  the  same  channel  widths, 
but  adjusting  the  position  of  the  step  relative  to  the  transverse  wave  of  the  detonation.  As  can  be  seen  in  Fig.  9b, 
reducing  the  length  of  the  step  so  that  the  downward-traveling  transverse  wave  misses  the  comer  of  the  step  entirely 
results  in  a  successful  transmission.  In  Fig.  9c,  a  similar  successful  outcome  is  achieved  by  lengthening  the  step  so 
that  the  entire  transverse  wave  is  reflected. 
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(a)  Failed  transmission  resulting  from  partial  reflection  of  the  downward-traveling  transverse  wave  at  the  step 
expansion. 


(b)  Successful  transmission,  downward-traveling  transverse  wave  not  reflected. 


(c)  Successful  transmission,  downward-traveling  transverse  wave  entirely  reflected. 


Fig.  9.  CFD  plots  of  peak  pressure  history  in  a  sudden  expansion.  Channel  width  is  21.5  mm  upstream, 
32.5  mm  downstream. 

The  data  presented  in  Fig.  9  provide  a  possible  explanation  of  some  of  the  behavior  of  the  experimental  data  of 
Figs.  3-5.  In  the  CFD,  a  small  change  in  upstream  channel  length  can  have  a  significant  effect  on  the  success  or 
failure  of  detonation  transmissions,  depending  on  the  location  of  the  step  relative  to  a  transverse  wave.  In  exploring 
the  sensitivity  of  detonation  success  to  position  of  the  step  expansion,  the  length  of  the  upstream  channel  was  varied 
in  steps  of  approximately  6.5  mm  from  the  original  failed  case  at  a  length  of  327  mm  (Fig.  9a).  Failed  transmissions 
were  observed  in  a  zone  of  upstream  lengths  from  333  mm  to  314  mm  (not  shown).  Above  340  mm  (Fig.  9c), 
detonation  transmissions  were  observed  to  succeed  to  at  least  372  mm,  as  well  as  from  307  mm  (Fig.  9b)  to  281  mm. 

Recall  that  ethylene/air  detonations  in  the  d2/di  =1.53  expansion  did  not  succeed  as  well  at  most  equivalence 
ratios  as  did  the  detonations  in  the  d2/di  =  1.97  expansion.  One  possibility  is  that  the  upstream  length  was  changed 
between  the  two  tube  geometries  such  that  the  smaller  expansion  was  nearer  to  a  “failure  zone”  than  the  larger 
expansion.  This  is  quite  possible,  as  variations  existed  between  the  different  pieces  of  experimental  hardware,  and 
assembly  of  the  pieces  was  a  matter  of  threading  pipes  together.  The  fire  phase  of  a  PDE,  including  ignition,  DDT 
and  propagation  of  a  3-D  detonation,  is  an  inherently  stochastic  process.  If  a  relatively  minor  change  in  a  “clean” 
CFD  environment  makes  the  difference  between  success  and  failure,  then  operation  of  a  PDE  near  the  same 
conditions  will  likely  produce  a  high  number  of  failed  transmissions. 

IV.  Conclusions 

Successful  transmission  of  a  detonation  across  a  step  expansion  appears  to  be  dependent  on  the  degree  of 
expansion,  the  number  of  transverse  waves  in  the  upstream  channel  and  the  sensitivity  of  the  fuel/air  mixture  to 
detonation.  The  computational  results  presented  here  also  show  that  position  of  the  step  expansion  relative  to  a 
transverse  wave  of  a  detonation  can  be  a  significant  factor  in  determination  of  transmission  success,  particularly 
when  only  one  transverse  wave  is  present  in  the  upstream  channel.  When  a  cell  size  parameter  is  plotted  against 
expansion  ratio,  general  regions  of  successful  detonation  transmission  emerge,  but  as  yet,  no  absolute  guideline  for 
predicting  success  or  failure  of  a  confined  detonation  expansion  is  apparent.  To  establish  such  a  guideline,  the  cell 
size  parameter  will  likely  need  to  be  modified  to  include  information  about  the  discrete  number  of  transverse  waves. 
Additionally,  to  generalize  to  different  fuel/air  mixtures,  sensitivity  to  detonation  initiation  must  also  be  considered. 
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Pulsed  detonation  engines  produce  impulsive  thrust  through  rapid  ignition  and  formation  of  detonation  waves.  An 
operational  goal  is  a  reduction  in  time  for  the  formation  of  detonation  waves  in  conjunction  with  low-vapor-pressure 
liquid  hydrocarbons.  This  study  focuses  on  pulsed  detonation  engine  operation  enhancements  using  dual¬ 
detonation-tube,  concentric-counterflow  heat  exchangers  to  elevate  liquid  hydrocarbon  fuel  temperatures  up  to 
supercritical  levels.  Variation  of  operating  parameters  includes  fuel  type  (JP-8,  JP-7,  JP-10,  RP-1,  JP-900,  and  S-8) 
and  firing  frequency.  Of  interest  is  the  effect  on  ignition  time,  deflagration  to  detonation  transition  time,  detonation 
distance,  and  the  percent  of  ignitions  resulting  in  a  detonation  (detonation  percentage).  Except  for  JP-10,  results  for 
all  fuels  with  increasing  fuel  injection  temperatures  indicate  decreases  in  deflagration  to  detonation  transition  time 
by  up  to  15%,  decreases  in  detonation  distance  by  up  to  30%,  increases  in  the  detonation  percentage  by  up  to  180%, 
and  minimal  impact  on  ignition  time.  JP-10  is  difficult  to  detonate  and  results  are  inconsistent.  An  increase  in  firing 
frequency  results  in  a  5%  decrease  in  deflagration  to  detonation  transition  time  at  high  fuel  injection  temperatures, 
but  has  little  effect  on  ignition  time  and  detonation  distance. 


Nomenclature 


A 

= 

Arrhenius  constant 

Ea 

= 

activation  energy 

Lent 

= 

critical  initiation  energy 

[fuel] 

= 

concentration  of  fuel 

[oxidizer] 

= 

concentration  of  oxidizer 

P 

= 

detonation  tube — closed-end  pressure 

RR 

= 

reaction  rate 

K 

= 

universal  gas  constant 

Tmix 

= 

fuel/air  mixture  temperature 

X 

= 

cell  size 

I.  Introduction 

LTHOUGH  the  pulsed  detonation  engine  (PDE)  has  the 
potential  to  provide  significant  advantages  over  current  aircraft 
propulsion  systems,  it  is  still  in  the  early  stages  of  development  [1]. 
Several  technological  barriers  need  to  be  overcome  before  the  PDE 
can  be  considered  a  practical  means  of  providing  propulsion  to 
operational  aircraft  [2-4].  One  is  the  efficient  use  of  low-vapor- 
pressure  hydrocarbon  fuels,  such  as  JP-8,  JP-7,  JP-10,  JP-900,11  RP-1, 
and  S-8.**  The  majority  of  research  with  pulsed  detonation  engines 
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has  employed  gaseous  fuels,  such  as  hydrogen  and  simple 
hydrocarbons  [6,7],  resulting  in  a  dearth  of  liquid  hydrocarbon  data 
and  a  large  gap  between  research  and  the  operational  use  of  pulsed 
detonation  engines.  Also,  nearly  all  U.  S.  Air  Force  aircraft  and  air- 
breathing  missiles  use  liquid  hydrocarbon  fuels,  primarily  JP-8  and 
JP-10  [5];  therefore  it  is  pertinent  to  develop  a  method  to  efficiently 
use  these  fuels. 

Four  key  cycle  parameters  are  adversely  affected  by  using  liquid 
hydrocarbon  fuels  in  lieu  of  gaseous  fuels.  The  parameters  are 
1)  ignition  time,  the  time  from  spark  deposition  to  the  creation  of  a 
deflagration  wave  within  the  fuel/air  mixture,  2)  deflagration  to 
detonation  transition  (DDT)  time,  the  time  to  transition  the 
deflagration  wave  into  a  detonation  wave,  3)  detonation  distance,  the 
length  of  the  detonation  tube  required  for  the  mixture  to  transition  to  a 
detonation,  and  4)  detonation  percentage  [7],  the  percentage  of 
ignitions  that  result  in  a  detonation  wave.  Both  the  ignition  time  and 
the  DDT  time  are  nearly  an  order  of  magnitude  larger  for  complex 
liquid  hydrocarbon  fuels  than  for  hydrogen.  For  example,  ignition 
time  of  a  hydrogen/air  mixture  is  on  the  order  of  1  ms,  whereas  that  of 
a  JP-8/air  mixture  is  approximately  7  ms.  A  reduction  in  DDT  or 
ignition  time  would  shorten  the  PDE  cycle  time,  allowing  for  higher 
frequency  operation  and  higher  average  thrust.  Reduction  in 
detonation  distance  allows  for  a  decrease  in  detonation  tube  length, 
resulting  in  a  decreased  engine  weight.  An  increase  in  detonation 
percentage  directly  improves  the  efficiency  of  the  PDE,  leading  to  an 
increase  in  specific  impulse. 

Until  this  work,  the  performance  of  a  liquid-hydrocarbon-fueled 
PDE  with  fuel  injection  temperatures  above  the  flash  vaporization 
point  was  unknown.  Previous  research  [8]  demonstrated  that  flash 
vaporization  of  liquid  hydrocarbon  fuels  significantly  decreased  the 
ignition  and  DDT  times,  but  no  work  has  been  reported  on  the  effect 


^The  fuel  referred  to  as  JP-900  in  this  paper  is  a  coal-derived  liquid 
hydrocarbon  fuel  developed  at  Penn  State  University.  It  is  denoted  as  JP-900 
due  to  its  thermal  stability  up  to  900°  F. 

**S-8  is  a  synthetic  fuel  derived  from  natural  gas  via  the  Fischer-Tropsch 
process  [5].  S-8  is  also  referred  to  as  Fischer-Tropsch  JP-8  or  sinmly  Fischer- 
Tropsch.  1 ^33 
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of  operation  with  fuel  injection  temperatures  beyond  the  point  of 
flash  vaporization.  Additionally,  Cheatham  and  Kailasanath  [9]  have 
shown,  using  numerical  simulations,  that  the  vaporization  of  liquid 
JP- 1 0  droplets  is  necessary  for  optimum  performance.  Card  et  al.  [  1 0] 
studied  the  effect  of  elevating  initial  mixture  temperature  (up  to 
573  K)  on  the  DDT  distance  (called  flame  run-up  distance  in  [10])  for 
gaseous  hydrocarbon/air  mixtures  in  a  10-cm  diam  tube.  They  found 
that  there  was  no  strong  dependency  of  DDT  distance  on  the  initial 
mixture  temperature  in  the  range  tested.  The  objective  of  this  work 
was  to  examine  the  effect  of  heated  fuel  produced  by  a  dual- 
concentric  counterflow  heat-exchanger  system  on  the  ignition  time, 
DDT  time,  detonation  distance,  and  detonation  percentage.  The 
variables  included  fuel  type  (JP-8,  JP-7,  JP-10,  JP-900,  RP-1,  and  S- 
8)  and  firing  frequency. 

II.  Background  and  Theory 

A.  Ignition  Time  for  a  Hydrocarbon  Fuel/Oxidizer  Mixture 

For  single  species  chemical  reactions,  reaction  rate  is  given  by  the 
Arrhenius  expression  (global  reaction  theory): 

Ignition  Time  oc  =  ^P_n[fuel]_m[oxydizer]_-7e(/?“rmlx)  (1) 

where  n,  m,  and  j  are  experimentally  determined  constants  [11]. 
Low-vapor-pressure  hydrocarbon  fuel/air  mixtures  are  not  single 
species,  but,  as  shown  later,  the  trend  of  the  ignition  time  can  be 
inferred.  The  reaction  rate  of  a  fuel/oxidizer  mixture  will  increase 
with  increasing  mixture  temperature  and  pressure,  thus  decreasing 
the  ignition  time.  For  the  moderate  elevation  of  fuel  temperatures  in 
this  work,  only  a  small  rise  in  the  fuel/air  mixture  temperature 
occurred,  and,  as  shown  later,  ignition  time  remained  relatively 
constant. 

B.  Detonability  of  a  Hydrocarbon  Fuel/Oxidizer  Mixture 

The  ability  to  initiate  a  detonation  in  a  hydrocarbon  fuel  is  related 
to  its  critical  initiation  energy,  which  for  a  low- vapor-pressure 
hydrocarbon/air  mixture  is  around  105  J  (a  typical  spark  plug 
generates  about  0.1  J).  The  critical  initiation  energy  is  related  to  the 
detonation  cell  size  of  a  propagating  detonation  wave,  shown  in 
Fig.  1  for  several  stoichiometric  fuel/oxidizer  mixtures  [12].  A  curve 
fit  shows  a  cubic  relationship  between  the  two  (inset  of  Fig.  1). 
Knystautas  et  al.  [13]  also  found  the  relationship  between  detonation 
cell  size  and  critical  initiation  energy  to  be  cubic. 

Cell  size,  and  thus  critical  initiation  energy,  is  affected  by  the 
initial  temperature  and  pressure.  As  shown  in  Figs.  2a  and  2b  for 


Initiation  Energy,  J 

Fig.  1  Critical  initiation  energy  for  various  stoichiometric  fuel/oxidizer 
mixtures  (data  taken  from  [12]). 


three  light  hydrocarbons  and  one  H2/02  mixture,  cell  size  decreases 
with  increased  mixture  temperature  and  pressure  [14-17].  To 
improve  detonability,  therefore,  pressure  and  temperature  should  be 
increased.  Such  data  do  not  exist  for  heavy  hydrocarbons,  but  the 
suggestion  is  that  increasing  initial  mixture  temperature  and/or 
detonation  tube  closed-end  pressure  will  decrease  the  cell  size  and 
improve  detonability  for  those  fuels  also.  As  will  be  shown  later, 
such  increases  in  temperature  did  result  in  decreased  DDT  time  and 
detonation  distance,  as  well  as  increased  detonation  percentage. 


III.  Experimental  Setup  and  Instrumentation 

A.  Facilities  and  PDE  Specifics 

This  research  was  conducted  at  the  detonation  research  facility 
located  in  Building  71  A,  D  Bay,  Wright-Patterson  AFB,  Ohio.  This 
facility  was  described  in  detail  in  other  literature  [18],  and  only  the 
details  relevant  to  this  effort  are  provided.  The  PDE  for  this  research 
consisted  of  the  valve  train  from  a  General  Motors  (GM)  automobile 
quad  four  head  with  two  schedule-40  stainless-steel  detonation 
tubes.  Each  tube  was  52.5  mm  in  diameter,  1.83  m  in  length,  and 
equipped  with  a  Schelkin-like  spiral,  0.91  m  in  length,  adjacent  to  the 
closed  end  of  the  detonation  tube  to  promote  DDT  [19].  Each  tube 
was  outfitted  with  a  stainless-steel  heat  exchanger  (described  later). 
Each  spiral  was  constructed  of  3/16  in.  stainless-steel  rod  with  a 


a)  b) 

Fig.  2  Effect  of  a)  initial  temperature  and  b)  initial  pressure  on  detonation  cell  size  (data  taken  from  [12]). 
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spiral  pitch  of  38. 1  mm.  A  schematic  of  one  head  cavity  with  valving 
and  spark  plug  is  shown  in  Fig.  3. 

Because  an  automotive  cam  was  used  to  drive  the  valve  system, 
the  three  phases  of  the  PDE  cycle  (fill,  fire,  and  purge)  were 
necessarily  equal.  The  allotted  time  for  each  phase  varied  based  on 
firing  frequency:  33.33  ms  for  10  Hz  and  16.67  ms  for  20  Hz.  Firing 
frequency  was  a  test  parameter,  which  varied  between  10  and  20  Hz. 
Depending  on  the  firing  frequency,  the  time  required  to  complete  any 
one  phase  could  be  less  than  the  time  allotted  for  the  phase,  where  the 
time  required  for  a  phase  is  defined  as  the  time  necessary  to  complete 
all  functions  of  that  phase,  for  example,  the  necessary  function  of  the 
fill  phase  is  to  introduce  the  fuel/air  mixture  to  the  detonation  tubes. 
During  the  fill  phase  the  intake  valves  introduce  premixed  fuel  and  air 
equal  to  the  volume  of  the  detonation  tube  (fill  fraction  of  one  at 
ambient  pressure  and  fuel/air  mixture  temperature).  For  all  tests  the 
fill  air  was  initially  heated  to  394  K  before  mixing  with  the  fuel.  For 
the  fire  phase  an  automotive  ignition  system  provided  1 15  mJ  spark 
pulses  through  modified  spark  plugs.  The  fire  phase  consists  of  spark 
delay,  ignition,  DDT,  and  blow  down;  the  latter  three  totaling 
approximately  11  ms  for  the  configuration  tested.  Figure  4  is  a 
schematic  of  a  typical  fire  phase,  broken  down  into  the  critical 
segments.  Detonation  occurrence  was  confirmed  using  ion  probes  to 
measure  wave  speed,  similar  to  the  methods  used  by  Card  et  al.  [10] 
and  Ciccarelli  et  al.  [20].  Any  combustion  waves  propagating  at 
speeds  within  10%  of  the  upper  Chapman-Jouguet  point  (assumed  to 
be  1800  m/s)  [21]  were  considered  detonation  waves.  During  the 
purge  phase  the  exhaust  valves  introduced  unheated  air  equal  to  half 
the  volume  of  the  detonation  tube  (purge  fraction  of  0.5  at  ambient 
pressure  and  fuel/air  mixture  temperature).  The  purge  air  cooled  the 
detonation  tube  and  removed  a  portion  of  the  exhaust  gases  from  the 
detonation  tube  to  prevent  autoignition  during  the  following  fill 
phase. 

B.  Supercritical  Fuel  Heating  System 

The  flow  path  and  instrumentation  are  shown  in  schematic  form  in 
Fig.  5.  The  liquid  fuel  required  for  this  testing  was  contained  in  two 
hydraulic  bladder  accumulators,  pressurized  by  nitrogen  bottles.  The 
fuel  pressure  was  maintained  above  critical  pressure  for  the  duration 
of  the  test  to  prevent  phase  change.  The  supercritical  fuel  heating 
system  (SFHS)  consisted  of  a  nitrogen  purge  system  (described 


2.5  cm 


Fig.  3  Schematic  of  one  head  cavity  with  valving,  spark  plug,  and 
dynamic  pressure  transducer. 

PDE  Cycle 

Fire  Phase 

Spark  Delay  Ignition  Time  DDT  Time  Blowdown  Time 

- 

Intake  Spark  Deflagration  Detonation  Detonation  Tube 

Valves  Released  Waveforms  Waveforms  at  Ambient 

Close  Pressure 

Fig.  4  Typical  pulse  detonation  engine  fire  cycle  divided  into  critical 
segments. 


Fig.  5  Diagram  of  the  PDE  with  the  supercritical  fuel  heating  system. 


later),  two  stainless-steel  heat  exchangers,  fuel  filter  assembly  (not 
shown  in  Fig.  5),  fuel  injection  nozzles,  instrumentation,  and 
associated  tubing  and  fittings  necessary  to  connect  the  critical 
components  ([22]  contains  details  on  fuel  injection  nozzles).  The  fuel 
entered  the  test  stand  through  a  pneumatically  operated  ball  valve 
and  split  into  two  fuel  lines,  one  for  each  heat  exchanger.  At  the  exit 
of  the  heat  exchangers,  the  lines  were  teed  together  and  run  through  a 
fuel  filter.  After  the  filter,  fuel  was  fed  to  the  fill  air  manifold  and 
injected  into  the  airstream  via  the  fuel  injection  nozzles.  The  fuel 
filter  removed  small  amounts  of  coking  formed  due  to  endothermic 
cracking  of  the  fuel  [23].  Lines  carrying  heated  fuel  were  insulated 
with  fiberglass  to  prevent  heat  loss.  A  nitrogen  purge  system  cleared 
supercritical  fuel  from  the  heat  exchangers  at  the  end  of  a  test  [7] 
(Fig.  5)  via  a  remotely  activated  pneumatic  valve. 

To  compensate  for  the  decrease  in  fuel  density  during  heating  in 
the  supercritical  regime  [24,25],  the  charge  pressure  of  the 
accumulators  was  increased  to  maintain  a  constant  fuel  mass  flow 
rate.  To  allow  for  variations  in  accumulator  charge  pressure  during 
testing,  a  pneumatic  dome  loader  was  installed  for  nitrogen  pressure 
regulation  (for  details,  see  [5]).  Pressures  at  the  exit  of  the  heat 
exchangers  varied  from  37  to  68  atm,  with  lower  pressures  at  lower 
fuel  injection  temperatures  and  higher  pressures  at  higher  fuel 
injection  temperatures  to  compensate  for  the  density  variation. 

To  minimize  carbon  deposition  in  the  SFHS,  the  JP-8  was 
deoxygenated  through  a  nitrogen  sparging  process.  The  sparging 
process  involved  bubbling  a  volume  of  nitrogen  through  the  JP-8  to 
displace  oxygen  from  the  fuel.  The  volume  of  nitrogen  necessary  to 
reduce  the  oxygen  concentration  to  acceptable  levels  was  determined 
experimentally  in  previous  work  [22]. 

C.  Spark  Delay 

Pressure  fluctuations  are  created  as  fill  and  purge  valves  open  and 
close.  With  compression  and  expansion  waves  in  the  head  end  of  the 
tube,  a  spark  delay  can  cause  spark  deposition  during  a  beneficial 
pressure  peak.  Figure  6  shows  the  pressure-time  history  during  an 
unsparked  fire  phase  (no  combustion)  at  15  Hz  with  a  mixture 
temperature  of  394  K  and  spark  delays  from  2  to  10  ms.  It  can  be  seen 
that  6,  8,  or  10  ms  spark  delays  would  initiate  combustion  during  a 
compression  wave,  while  a  zero  ms  spark  delay  would  do  so  during 
an  expansion  wave.  However,  because  ignition  time  is  also  affected 
by  the  pressure  history  during  the  formation  of  a  deflagration  wave, 
selection  of  a  10  ms  spark  delay  is  not  necessarily  optimal.  A  4  ms 
spark  delay  was  chosen  to  minimize  the  overall  time  to  detonation. 
Other  spark  delays  (6,  8,  and  10)  showed  inconsequential 
improvement  in  DDT  time  and  ignition  time;  additionally,  the  0  and 
2  ms  spark  delays  failed  to  produce  detonations  [26]. 

It  was  also  beneficial  to  compare  global  reaction  theory  estimates 
with  the  ignition  times  for  a  series  of  spark  delays  (2,  4,  6,  8,  and 
10  ms)  with  fuel  injected  at  422  K.  The  global  reaction  theory 
approximation,  shown  in  Eq.  (1),  for  normalized  ignition  time  as  a 
function  of  average  head  pressure  is  shown  in  .  Also, 
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Fig.  6  Pressure  in  the  closed  end  of  the  detonation  tube  during  fire 
phase  without  combustion  (vertical  lines  denote  spark  delays). 


Pressure,  atm 

Fig.  7  Normalized  ignition  time  as  a  function  of  initial  head  pressure. 


Fig.  8  Photograph  of  one  heat  exchanger. 


compression  clamps.  A  pressure  transducer  situated  at  the  closed  end 
of  the  detonation  tubes  measured  the  pressure  used  to  determine  the 
ignition  time. 

F.  Data  Reduction 

All  combustion  data  were  gathered  on  a  dedicated  computer 
employing  a  LabVIEW program,  and  analyzed  using  a  C++  program. 
The  program  segmented  the  data  into  separate  firing  cycles  using  the 
spark  trace.  Each  spark  trace  denoted  a  new  firing  cycle.  Each  firing 
cycle  was  then  analyzed  for  ignition  time  information.  The  head- 
pressure  trace  data  were  passed  through  a  fourth-order,  401 -point, 
Savitzky-Golay,  digital,  finite-impulse,  response  filter  to  reduce  the 
high-frequency  noise.  The  head-pressure  trace  is  shown  before  and 
after  the  filter  was  applied,  Fig.  9.  Linear  regression  was  then  used  to 
determine  the  slope  of  the  pressure  curve.  The  ignition  time  was 
taken  as  the  time  where  an  average  pressure  rise  of  5000  psi/ s  was 
detected. 

After  the  ignition  time  was  determined,  the  probe  times  were 
calculated.  The  probe  times  were  the  time  that  the  combustion  wave 
crosses  each  of  the  ion  probes.  Wavespeeds  were  calculated  by 
dividing  the  difference  in  distance  between  two  ion  probes  by  the 
difference  in  the  corresponding  probe  times.  Once  a  wavespeed 
above  the  Chapman- Jouguet  (CJ)  limit  was  found,  linear 
interpolation  between  the  wavespeed  above  the  CJ  wavespeed  and 
the  wavespeed  at  the  location  before  it  (below  the  C J  wavespeed)  was 
performed  to  determine  the  time  and  location  where  a  wavespeed 
matched  that  of  the  CJ  wavespeed.  The  time  and  location  found  were 
the  DDT  time  and  the  detonation  distance,  respectively. 

G.  Experimental  Uncertainties 

The  total  experimental  uncertainty  was  determined  by  combining 
the  bias  and  precision  uncertainties  using  the  root  sum  square  method 


experimentally  determined  normalized  ignition  times  as  a  function 
head  pressure  for  a  JP- 8/air  mixture  are  displayed  in  Fig.  7.  The 
ignition  times  for  the  global  reaction  theory  were  normalized  by  the 
ignition  time  corresponding  to  ambient  pressure  of  the  fuel/air 
mixture.  Ignition  times  for  the  experiment  were  normalized  by  the 
6  ms  case  for  which  the  average  pressure  was  nearly  ambient  (within 
0.5%).  The  low  temperature  experimental  results  compare  well  with 
global  reaction  theory,  falling  within  the  experimental  uncertainty. 

D.  Heat  Exchangers 

Two  identical  concentric-tube  heat  exchangers  were  fabricated 
from  316-stainless-steel  schedule-40  tubes,  with  a  length  of  0.91  m, 
tube  inner  diameters  of  52.5  and  63.5  mm,  respectively,  allowing  for 
a  1.22-mm  annular  space.  A  photograph  of  one  heat  exchanger  with 
the  associated  instrumentation  ports  is  shown  in  Fig.  8. 

E.  Instrumentation 

To  gather  temperature  data,  J-type  thermocouples  were  placed  in 
the  center  of  the  flowpath  at  the  inlet  and  outlet  of  each  heat 
exchanger,  and  a  T-type  thermocouple  was  placed  at  the  inlet  to  the 
fill  air  manifold.  Heat-exchanger  external  wall  temperatures  were 
measured  with  J-type  thermocouples  mounted  externally  with 


Time,  ms 

Fig.  9  Head-end  pressure  history  during  a  single  PDE  cycle  at  a  firing 
frequency  of  15  Hz.  1436 
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Table  1  Summary  of  bias  uncertainties  for 
experimental  results 


Experimental  result 

Bias  uncertainty 

Wavespeed 

±55.12  m/s 

Ignition  time 

±0.292  ms 

DDT  time 

±0.0568  ms 

Detonation  distance 

±0.0568  m 

Fuel  injection  temperature 

±3.6  K 

Fuel/air  mixture  temperature 

±2.5  K 

Equivalence  ratio 

±0.0247 

[27,28].  The  bias  uncertainties  were  constant  for  all  data  points  of  the 
same  variable,  while  the  precision  uncertainties  varied  by  data  point. 
Therefore,  the  total  experimental  uncertainty  varies  by  data  point  and 
is  included  with  the  data.  Total  bias  uncertainties  are  displayed  in 
Table  1  [7]. 


IV.  Results  and  Discussion 

For  varying  fuel  injection  temperatures,  ignition  time,  deflagration 
to  detonation  transition  time,  detonation  distance,  and  detonation 
percentage  were  measured.  Each  data  point  represents  the  mean 
value  of  40  to  60  ignitions,  using  data  averaged  from  two  tubes.  The 
effect  of  fuel  injection  temperature  on  the  performance  of  the  PDE  is 
shown  with  variation  of  fuel  type  and  firing  frequency.  All  testing 
was  performed  with  an  equivalence  ratio  of  1.1,  which  has  been 
shown  by  Tucker  [22]  to  produce  the  minimum  ignition  and  DDT 
times  for  JP-8. 

A.  Fuel  Study 

Figure  10  shows  ignition  time  for  all  six  fuels.  Little  variation 
occurred  among  the  fuels,  though  JP-8  has  a  slightly  higher  ignition 
time  in  the  range  of  586  to  755  K.  The  probable  cause  of  this  higher 
time  was  adverse  effects  of  thermal  degradation  (oxidative  coking). 
S-8  produced  the  smallest  ignition  times  for  almost  the  entire 
temperature  range.  JP-7,  JP-900,  and  RP-1  times  displayed  little 
difference  in  slope  or  magnitude,  which  was  expected  due  the 
similarity  of  the  fuels.  With  the  exception  of  JP-8,  ignition  times  for 
all  fuels  were  independent  of  fuel  injection  temperature  in  the 
temperature  range  examined,  as  mentioned  in  the  earlier  discussion 
of  global  reaction  theory. 

Attempts  at  detonation  of  a  JP- 10/air  mixture  were  erratic  and  data 
were  inconsistent,  rendering  the  results  unusable;  therefore,  the  DDT 
time  and  detonation  distance  results  for  JP- 10  have  been  omitted.  The 
DDT  times  for  the  other  five  fuels  are  displayed  in  Fig.  1 1 .  In  Fig.  1 1 , 


Fuel  Injection  Temperature,  K 
Fig.  11  DDT  times  for  several  fuels. 


little  variation  in  DDT  time  is  seen  among  the  fuels.  The  small 
differences  between  any  two  fuels  are  within  the  experimental 
uncertainty  for  the  entire  temperature  range.  DDT  times  for  all  five 
fuels  decrease  with  increasing  fuel  injection  temperature.  The  fuels 
display  a  nearly  linear  decrease  in  DDT  time  of  approximately  15% 
over  the  temperature  range.  The  DDT  time  decreases  despite  the  two 
competing  effects  of  increasing  fuel/air  mixture  temperature  and 
decreasing  density  that  causes  a  decrease  in  pressure.  The  first  effect 
tends  to  increase  reaction  rate  and  lower  DDT  time  [cf.,  Eq.  (1)], 
whereas  the  second  reduces  detonability  (refer  to  Sec.  II.B)  and  tends 
to  increase  DDT  time.  The  net  effect  is  a  decrease  in  DDT  time,  but 
probably  not  as  much  as  would  occur  without  the  reduced 
detonability  effect. 

The  variation  of  detonation  distance  with  fuel  injection 
temperature  for  all  fuels  except  JP-10  is  shown  in  Fig.  12.  As 
expected,  the  detonation  distance  of  all  five  fuels  decreases  with 
increasing  fuel  injection  temperature.  The  detonation  distance 
decrease  is  probably  less  than  would  occur  absent  the  competing 
effects  of  density  decrease  and  reaction  rate  increase  discussed 
above.  In  Fig.  12,  only  below  approximately  650  K  does  the 
detonation  distance  of  the  five  fuels  differ  in  magnitude  and  slope. 
Below  650  K,  JP-8  has  the  smallest  detonation  distances,  followed 
closely  by  JP-900,  while  JP-7  is  highest  at  1.14  m.  RP-1  and  S-8 
perform  similarly,  both  with  detonation  distance  between  JP-7  and 
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Fuel  Injection  Temperature,  K 
Fig.  10  Ignition  times  for  several  fuels. 


Fuel  Injection  Temperature,  K 

Fig.  12  Comparison  of  the  detonation  distance  for  l&^fuels. 
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JP-900.  It  was  also  noted  that  above  roughly  675  K,  detonations 
occur  near  the  downstream  end  of  the  spiral  for  all  five  fuels  shown.  It 
was  assumed  that  the  difference  in  detonation  distance  of  the  five 
fuels  would  be  negligible,  similar  to  the  DDT  time  trend.  This 
stratification  of  detonation  distances  is  possibly  due  to  variation  in 
laminar  flame  speeds  between  the  fuels,  although  laminar  flame 
speeds  were  not  measured  and  data  for  all  five  fuels  at  these 
conditions  are  not  available  in  literature.  Card  et  al.  [10]  found  that 
fuel/air  mixtures  with  higher  laminar  flame  speeds  resulted  in  shorter 
detonation  distances. 

Detonation  percentage  is  defined  as  the  percentage  of  ignitions 
that  result  in  a  combustion  wavespeed  of  1800  m/s  or  greater.  In 
Fig.  13,  all  fuels  demonstrate  a  strong  trend  of  increasing  detonation 
percentage  with  increasing  fuel  injection  temperature.  The 
percentages  displayed  in  Fig.  13  are  dependent  on  the  PDE 
configuration,  but  the  trends  demonstrate  an  increase  in  detonability 
with  increasing  fuel  injection  temperature.  This  increase  is  a  result  of 
a  more  homogenous  mixture  at  higher  fuel/air  mixture  temperatures 
but  moderated  by  the  same  competing  effects  mentioned  earlier 
(density  decrease  vs  reaction  rate  increase).  The  effect  of  fuel 
injection  temperature  is  more  apparent  in  the  detonation  percentage 
as  compared  to  the  DDT  time  and  detonation  distance,  most  likely 
because  detonation  percentage  is  more  dependent  on  the  fuel/air 
mixing.  Doungthip  et  al.  [29]  found  that  the  injection  of  supercritical 
JP-8  resulted  in  greatly  enhanced  mixing  compared  to  that  of 
subcritical  JP-8.  The  fuels  can  be  divided  into  three  categories  based 
on  Fig.  13.  The  first  group,  JP-7  and  S-8,  demonstrate  the  largest 
increases  in  detonations  as  fuel  injection  temperature  increases, 
achieving  nearly  100%  detonations  at  755  K.  JP-8,  JP-900,  and  RP-1 
make  up  the  second  category,  achieving  detonation  percentages 
between  65  and  75%  at  a  fuel  injection  temperature  of  755  K.  The 
final  category  includes  only  JP- 10.  Although  JP- 10  slightly  increases 
detonation  percentage  with  increased  fuel  injection  temperature,  the 
magnitude  of  the  detonation  percentage  remains  low,  14-38%, 
leading  to  a  large  uncertainty  in  DDT  time  and  detonation  distance. 
The  small  detonability  increase  with  increased  JP- 10/air  mixture 
temperature  is  consistent  with  the  findings  of  Ciccarelli  and  Card 
[20],  which  showed  that  the  JP-10  detonation  cell  size  was  very 
insensitive  to  initial  temperature. 


B.  Firing  Frequency 

The  motivation  to  decrease  ignition  time  and  DDT  time  is  to 
decrease  the  fire  phase  time,  thus  allowing  a  higher  cycle  frequency 
and  higher  average  thrust.  The  relationship  between  firing  frequency 
and  thrust  has  been  shown  by  Fan  et  al.  [30] .  To  examine  the  effect  of 
the  firing  frequency  on  PDE  performance  parameters,  two 
frequencies,  15  and  20  Hz,  were  examined.  Frequencies  much 
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Fig.  13  Comparison  of  the  detonation  percentage  for  six  fuels. 


above  20  Hz,  for  example,  25  Hz,  would  allow  only  13  ms  for  the  fire 
phase,  too  short  for  15  ms  required  for  the  detonation  of  a  JP-8/air 
mixture.  Also,  at  frequencies  much  below  15  Hz,  for  example,  10  Hz, 
insufficient  waste  heat  was  generated  for  the  heat  transfer  system  to 
elevate  fuel  injection  temperatures  above  644  K. 

Figure  14  shows  ignition  and  DDT  times  for  a  PDE  operating  at  15 
and  20  Hz.  Within  experimental  uncertainty,  the  ignition  times  are 
nearly  equal  for  the  entire  temperature  range.  DDT  time  for  the  20  Hz 
case  is  slightly  less  than  the  15  Hz  case  for  the  entire  temperature 
range.  This  20  Hz  decrease  in  DDT  time  is  a  result  of  higher  pressures 
within  the  detonation  tube  that  occur  at  higher  frequencies,  as  shown 
by  Tucker  [22].  The  total  time  to  detonation,  sum  of  spark  delay 
(same  for  both),  ignition  time,  and  DDT  time,  is  thus  slightly  less  for 
the  20  Hz  case. 

Figure  15  shows  detonation  distance  for  two  firing  frequencies. 
The  differences  between  the  detonation  distances  are  within  the 
measurement  uncertainty  for  the  entire  temperature  range.  From  ion 
probe  data  (not  shown)  detonations  occur  at  the  downstream  end  of 
the  internal  spiral  for  both  frequencies.  DDT  often  occurs  at  the  end 
of  a  tripping  device,  such  as  a  spiral,  due  to  the  abrupt  absence  of  such 
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obstacle,  as  shown  by  Lee  et  al.  [31].  In  summary,  increasing  the 
firing  frequency  was  found  to  have  little  effect  on  cycle  performance. 

C.  Fuel  Heating  Value 

Using  the  waste  heat  from  PDE  detonation  tubes  to  preheat  fuel  to 
supercritical  temperatures  is  important  not  only  for  detonation 
initiation.  By  regeneratively  heating  the  fuel,  the  effective  fuel 
heating  value  is  increased,  which  corresponds  directly  to  an 
improvement  in  specific  fuel  consumption  (SFC).  The  significance 
of  this  effect  is  evaluated  in  Fig.  16,  which  is  a  plot  of  the  percent  of 
improvement  in  fuel  heating  value  (over  that  of  fuel  at  ambient 
temperatures)  as  a  function  of  fuel  injection  temperature.  Preheating 
the  fuel  to  the  supercritical  temperatures  results  in  a  2-3% 
improvement  in  fuel  heating  value,  which  directly  corresponds  to  an 
SFC  improvement  of  2-3%.  The  percent  of  improvement  in  heating 
value  was  calculated  using  the  heat  of  vaporization  and  heat  capacity 
from  the  CRC  Handbook  of  Aviation  Fuel  Properties  [32].  The 
highly  linear  property  data  were  extrapolated  to  the  temperature 
limits  shown  in  Fig.  15.  This  effective  improvement  in  fuel  heating 
value  and  thus  fuel  efficiency  can  be  applied  to  conventional  gas 
turbine  engines  using  regenerative  fuel  cooling  as  well. 


V.  Conclusions 

This  research  marked  the  first  analysis  of  the  effect  of  increasing 
fuel  injection  temperature,  up  to  755  K,  on  key  pulsed-detonation- 
engine  performance  parameters,  including  ignition  time,  DDT  time, 
detonation  distance,  and  detonation  percentage.  Six  fuels  were 
examined,  JP-8,  JP-7,  JP-10,  JP-900,  RP-1,  and  S-8.  Ignition  time 
was  found  to  be  virtually  independent  of  fuel  injection  temperature 
for  all  fuels,  except  JP-8.  JP-10  was  found  to  detonate  inconsistently, 
compared  to  the  other  fuels.  The  DDT  time  of  the  other  five  fuels 
demonstrated  a  nearly  identical  linear  decrease  of  15%  over  the 
temperature  range  tested.  The  detonation  distance  for  all  fuels,  other 
than  JP-10,  linearly  decreased  down  to  a  limit  of  spiral  length  with 
increasing  fuel  injection  temperature.  The  detonation  percentage  for 
all  fuels  increased  considerably  with  increasing  fuel  injection 
temperature,  with  JP-7  and  S-8  producing  the  most  consistent 
detonations.  Based  on  this  performance  criterion,  JP-8,  JP-7,  JP-900, 
RP-1,  and  S-8  can  all  be  used  to  fuel  a  PDE  with  this  configuration  at 
elevated  fuel  injection  temperatures;  however,  the  configuration 
could  be  varied  to  aid  in  JP-10  detonation  transition. 

Increasing  firing  frequency  from  15  to  20  Hz  was  found  to  slightly 
reduce  the  total  time  to  detonation  for  a  PDE.  DDT  time  decreases 
with  higher  firing  frequency,  due  to  the  higher  pressure  in  the 
detonation  tube,  while  ignition  time  and  detonation  distance  are 
relatively  independent  of  firing  frequency. 
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Fig.  16  Percent  improvement  in  fuel  heating  value  as  a  function  of  fuel 
injection  temperature. 
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Waste  heat  from  a  pulsed  detonation  engine  (PDE)  was  extracted  via  concentric  tube- 
counter  flow  heat  exchangers  to  produce  supercritical  pyrolytic  conditions  for  JP-8  fuel. 
Offline  analysis  of  liquid  and  vapor  fuel  samples  obtained  during  steady  state  operation 
indicated  fuel  decomposition  via  typical  pyrolytic  reaction  pathways.  The  liquid  analysis 
showed  conversion  of  parent  fuel  components  with  formation  of  unsaturates  (aromatics  and 
alkenes)  and  smaller  alkanes.  The  gaseous  products  consisted  of  predominantly  Ci-C3 
alkanes  and  alkenes  (>  50%  of  total  vapor  yield)  with  moderate  amounts  of  hydrogen  and 
C4-C6  alkanes  and  alkenes.  The  components  that  were  present  in  the  stressed  fuel  samples 
were  more  detonable  and  could  be  linked  to  improved  PDE  performance;  specifically 
shorter  ignition  time,  shorter  deflagration  to  detonation  (DDT)  time,  and  shorter  DDT 
distance. 


Ecrit 

=  critical  initiation  energy 

FN 

=  flow  number 

™fuel 

=  mass  flow  of  fuel 

Pfuel 

=  pressure  of  fuel 

X 

=  detonation  cell  size 

Peal 

=  density  of  calibration  fluid 

Pfuel 

=  density  of  fuel 

Nomenclature 
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I.  Introduction 


JP-8  is  the  predominate  kerosene  fuel  currently 
used  in  the  United  States  Air  Force  (USAF) 
and  is  of  particular  interest  concerning  military 
operation  of  a  pulsed  detonation  engine  (PDE).  A 
large  challenge  in  using  the  PDE  as  a  source  of 
propulsion  is  the  ignition  and  detonation  of  higher 
molecular  weight  straight-chain  hydrocarbons.  It 
is  well  known  that  if  a  hydrocarbon  fuel  can  be 
decomposed  outside  of  the  combustion  chamber 
combustion  efficiency  can  be  improved1. 
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Figure  1.  Characteristic  two-dimensional  detonation  wave 
structure2. 

Previous  work2  conducted  on  a  PDE  with  JP-8  preheated  and 
cracked  by  detonation  tube  waste  heat  demonstrated 
performance  benefits.  There  were  other  notable  positive  effects 
on  cycle  performance  parameters  that  are  specifically  important 
to  PDE  operation. 

The  current  research  extended  the  investigation  further  into 
the  oxygen-free  thermal  decomposition  of  JP-8  induced  by  PDE 
waste  heat.  An  apparatus  was  developed  that  allowed  in-line 
sampling  of  stressed  fuel  during  steady  state  PDE  operation. 
This  investigation  sought  quantitative  evidence  of  thermal 
cracking  in  the  fuel  after  passing  through  thrust  tube  heat 
exchangers  and  the  composition  of  both  liquid  and  gaseous 
products  present  prior  to  combustion. 


3 


2.5 


2 


1 


:{ 


^  |  |  ^ 


o  Endothermic  JP-8 
a  Supercritical  JP-8 


400  500  600  700  800  900  1000 


Fuel  Injection  Temp  erature,  K 


Fuel  Injection  Temperature,  K 

Figure  2.  Plots  of  ignition  time  vs.  equivalence 
ratio  (a),  DDT  time  (b),  and  DDT  distance  (c) 
versus  fuel  iniection  temnerature2,12 


II.  Background  and  Theory 

As  a  detonation  wave  propagates  downstream,  an 
interaction  of  several  shock  fronts  form  the  characteristic 
structure  shown  in  Fig.  I2,3.  (For  a  detailed  explanation  of 
detonation  wave  structure  the  reader  is  referred  to  Fickett  and 
Davis4.)  The  detonation  cell  size  (  A),  is  a  property  inherent  to 
each  particular  fuel.  Previous  research5,6  has  shown  a  direct 
relationship  between  detonation  cell  size  and  critical  initiation 
energy  (Ecrit). 

Ecru  =  3. 3  75 13  (1) 

Equation  1  indicates  that  a  decrease  in  cell  size  correlates  to 
improved  detonability.  This  relationship  was  validated  by 
experimental  research5,6,7,8,9  that  showed  strained  hydrocarbons 
such  as  acetylene  and  ethylene  were  more  detonable  than  high 
molecular  weight  hydrocarbons  typically  found  in  JP-8  and  JP- 
10. 

When  JP-8  is  heated  to  a  sufficient  temperature  (>725  K), 
endothermic  reactions  known  as  thermal  cracking  occur2,10. 
During  this  process,  thermal  decomposition  of  high  molecular 
weight  hydrocarbons  results  in  lower  molecular  weight 
aromatics,  alkenes  and  alkanes11.  As  these  lower  molecular 
weight  hydrocarbons  are  formed,  initiation  energy  decreases 
and  substantial  benefits  are  seen  in  PDE  performance. 

Recent  work2  showed  that  waste  heat  from  a  PDE  can 
elevate  JP-8  to  endothermic  temperatures  with  a  subsequent 
beneficial  influence  on  ignition  time,  deflagration-to-detonation 
transition  time,  and  detonation  distance.  Ignition  time  is 
defined  as  the  time  elapsed  between  ignition  of  the  fuel  at  the 
closed  end  of  a  PDE  tube  and  the  commencement  of 
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deflagration.  DDT  then  occurs  and  a  detonation  wave  speed  of  approximately  1800  m/s  is  achieved  corresponding 
to  the  upper  Chapman-Jouget  (C-J)  speed.  DDT  time  is  defined  as  the  time  duration  for  a  deflagration  wave  to 
transition  to  a  detonation  wave.  The  detonation  distance  is  measured  from  the  closed  end  of  the  PDE  tube  to  the 
first  point  at  which  C-J  speed  is  achieved. 

Previous  work2,12  (Figures  2  a-c)  shows  the  effect  of  endothermic  fuel  injection  temperature  on  ignition  time, 
DDT  time,  and  DDT  distance.  As  the  injection  temperature  is  increased  from  800  to  900  K,  the  ignition  time 
decreases  by  nearly  20  percent.  While  little  impact  was  seen  on  DDT  time  in  the  endothermic  temperature  region, 
increased  consistency  of  detonations  occurred  as  evidenced  by  the  decreased  range  of  uncertainty  shown  in  Fig.  2b. 
Figure  2c  shows  the  decrease  of  DDT  distance  through  the  supercritical  temperature  regime. 


III.  Experimental  Setup  and  Instrumentation 

An  experimental  study  was  performed  to  investigate  alteration  of  fuel  composition  at  different  pre-heat  injection 
temperatures.  The  research  was  performed  in  the  Pulsed  Detonation  Research  Facility  (PDRF)  at  Wright  Patterson 
AFB  in  Dayton,  OH.  Detailed  information  about  the  facility  has  previously  been  published13.  Only  setup 
information  that  is  uniquely  important  to  this  effort  is  provided.  The  major  components  of  the  PDE  (schematic 
diagram  shown  in  Fig.  4),  will  also  be  described. 


PDE  Cycle 


A.  PDE  Description  and  Phases 

The  PDE  cycle,  shown  in  Fig.  3,  is 
segmented  into  three  phases:  fill,  fire,  and 
purge.  During  fill,  premixed  fuel  and  air 
enters  through  intake  valves  to  fill  the  tube 
volume  to  a  pre-designated  fraction  (fill 
fraction).  For  these  experiments,  the  tube 
volume  was  completely  filled  (unity  fill 
fraction). 

The  head  and  valve  train  from  a 
General  Motors  Quad  Four  engine 
provided  the  fuel  and  air  delivery.  Two 
detonation  tubes  of  length  1.91  m  were  employed,  each  having  a  1.22  m  long  Shchelkin-type  spiral  to  facilitate 
DDT14.  Mounted  on  each  tube  was  a  concentric-tube  counter  flow  heat  exchanger  to  pre-heat  the  fuel,  (further  fuel 
heating  details  discussed  later).  Air  pre-heated  to  approximately  400  K  was  mixed  with  the  heated  fuel  in  a 
manifold  upstream  of  the  intake  valves.  As  shown  in  Fig.  3  an  ignition  delay  was  employed,  that  being  the  time 
between  the  start  of  the  fill  phase  and  the  release  of  spark.  For  this  experimentation,  an  approximately  1 15  mJ  spark 
was  delivered  to  each  of  the  thrust  tubes  with  an  ignition  delay  of  4-7  msec.  At  the  completion  of  the  fire  phase, 
purge  air  entered  through  the  open  exhaust  valves  to  cool  the  detonation  tubes  and  clear  out  exhaust  gases.  During 
this  purge  phase,  the  air  volume  supplied  was  four-tenths  of  the  total  tube  volume  (purge  fraction  of  0.4). 


Figure  3.  PDE  cycle  schematic  with  fire  phase  described  in  detail2 


B.  Fuel  Preparation  and  Delivery 

The  objective  of  the  heating  process  was  to  increase  the  fuel  temperature  to  a  level  that  initiated  thermal 
cracking.  Furthermore,  the  investigation  was  focused  on  changes  in  composition  due  to  pyrolytic  activity  rather 
than  changes  from  oxidation  reactions  caused  by  dissolved  oxygen  in  the  fuel1.  In  order  to  reduce  the  amount  of 
oxygen  dissolved  in  the  fuel  to  less  than  1  ppm,  oxygen- free  nitrogen  was  sparged  into  the  JP-8.  The  method  for 
this  is  reported  in  previous  work15.  All  of  the  fuel  used  for  experimentation  was  sparged  in  this  manner. 

Before  being  delivered  to  the  PDE,  the  sparged  fuel  was  transferred  to  two  bladder  accumulators.  Nitrogen 
pressure  supplied  to  the  accumulators  enabled  the  metering  of  fuel  flow  to  the  PDE.  Fuel  pressure  was  maintained 
above  the  critical  point  (app.  340  psi)  for  the  duration  of  testing  to  prevent  boiling.  After  passing  through  a  mass 
flow  meter,  the  pressurized  fuel  was  delivered  to  the  fuel  heating  system  described  next. 


C.  Fuel  Heating  System 

The  fuel  heating  system  (FHS),  previously  reported2,  consisted  of  two  concentric  tube  heat  exchangers  fabricated 
from  inconel,  a  single  seven-micron  particulate  filter,  instrumentation,  and  fuel  injection  peanut  nozzles.  As  shown 
in  Figs.  4  and  5,  the  fuel  entered  the  heat  exchanger  attached  to  thrust  tube  number  one,  flowing  counter  to  the 
direction  of  detonation  flow.  Fuel  was  subsequently  transferred  to  the  second  heat  exchanger  attached  to  thrust  tube 
number  four  maintaining  a  counter  flow  orientation.  To  prevent  clogging  of  the  fuel  injection  nozzles,  a  seven- 
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Figure  4.  Schematic  diagram  of  PDE  showing  fuel  heating  system  and  sample  collection  system. 


micron  filter  was  inserted  in  the  flow  path  to  collect  carbonaceous 
deposits  formed  during  fuel  stressing.  The  heated  and  decomposed 
fuel  was  injected  through  the  peanut  nozzles  into  the  manifold  and 
mixed  with  the  preheated  air. 


D.  Sample  Collection  System 

Samples  of  the  stressed  fuel  were  collected  during  steady  state 
operation  of  the  PDE.  A  sample  fuel  flow  was  extracted  from 
engine  feed  fuel  flow  through  a  nozzle  inserted  downstream  of  the 
seven-micron  filter.  In  this  manner,  the  fuel  flow  rate  was  split  and 
completely  controlled  by  nozzle  selection.  The  relationship  for 
flow  number  (FN)  is  given  by  the  following  equation16 


FN  = 


lit 


fuel 


(2) 


From  this  relationship,  fuel  mass  flow  (rilfud)  is  a  function  of 
nozzle  flow  number,  square  root  of  pressure  drop  (A Pfuel)  across 
nozzle,  and  square  root  of  fuel  density  ( Pfud)-  Density  of  the  fluid 

used  to  calibrate  the  nozzle  ( pcal )  must  also  be  included.  The 
density  of  the  fuel  was  the  same  for  both  the  peanut  nozzles  used 
for  fuel  injection  and  for  the  nozzle  used  for  sample  extraction.  The 
pressure  drop  across  the  sample  and  fuel  injection  nozzles  was 


Figure  5.  View  of  PDE  showing  thrust 
tubes,  concentric  tube-in-tube  heat 
exchangers,  and  fuel  flow  direction. 
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Figure  6.  Coiled  stainless  steel  tubing  immersed  in  chilled 
water,  used  to  cool  fuel  sample. 
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Figure  7.  Liquid  sample  collection  trap.  Erlenmeyer  flask 
collects  liquid  products;  gaseous  products  flow  to  a  downstream 
stainless  steel  vessel  through  the  outer  tube. 


equal  (verified  by  use  of  transducer 
measurement),  and  therefore  selection  of  nozzle 
flow  number  determined  the  fraction  of  mass 
flow  extracted  for  sampling  (approximately  10 
percent). 

Upon  expanding  the  sampled  fuel  through  its 
nozzle,  it  was  cooled  to  room  temperature  by 
flowing  through  a  coiled  3/8  in.  stainless  steel 
tube  immersed  in  chilled  water  as  shown  in  Fig. 
6.  During  normal  operation  (no  sample  storage) 
the  cooled  sample  flow  was  redirected  back  into 
the  main  manifold  through  a  remotely  operated 
three-way  valve.  This  occurred  while  the  PDE 
was  allowed  to  run  up  to  a  steady  state  operating 
temperature.  When  the  system  temperature 
stabilized  (either  811  K  or  867  K),  the  three- 
way  valve  was  actuated  to  redirect  the  sample 
flow  to  the  liquid  and  gas  sample  collection 
apparatus  for  a  specified  period  of  time. 

Upon  thermal  cracking,  the  fuel  will 
decompose  into  lower  molecular  weight 
products,  including  liquid  and  other  components 
that  are  in  gaseous  phase  at  ambient  conditions. 
The  liquid  portion  was  collected  in  a  500  ml 
Erlenmeyer  flask  while  the  gaseous  portion  was 
collected  in  a  1000  ml  Swagelok  stainless  steel 
sample  vessel.  The  trap  shown  in  Fig.  7 
directed  both  portions  into  the  flask  through  an 
inner  tube.  The  outer  tube  enabled  the  gaseous 
products  to  flow  further  downstream  to  be 
collected  in  the  stainless  steel  sample  vessel. 

E.  Analytical  Measurements 

Analyses  of  liquid  and  gas  samples  were 
performed  post  running  (off-line).  Liquid 
samples  were  volumetrically  quantified  using  a 
500  ml  graduated  cylinder.  Sample  analysis 
was  performed  at  Air  Force  Research 
Laboratory,  fuels  branch  (AFRL/RZTG). 
Liquid  samples  were  analyzed  using  an  Agilent 
gas  chromatograph/mass  spectrometer  (GC/MS) 
model  6890/5973.  Quantitative  analysis  of  the 
gaseous  samples  was  performed  using  an 
Agilent  model  6890  gas  chromatograph  (GC) 
equipped  with  both  flame  ionization  detector 
(GC/FID)  and  thermal  conductivity  detector 
(GC/TCD).  Gaseous  hydrocarbon  products 
were  quantified  via  GC/FID  while  the  hydrogen 
was  quantified  using  GC/TCD.  Further  details 
on  the  laboratory  processes  can  be  found  in 
Ref.  1 1 . 
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IV.  Results  and  Discussion 

Stressed  gaseous  and  liquid  fuel  products  were  consistent  with  those  produced  via  free  radical  thermal 
decomposition.  Figures  8a  and  b  show  composition  of  fuel  as  received  and  liquid  products  after  heating, 
respectively.  The  time  scale  refers  to  the  chromatography  sample  retention  time,  not  to  experimental  time  scales.  A 
longer  retention  time  corresponds  to  higher  molecular  weight  components.  Chromatograph  abundance  signals  were 
normalized  by  the  maximum  signal  outputted  to  form  the  normalized  signals  shown  in  Figs.  8a  and  b.  Because  of 
nozzle  coking  (discussed  later)  volumetric  liquid-to-gas  conversion  was  not  determined  and  was  not  used  as  an 
indicator  of  pyrolytic  stressing  for  this  work.  However,  gas  chromatography  performed  on  the  liquid  products 
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Figure  8.  Comparison  of  the  GC/MS  spectra  of  (a)  the  unreacted  JP-8  and  (b)  the  cracked  JP-8 
liquid  products.  Notice  the  decrease  of  high  molecular  weight  straight-chain  alkanes  and  the 
increase  in  aromatics  and  lower  molecular  weight  species.  Average  temperature  of 867  K  refers  to  the 
average  maximum  temperature  measured  heat  exchanger  exit. 
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showed  that  high  molecular  weight  hydrocarbons  were  decomposed  while  shorter-cham  alkanes,  aromatics  and 
alkenes  were  formed,  confirming  that  the  fuel  was  cracked  in  the  heat  exchangers.  Overall,  these  results  are 
consistent  with  free  radical  reaction  chemistry  observed  during  pyrolytic  decomposition  of  long-chain  hydrocarbons 
at  intermediate  temperature/high  pressure  for  short  reaction  times11.  Analysis  of  the  gaseous  sample  indicated  that 
principal  gaseous  components  were  C1-C3  alkanes  (>  50%)  (Table  1). 


Table  1.  Primary  Gaseous  species  obtained  via 
GC/FID  and  GC/TCD  analysis. 


Percent  Volume  in  Gaseous  Sample 


Products 

Avg.  Temp  =  811  K 

Avg.  Temp  =  867  K 

Methane 

23.7% 

29.0% 

Ethane 

19.5% 

18.9% 

Ethylene 

7.4% 

5.1% 

n- Propane 

14.0% 

13.6% 

Propylene 

13.6% 

10.3% 

iso-Butane 

1.1% 

1.7% 

n- Butane 

4.3% 

4.5% 

2-Butene  (trans) 

1.0% 

1.3% 

1 -Butene 

3.2% 

2.9% 

2- Butene  (cis) 

2.5% 

2.5% 

Hydrogen 

3.4% 

3.4% 

Figure  8a  shows  that  long  straight- chain  paraffins 
(C9-C15)  are  primary  components  in  the  JP-8  prior  to 
heating  with  a  molecular  weight  distribution  spanning 
the  C7-C18  hydrocarbons.  Figure  8b  shows  that  after 
the  fuel  was  reacted  (heated  and  cracked),  the 
abundance  of  C7-Ci8  hydrocarbons  was  dramatically 
reduced.  Additionally  in  Fig.  8b,  there  is  a  noticeably 
higher  abundance  of  lower  molecular  weight  alkanes, 
alkenes,  and  aromatics. 

Table  1  shows  the  primary  products  found  in  the 
gaseous  samples  when  the  average  maximum  of  the 
fuel  heat  exchanger  outlet  was  either  81 1  K  (1000  °F) 
or  867  K  (1100  °F).  The  results  show  that  the  small 
temperature  increase  had  minimal  effect  on  hydrogen 
production  (values  on  chart  are  an  average  of  multiple 
samples).  It  is  evident  that  C1-C3  alkanes  and  alkenes 
make  up  the  majority  relative  yield  of  gaseous  sample 
products. 

Figure  9a  shows  the  results  of  previous  research5,6. 


Figure  9.  Critical  initiation  energy  for  various  stoichiometric  fuel/oxidizer  mixtures  (a)  and  those 
same  fuels  that  have  been  produced  as  a  result  of  thermal  cracking  (b).  Notice  the  relationship  oj 
initiation  energy  to  the  decreasing  cell  width  of  the  fuel  (b)5,6.  The  species  that  are  desired  to  decrease 
initiation  energy  and  cell  size  are  present  in  the  reacted  fuel  (b). 
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A  comparison  was  made  based  on  the  initiation  energy  needed  for  selected  stoichiometric  fuel/oxidizer  mixtures. 
Figure  9a  shows  that  acetylene,  hydrogen,  and  ethylene  require  a  lesser  initiation  energy  than  that  required  for 
unstrained  hydrocarbons.  Therefore,  it  is  more  desirable  for  these  three  species  to  be  present  in  the  gaseous 
products.  Figure  9b  shows  the  amounts  of  these  species  that  were  present  in  the  gaseous  product  samples.  While 
the  desired  fuels  were  present  in  the  sample,  the  fuels  that  required  higher  initiation  energies  (methane,  ethane,  and 
propane)  were  also  present. 

As  mentioned  earlier,  volumetric  liquid  to  gas  conversion  could  not  be  quantified.  The  method  used  to 
determine  conversion  required  knowledge  of  liquid  fuel  mass  flow  entering  the  sample  stream.  It  was  hypothesized 
that  a  ratio  of  nozzle  flow  numbers  would  allow  determination  of  the  volume  of  pre-heated  liquid  sample  (see  Eq. 
2).  It  was  later  determined  that  carbonaceous  deposits  in  the  nozzles  caused  such  a  ratio  based  on  flow  number  to  be 
inaccurate.  For  this  reason,  volumetric  liquid  to  gas  conversion  has  been  omitted  from  the  results.  Future  work  will 
investigate  methods  that  enable  determination  of  liquid  to  gas  conversion. 

V.  Conclusion 

Waste  heat  from  a  pulsed  detonation  engine  (PDE)  was  extracted  via  concentric  tube-counter  flow  heat 
exchangers  to  produce  supercritical  pyrolytic  conditions  for  JP-8  fuel.  Analysis  of  online  liquid  and  vapor  fuel 
samples  during  steady  state  operation  indicated  thermal  decomposition.  The  liquid  analysis  showed  conversion  of 
high  molecular  weight  fuel  components  and  formation  of  aromatics,  alkenes,  and  alkanes.  The  gaseous  products 
found  in  the  analyzed  vapor  consisted  of  predominantly  Ci-C3  alkanes  and  alkenes  (>  50%  of  total  vapor  volume) 
with  moderate  amounts  of  hydrogen  and  C4-C6  alkanes  and  alkenes.  The  liquid  and  gas  samples  analyzed  indicate 
that  thermal  cracking  had  occurred.  These  results  are  consistent  with  previous  research2  and  lend  insight  to  why 
ignition  time,  DDT  time,  and  DDT  distance  all  decrease  when  the  cracked  fuel  is  used  for  PDE  operation.  This 
work  has  not  been  entirely  conclusive  in  that  wider  ranges  in  temperature  require  further  analysis.  Continued 
research  in  temperature  effects  as  well  as  the  volumetric  liquid  to  gas  conversion  will  bring  more  insight  to  help  link 
PDE  performance  to  pyrolytic  reactivity.  Further  analysis  will  investigate  maximization  of  desired  products  that 
improve  PDE  performance  while  minimizing  undesired  carbonaceous  deposits  and  gaseous  components  that  yield 
detrimental  results. 
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An  experimental  study  is  conducted  to  determine  the  requirements  necessary  to 
successfully  branch  a  detonation  initiated  in  a  primary  detonation  tube,  through  a  crossover 
tube  and  into  a  second  detonation  tube  without  the  use  of  internal  deflagration-to-detonation 
transition  hardware.  Tail-to-head  branching  is  conducted  and  a  hydrogen  sourced 
detonation  is  seen  to  successfully  sustain  a  diameter  expansion  ratio  of  1:2.  The  head 
pressure  trace  of  a  successful  detonation  transfer  resulting  in  Chapman- Jouguet  wave 
speeds  in  the  branch  ignited  tube  is  also  reported. 


CJ 

/ 

9 

/l 

DDT 

FF 

PF 

SD 


Nomenclature 

Chapman- J  ouguet 

engine  cycle  (cam  shaft  rotation)  frequency 

equivalence  ratio 

detonation  cell  size 

deflagration  to  detonation  transition 

fill  fraction 

purge  fraction 

spark  delay 


I.  Introduction 

A  pulsed  detonation  engine  (PDE)  is  an  unsteady  propulsion  device  that  operates  a  series  of  open-ended 
detonation  tubes  on  a  continuous  fill -fire-purge  cycle.  A  design  criteria  vital  to  the  eventual  implementation  of 
the  PDE  as  a  viable  propulsion  source  is  the  fire  phase  time.  The  previously  realized  scalability  of  the  PDE  directly 
relates  the  engine  frequency  and  resulting  cycle  time  to  the  thrust  produced1.  The  fire  phase  duration  is  limited  by 
both  the  time  necessary  for  ignition  and  also  that  required  for  deflagration-to-detonation  transition  (DDT).  The 
concept  of  detonation  branching  is  the  act  of  physically  splitting  a  detonation  wave  into  various  detonations  (two  in 
this  case),  all  of  which  maintain  the  defining  qualities  of  the  initial  detonation.  It  has  been  shown  that  through 
branched  detonation,  ignition  times  have  been  nearly  eliminated2. 

The  PDE  used  in  this  research  is  housed  at  the  Air  Force  Research  Lab  Pulsed  Detonation  Research  Facility 
located  at  Wright-Patterson  AFB,  Dayton,  OH.  The  specifics  of  the  research  facility  used  including  valving,  timing, 
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control,  instrumentation  and  diagnostics  are  discussed  in  detail  by  Schauer  et  al.1.  Only  the  differences  present 
between  the  current  setup  and  that  described  by  Schauer  et  al.  will  be  mentioned  where  necessary. 

The  focus  of  this  research  is  to  determine  the  necessary  conditions  required  to  successfully  sustain  a  detonation 
from  initiation  in  one  detonation  tube,  through  a  tail-to-head  crossover  tube  and  into  a  secondary  detonation  tube. 
This  is  to  be  performed  without  the  aid  of  any  DDT  hardware  in  the  secondary  tube  as  the  detonation  will  be  seen  to 
successfully  transition  from  its  initiation  in  the  primary  thrust  tube.  This  is  a  preliminary  study  and  as  such,  gaseous 
hydrogen  is  the  fuel  used  throughout. 

It  is  well  known  that  in  order  for  a  detonation  wave  to  propagate  from  a  circular  tube  into  an  unconfined  space  of 
similar  mixture,  that  the  tube  must  be  sized  such  that  its  diameter  is  at  least  13  times  the  detonation  cell  size  (A)3. 
This  value  is  greatly  reduced  when  the  expansion  occurs  into  a  restricted  tube  similar  in  geometry  but  larger  in  size. 
Study  has  shown  that  detonations  are  capable  of  propagating  across  certain  expansion  diameter  ratios  below  some 
limit.4  It  is,  in  part,  this  capability  of  the  shock  to  stay  coupled  with  the  reaction  zone  through  a  confined  expansion 
that  enables  direct  initiation  by  detonation  branching. 


II.  Experimental  Setup 


Hardware  for  the  project  consisted  principally  of  2  in.  (nominal)  primary  and  secondary  detonation  tubes,  a  1  in. 
crossover  tube,  and  the  mating  hardware.  The  crossover  tube  was  introduced  to  the  secondary  detonation  tube 
approximately  2.5  in.  downstream  of  the  closed  end  (head)  in  a  fashion  that  forced  the  flow  to  make  two  sharp  90 
degree  turns  into  the  secondary  tube.  The  schematic  displayed  in  Fig.  1  illustrates  the  general  layout  as  well  as  the 
various  ion  probe  locations.  It  should  be  noted  now  that  the  wave  speeds  reported  throughout  are  the  average  wave 
speeds  of  the  midpoint  between  two  ion  probes  and  as  such  are  reported  at  the  midpoint  location.  The  ion  probes 
(and  similarly  the  wave  speeds  reported  later)  are  located  based  on  their  downstream  distance  from  the  head  of  the 
primary  detonation  tube  and  are  recorded  in  Table  1. 


Figure  1.  Schematic  of  test  setup  with  approximate  locations  of  ion 
probes. 


Table  1.  Distance  of  ion 
probes  from  the  head  of 
the  primary  detonation 
tube. 


Ion  Probe 

Location 

Number 

Distance  from 

Head  1 
(inches) 

1 

35 

2 

42 

3 

42 

4 

51 

5 

57 

6 

67.25 

7 

72 

8 

78 

9 

92 

10 

95 

11 

98 

12 

105.25 

Numerous  parameters  were  held  constant  for  the  data  presented  in  the  results  - 

section  below.  Those  varied,  including  ion  probe  locations  used,  are  contained  in 

the  conditions  matrix  of  Table  2.  Unless  otherwise  noted,  the  following  variables  were  held  constant  over  the  course 
of  runs  which  the  data  presented  represents.  The  equivalence  ratio  (cp)  was  held  constant  at  the  stoichiometric  value 
in  order  to  reduce  the  detonation  cell  size  (2)  and  to  aid  in  the  branched  detonation  pick-up  success  rate.  The  fill 


Table  2.  Conditions  matrix  for  individual  test  runs. 

Run  Equivalence  Ion  Probe  Primary  Tube  Secondary  Tube 

Number  Ratio  (cp)  Location  Number  Reducer  Reducer 


1 

1 

1-8 

Y 

N 

2 

1 

1,2,7-  12 

Y 

N 

3 

1 

1,2,7-  12 

Y 

Y 

4 

0.9 

1,2,7-12 

Y 

Y 
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Table  3.  Various  spark  delays  shown  vs.  engine 


frequency;  parameters  used  highlighted. 


Frequency 

Time/Cycle 

Time/Phase 

Spark  Delay 

(Hz) 

(ms) 

(ms) 

(ms) 

2 

500.000 

166.667 

125.0 

4 

250.000 

83.333 

62.5 

6 

166.667 

55.556 

41.7 

8 

125.000 

41.667 

31.3 

10 

100.000 

33.333 

25.0 

12 

83.333 

27.778 

20.8 

14 

71.429 

23.810 

17.9 

16 

62.500 

20.833 

15.6 

18 

55.556 

18.519 

13.9 

20 

50.000 

16.667 

12.5 

22 

45.455 

15.152 

11.4 

24 

41.667 

13.889 

10.4 

26 

38.462 

12.821 

9.6 

28 

35.714 

11.905 

8.9 

30 

33.333 

11.111 

8.3 

32 

31.250 

10.417 

7.8 

34 

29.412 

9.804 

7.4 

36 

27.778 

9.259 

6.9 

38 

26.316 

8.772 

6.6 

40 

25.000 

8.333 

6.3 

fraction  (FF)  and  purge  fraction  (PF)  were  held  constant 
at  1.5  and  0.7  respectively.  These  are  ratios  of  either  fill 
or  purge  air  introduced  during  the  time  the  respective 
valve  is  open,  to  the  total  volume  of  the  tube.  The  over¬ 
fill  (FF  >1)  was  used  to  ensure  complete  filling  of  the 
crossover  tube.  A  similar  relative  increase  in  the  PF  over 
a  non-crossover  setup  was  also  used.  The  engine 
frequency  (/)  was  held  at  a  constant  10  Hz  for  all  runs. 

The  spark  delay  (SD)  is  the  time  allotted  between  the 
fill  valve  closure  and  the  spark  deposition  in  the  primary 
detonation  tube.  In  order  to  prevent  backfiring  into 
either  the  purge  or  fill  manifolds,  a  SD  was  selected  such 
that  the  spark  was  not  deposited  until  the  fill  valve  had 
also  closed  in  the  secondary  tube.  The  two  cylinders 
chosen  are  next  to  each  other  in  the  engine  firing  order, 
thereby  allowing  the  detonation  from  the  primary  tube  to 
act  as  the  ignition  source  for  the  secondary  tube.  The 
firing  order  of  the  research  PDE  is  1 -3-4-2;  so,  as 
illustrated  in  Fig.  1,  tube  1  was  the  primary  and  tube  3 
the  secondary.  The  SD  is  directly  related  to  the  engine 
frequencies  (/)  of  which  various  values  are  tabulated  and 
displayed  in  Table  3. 

Data  were  collected  in  runs  with  durations  of  one- 
half  second.  At  the  10  Hz  engine  frequency  and  a  data 
collection  rate  of  one  MHz,  each  run  resulted  in  the 
capture  of  three  to  four  complete  detonation  cycles. 
Each  data  point  in  the  following  wave  speed  plots  is 
indicative  of  the  happenings  at  a  given  tube  location  for 
a  single  cycle. 


III.  Results 


A.  Consistent  CJ  Wave  Speeds  through  the  Crossover  Tube 


Figure  2.  Run  1  wave  speeds  along  the  length  of  the 
crossover  tube  as  a  function  of  distance  from  the 
head  of  the  primary  detonation  tube. 


It  has  been  shown  that  detonation  branching  is  more 
successful  when  the  branching  occurs  in  the  presence  of 
an  overdriven  detonation2,  meaning  that  the  wave  speed  is 
greater  than  the  steady  state  CJ  wave  speed.  At  the 
conclusion  of  the  DDT  event,  the  detonation  is  commonly 
in  an  overdriven  state.  The  CJ  wave  speed  for  the 
stoichiometric  hydrogen-air  mixture  used  throughout  this 
research  is  known  to  be  approximately  1971  m/s5.  By 
varying  the  location  of  the  Shchelkin-type  spiral  used  to 
initiate  the  primary  detonation,  the  DDT  event  was  moved 
downstream  such  that  the  overdriven  wave  speed  region 
spanned  the  crossover  tube  pickup  location.  This  is 
indicated  in  Fig.  2  where  the  average  pickup  wave  speed 
was  2394  m/s,  approximately  21%  greater  than  the  CJ 
speed.  The  strategic  placement  of  the  DDT  event  along 
with  an  un-quantified  tube  pressure  increase  resulting 
from  a  25%  reduction  in  tail-end  diameter  through  the  use 
of  a  restrictor  aided  in  this  overdriven  condition. 

The  present  data  acquisition  system  is  capable  of 
obtaining  twelve  channels  of  data  simultaneously.  Head 
pressures  in  both  tubes  and  the  spark  (deposited  in  the 
primary  detonation  tube  only)  were  recorded  for  every 
run.  This  limited  the  number  of  channels  for  ion  probes 
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to  a  maximum  of  nine.  Also  for  every  run,  the  pickup  wave  speed  was  recorded  to  ensure  that  the  overdriven  case 
was  obtained,  leaving  seven  channels  for  additional  ion  probes.  The  pickup  wave  speed  is  that  obtained  from  ion 
probe  measurements  at  probe  locations  one  and  two,  where  the  crossover  tube  and  primary  detonation  tube  meet. 
As  such,  the  first  portion  of  the  experiment  was  limited  to  data  acquisition  from  only  the  pickup  location  and  along 
the  crossover  tube.  These  data  were  used  to  determine  the  nature  of  the  detonations  produced  and  also  those 
captured  in  the  cross-over  tube  by  detonation  branching.  Note  that  the  red  dashed  lines  in  Fig.  2  and  subsequent 
plots  indicate  the  span  of  the  crossover  tube. 

The  current  engine  parameters  in  conjunction  with  the  primary  tube  restrictor  produced  consistently  strong 
detonations  both  at  the  pickup  location  and  also  through  the  crossover  tube.  The  wave  speed  throughout  the 
crossover  tube  was  slightly  lower  than  the  pickup  speed  averaging  2093  m/s.  The  lowest  average  wave  speed 
recorded  for  a  single  location  along  the  crossover  tube  was  1962  m/s;  less  than  the  one-half  percent  away  from  the 
CJ  speed  mentioned  previously.  Physical  limitations  of  the  test  setup  prohibited  collecting  wave  speed 
measurements  closer  to  the  delivery  end  of  the  crossover.  With  the  belief  that  strong  detonations  were  present 
throughout  the  length  of  the  tube,  the  focus  of  wave  speed  measurements  was  moved  to  the  secondary  detonation 
tube. 

B.  Focus  of  Wave  Speed  Measurements  in  the  Secondary  Thrust  Tube 

The  data  presented  in  Fig.  3  results  from  moving  the  ion  probes  at  locations  three  through  six  in  the  crossover 
tube  to  locations  nine  through  twelve  in  the  secondary  detonation  tube.  No  other  changes  in  the  setup  were  made 
concerning  the  physical  geometry  or  the  engine  parameters.  Also  as  before,  the  primary  detonation  tube  was 
equipped  with  a  restrictor  resulting  in  a  25%  tail-end  reduction  in  diameter.  As  mentioned,  this  caused  an  un¬ 
quantified  pressure  rise  in  the  primary  detonation  tube  and  further  aided  in  successful  detonation  branching  to  the 
cross-over  tube.  Again  consistently  overdriven  detonations  are  seen  at  the  pickup  location  with  average  wave 
speeds  of  2255  m/s.  Conditions  near  the  delivery  end  of  the  crossover  tube  were  also  similar  to  those  observed  in 


Figure  3.  Run  2  pick-up,  crossover,  and  second  tube 
wave  speeds  shown  as  a  function  of  distance  from 
the  head  of  the  primary  detonation  tube. 

Fig.  2  with  wave  speeds  averaging  2042  m/s.  The  low  and  negative  wave  speeds  observed  in  the  secondary  tube  (to 
the  right  of  the  second  red  line)  are  caused  by  weak  ion  probe  drops  and  indicate  a  possible  decoupling  of  the  shock 
and  combustion  front  upon  expansion  into  the  secondary  thrust  tube.  Three  sets  of  data  were  collected  with  this 
setup,  during  which  eleven  detonation  traces  were  recorded. 

The  wave  speeds  observed  in  the  secondary  detonation  tube  with  no  restrictors  present  (not  shown)  were  poor, 
as  were  the  results  shown  in  Fig.  3  with  only  the  primary  tube  tail-end  diameter  reduced.  This  led  to  the  inspiration 
of  placing  restrictors  on  both  the  primary  and  secondary  detonation  tubes.  The  25%  reduction  in  tail-end  diameter  to 
the  second  tube  was  the  only  change  from  the  previous  setup  of  Run  2;  all  other  variables  were  maintained.  This 
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Figure  4.  Run  3  CJ  wave  speeds  seen  in  secondary 
detonation  tube  are  indicative  of  successful 
detonation  transitions. 


resulted  in  the  first  successful  detonations  seen  to  travel  from  initiation,  through  the  crossover  tube  and  transition 
into  the  secondary  thrust  tube  without  the  necessity  of  DDT  hardware  in  the  secondary  tube.  Fig.  4  displays  the  data 
recorded  during  run  three  consisting  of  nineteen  traces;  twelve  traces  in  which  the  final  measured  wave  speeds  were 
1800  m/s  (91%  of  the  CJ  value)  or  greater. 

Just  downstream  of  the  crossover  at  the  93.5  in.  axial  location,  it  appears  that  the  detonation  is  initially  slowing 
to  -1000  m/s  which  is  consistent  with  a  shock/combustion  decoupling.  The  broad  range  of  wave  speeds  at  the  next 
axial  measurement  location  possibly  indicates  a  re-initiation  event  for  some  percentage  of  the  cycles.  At  the  final 
wave  speed  measurement  location  of  -102  in.,  the  individual  traces  appear  to  have  separated  into  re-initiated 
detonations  with  wave  speeds  greater  than  1800  m/s  or  failed  detonations  with  speeds  below  1000  m/s.  The  average 
wave  speed  at  pick-up  for  the  data  present  in  Fig.  4  is  2382  m/s  and  the  final  most  downstream  wave  speed 
including  all  values  displayed  averaged  1535  m/s. 

There  is  concern  pertaining  to  the  wave  speed  measurements  in  the  crossover  tube  circled  in  Fig.  4.  While  the 
pick-up  wave  speeds  exhibit  the  same  overdriven  tendency  presented  in  Fig.  2  and  Fig.  3,  all  the  wave  speeds  at  the 
75”  location  and  approximately  half  of  those  at  the  85”  location  are  either  negative  or  very  near  zero.  There  is  no 
direct  correlation  between  these  low  wave  speed  measurements  and  the  ultimate  success  or  failure  of  the  detonation 
in  the  secondary  tube  (as  will  be  evident  in  Fig.  5),  indicating  that  the  low  wave  speeds  recorded  do  not  signify  a 
complete  failure  of  the  detonation  in  this  case. 

An  examination  of  the  individual  detonation  traces  shows  that  near  zero  and  negative  wave  speeds  resulted  from 
weak  ion  probe  readings.  The  final  wave  speed  measured  in  the  crossover  tube  (shown  at  the  75”  mark)  is  a  product 
of  two  ion  probe  measurements:  one  at  72  in.  from  head  one  and  the  other  at  78  in.,  locations  7  and  8  from  Fig.  1 
respectively.  If  the  probe  at  the  72  in.  location  experiences  a  weak  voltage  drop,  the  program  used  to  determine 
wave  speeds  will  not  be  able  to  properly  calculate  the  wave  speed  shown  at  the  75  in.  location.  If  the  ion  probe  at 
the  78  in.  mark  records  a  weak  drop,  then  the  wave  speeds  shown  at  both  the  75  in.  and  85  in.  locations  will  be 
improperly  calculated  for  the  same  reason.  These  weak  ion  probe  readings  are  possibly  due  to  a  lower  rate  of  ions 
being  produced  by  the  combustion  process,  as  would  be  the  case  in  a  deflagration  rather  than  detonation  combustion. 

Oran  et  al.6  have  demonstrated  the  presence  of  un-reacted  gas  pockets  in  discrete  locations  behind  a  marginal 
detonation  wave.  In  this  case,  the  crossover  tube  diameter  is  small  enough  that  the  detonation  wave  can  be  classified 
as  marginal,  and  it  is  theorized  that  the  low/negative  wave  speeds  resulted  from  relatively  slow  ion  formations  due  to 
deflagration  occurring  within  these  un-reacted  gas  pockets. 

A  sort  was  conducted  from  the  data  presented  in  Fig.  4  to  show  only  those  runs  with  a  final  wave  speed  in  the 
secondary  tube  (between  locations  eleven  and  twelve)  greater  than  1800  m/s;  the  result  is  Fig.  5.  The  successful 
unaided  detonation  transition  occurred  only  when  both  thrust  tubes  had  a  tail-end  diameter  reduction  of  25%  due  to 
the  presence  of  the  restrictors.  This  figure  confirms  the  belief  that  the  low  and  negative  wave  speeds  recorded  near 
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Figure  5.  Traces  from  Run  3  with  final  wave  speeds 
in  the  second  tube  greater  than  1800  m/s. 


the  end  of  the  crossover  tube  do  not  directly  relate  to  the  downstream  wave  speeds.  The  pickup  detonations 
presented  here  are  again  overdriven  to  an  average  of  2382  m/s  while  the  final  wave  speeds  measured  in  the  second 
tube  are  1915  m/s,  very  nearly  the  recognized  CJ  speed. 


C.  Head  Pressure  Analysis  of  Branched  Detonations 

The  head  pressure  traces  of  successful  direct  initiations  due  to  branched  detonations  were  next  analyzed.  Fig.  6 
shows  the  secondary  tube  head  pressure  as  a  function  of  the  nondimensional  time;  the  Chapman- Jouguet  time  (tCj)  is 
defined  as  the  tube  length  divided  by  the  CJ  wave  speed.  A  plot  of  the  wave  speeds  corresponding  to  the  head 
pressure  trace  of  Fig.  6  (a)  are  included  in  Fig.  6  (b).  The  pickup  wave  speed  recorded  in  Fig.  6  (b)  is  well 
overdriven  at  2577  m/s. 

The  plateau  magnitude  displayed  in  Fig.  6  (a)  is  well  below  that  of  a  typical  detonation  wave.  This  discrepancy 
is  believed  to  be  a  calibration  shift  due  to  probe  heating7.  This  effect  was  partially  alleviated  by  the  application  of  a 
layer  of  silicon-based  sealant  to  protect  the  pressure  transducers.  It  is  believed  that  the  relative  pressures  indicated 
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in  the  head  pressure  traces  are  accurate  but  are  not  absolute  pressures.  Although  quantitatively  inaccurate,  the 
pressure  transducers  are  believed  to  produce  a  good  quantitative  indication  of  the  pressure  in  the  head  during  a 
detonation  arrival. 

The  head  pressure  trace  of  Fig.  6  (a)  exhibits  most  characteristics  of  a  direct  detonation  initiation:  a  brief  spike  in 
pressure,  an  elevated  pressure  plateau  while  the  detonation  wave  travels  the  length  of  the  tube  and  reflects  back  as 
an  expansion  wave,  and  a  blow  down.  There  are  a  couple  distinctive  yet  important  differences  that  must  be  noted. 
First  is  the  slight  decrease  in  the  plateau  pressure  at  t/tCj  ~  3.  This  decrease  is  believed  to  be  indicative  of  a  partial 
blow  down  through  the  crossover  tube,  resulting  from  an  expansion  that  follows  the  detonation  wave  through  the 
crossover  tube  at  approximately  half  of  the  CJ  wave  speed.  The  second  feature  of  notable  interest  is  the  pressure 
spike  immediately  prior  to  the  blow  down.  This  is  believed  to  be  a  result  of  the  restrictor  present  on  the  tail-end  of 
the  secondary  detonation  tube.  As  the  detonation  wave  reaches  the  end  of  the  tube,  it  encounters  a  decrease  in 
diameter  and  it  is  perceived  that  the  wave  is  reflected  back  partially  as  a  compression  wave  from  the  solid  surface  of 
the  reducer  and  also  as  an  expansion  from  the  interface  with  the  atmospheric  air  at  the  opening  of  the  tube.  Arriving 
back  at  the  head  of  the  secondary  tube,  the  alleged  compression  wave  followed  closely  by  the  expansion  wave  is 
seen  through  the  pressure  transducer  as  a  brief  pressure  rise  followed  by  blow  down. 

Fig.  7  is  a  head  pressure  trace  and  corresponding  wave  speed  trace  similar  to  Fig.  6  only  in  this  case,  the 
detonation  wave  appears  to  initially  decouple  upon  emergence  from  the  crossover  tube  as  indicated  by  the  low  wave 
speeds  measured  at  the  93.5  in.  and  96.5  in.  locations,  then  reinitiate  downstream.  This  was  the  only  run  conducted 
at  an  equivalence  ratio  of  0.9.  The  pressure  plateau  is  at  a  lower  value  than  the  direct  initiation  case  of  Fig.  6  and 
exhibits  considerable  variation.  At  t/tCj  ~  2.5  the  pressure  rapidly  increases,  likely  indicating  a  retonation  wave  from 
the  re-initiation  event.  This  is  followed  by  a  pressure  decrease  believably  corresponding  to  expansion  through  the 
crossover  tube,  as  discussed  in  reference  to  Fig.  6.  The  similarly  alleged  compression/expansion  waves  traveling 
back  towards  the  head  are  believed  to  result  in  a  similar  increase  in  pressure  just  prior  to  blow  down.  The  delay  in 
arrival  (when  compared  to  Fig.  6  (a))  is  likely  due  to  the  additional  time  required  for  the  re-initiation  event. 

The  wave  speed  traces  for  the  two  figures  may  indicate  the  importance  of  the  pickup  detonation  wave  speed  to 
the  ultimate  success  of  the  detonation  propagating  into  the  secondary  thrust  tube.  For  the  purpose  of  comparison 
with  Fig.  6,  the  pickup  wave  speed  recorded  for  the  data  in  Fig.  7  is  below  that  of  the  CJ  value  at  1833  m/s. 


(a)  (b) 

Figure  7.  Run  4:  (a)  Secondary  detonation  tube  head  pressure  trace  as  a  function  of  nondimensional  time 
and  (b)  the  responsible  accompanying  wave  speed  trace  for  a  tail-to-head  branch  detonation  failure/re¬ 
initiation  event. 
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IV.  Conclusion 


A.  Conclusion 

Ensuring  successful  detonation  branching  and  sustaining  the  detonation  throughout  the  entire  crossover  tube  was 
the  initial  focus  of  this  effort.  This  was  necessary  to  ensure  that  strong  detonations  were  presented  to  the  junction  of 
the  crossover  and  the  secondary  tube  where  the  detonation  failure  was  most  likely.  Minor  changes  were  made  to  the 
test  setup  (i.e.  the  25%  reduction  in  tail-end  diameter)  in  order  to  obtain  CJ  or  greater  wave  speeds  in  the  secondary 
thrust  tube.  These  wave  speeds,  indicate  a  successful  detonation  initiation  in  the  secondary  tube,  and  were  obtained 
without  the  employment  of  internal  DDT  hardware  (Shchelkin-like  spirals). 

Qualitative  pressure  traces  were  also  presented,  one  which  is  indicative  of  a  detonation  hitting  the  head  of  the 
secondary  detonation  tube.  A  qualitative  analysis  of  the  pressure  traces  shows  a  characteristic  direct  detonation 
initiation  in  some  cases  and  a  decoupling/re-initiation  in  others;  both  exhibit  some  hardware- specific  artifacts. 

B.  Recommendations  for  Future  Work 

In  order  to  better  understand  the  method  in  which  the  crossover  tube  is  filled  and  purged,  a  pressure  analysis  is  to 
be  conducted.  Focus  will  also  be  placed  on  success  with  more  commercially  accepted  fuels  (i.e.  AV  Gas,  JP-8,  etc.). 
Coupled  with  the  alternate  fuel  work,  the  internal  geometry  at  the  point  of  union  between  the  crossover  and  the 
secondary  detonation  tube  will  also  be  a  focal  point  of  future  work.  The  concept  of  shock  reflections  has  been  seen 
to  be  advantageous  in  the  formation  of  a  detonation8  and  as  such  could  be  employed  at  this  connection  to  aid  in 
either  maintaining  the  coupling  of  the  shock  and  combustion  front  or  by  reinitiating  a  new  detonation  altogether. 
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A  one-dimensional  analysis  was  developed  for  sizing  of  a  continuous  branching  pulsed 
detonation  engine  (PDE).  Length  of  the  crossover  tubes  was  found  to  depend  on  the 
number  of  thrust  tubes  in  the  engine  and  total  engine  cycle  time  for  a  given  fuel/air  mixture. 
The  natural  engine  operating  frequency  was  then  inversely  proportional  to  thrust  tube 
length.  Minimal  crossover  tube  length  was  desirable,  in  order  to  reduce  difficulties  with 
detonation  transmission  and  other  inefficiencies  associated  with  long  crossover  tubes.  Proof 
of  concept  experimentation  was  performed  on  a  pair  of  thrust  tubes  connected  at  the  tail  end 
by  a  perpendicular  crossover  tube.  Transient  variations  in  wavespeed  were  observed  as  the 
engine  temperature  increased,  but  under  the  right  conditions,  consistent  detonation 
transmission  was  observed.  A  continuous  branching  PDE  design  is  demonstrated,  with  short 
crossover  tubes  and  alternating  tail-tail  and  head-head  detonation  transmission. 
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t j_2  =  time  for  detonation  wave  travel  through  tube  1  and  arriving  at  tube  2  via  crossover 

VCj  =  Chapman- Jouguet  velocity,  the  nominal  detonation  wave  speed 

Vfni  =  the  average  1-D  velocity  of  gases  in  the  fill  phase 

r  =  non-dimensional  time 


I.  Introduction 

Low-energy  spark  ignition  of  a  pulsed  detonation  engine  (PDE)  incurs  a  time  penalty  for  deflagration  to 
detonation  transition  (DDT),  decreasing  the  maximum  cycle  frequency  and  thus  limiting  thrust  produced.  At 
present,  research  PDEs  typically  use  spiral  or  other  obstacle  devices  to  accelerate  DDT,1  but  such  obstacles  further 
decrease  thrust.1'3  Direct  initiation  of  detonation  avoids  the  need  for  DDT  obstacles  and  thus  reduces  drag  in  the 
PDE.  Direct  initiation  also  allows  higher  thrust  levels  by  enabling  faster  engine  operating  frequencies,  but  the 
energy  equivalent  of  a  gram  or  more  of  high  explosive  is  required  to  detonate  the  most  sensitive  hydrogen-air 
mixtures,  and  at  least  an  order  of  magnitude  more  energy  is  required  to  directly  initiate  detonation  in  hydrocarbon 
fuels.4  One  device  used  to  achieve  high  energy  for  direct  initiation  is  a  pre-detonator.  A  pre-detonator  uses  a 
conventional  spark  to  ignite  a  highly  sensitive  mixture  in  a  small  tube,  transitions  to  detonation  by  means  of 
obstacles,  and  the  resulting  detonation  wave  ignites  the  larger  thrust  tube.  The  major  disadvantage  of  a  pre¬ 
detonator  is  the  need  for  oxygen  enrichment,  with  associated  cryogenic  or  high-pressure  storage  and  delivery 
systems.5  Detonation  branching  is  an  alternative  to  a  pre-detonator  and  has  been  shown  to  deliver  sufficient  energy 
to  directly  initiate  detonation  in  a  hydrogen-air  mixture,6  while  avoiding  the  need  for  a  supply  of  pressurized 
oxygen. 

This  paper  describes  an  analytical  method  for  sizing  a  PDE  that  uses  detonation  branching  as  the  ignition  source 
for  each  of  its  thrust  tubes.  In  such  an  engine,  a  detonation  wave  would  continuously  propagate  from  one  tube  to  the 
next  until  arriving  back  at  the  first  tube  and  repeating  the  process,  and  is  thus  termed  a  continuous  branching  PDE. 
In  addition,  a  tail-tail  detonation  branching  experiment  was  conducted  as  a  stepping  stone  to  a  continuous  branching 
PDE,  and  preliminary  results  are  presented  herein. 


II.  Modeling 

Detonation  branching  is  an  ignition  method  that  transmits  the  energy  of  an  existing  detonation  through  a 
crossover  tube  to  a  second  thrust  tube,  providing  a  high-energy  ignition  pulse.  Fig.  1  is  a  generalized  representation 
of  two  PDE  thrust  tubes  connected  by  a  crossover  tube  for  detonation  branching.  Various  researchers  at  the  PDRF 
have  demonstrated  detonation  branching  between  two  tubes  in  hydrogen/air6’ 7  and  hydrocarbon/air8’9  mixtures.  The 
crossover  tube  (Lx)  in  each  of  these  experiments  was  sized  arbitrarily  and  was  aspirated  as  a  part  of  the  fill  cycle  of 
the  engine,  with  fill  fraction  increased  to  compensate  for  the  additional  volume.  In  all  cases,  spark  deposition  in  the 
first  tube  was  delayed  to  allow  the  fill  valves  on  the  second  tube  to  close  before  the  arrival  of  the  ignition  pulse  from 
the  crossover  tube. 

In  a  continuous  branching  PDE  the  detonation  branching  concept  is  expanded  to  an  array  of  tubes,  each  ignited 
by  a  detonation  pulse  from  the  previous  tube  in  sequence.  The  last  tube  ignites  the  first  tube,  and  the  process  repeats 
in  a  continuous  fashion.  Because  ignition  results  from  the  branching  process,  the  timing  of  a  continuous  branching 
PDE  is  dependent  on  detonation  wave  travel  speeds  and  the  lengths  of  the  tubes  in  addition  to  the  timing 
requirements  of  the  fill-fire-purge  PDE  cycle.  This  means  that  the  lengths  of  primary  and  crossover  tubes,  the 
number  of  tubes,  the  detonation  properties  of  the  fuel-air  mixture,  and  the  desired  engine  operating  frequency  are 
interrelated  design  elements  and  so  a  successful  design  approach  requires  consideration  of  these  relationships. 
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Fig.  1.  Generalized  sketch  of  two  thrust  tubes  joined  by  a  tail-head  crossover  tube.  Arrows  indicate  the  direction  of 
travel  of  the  detonation  wave 


Simplifying  assumptions  included  one-dimensional  detonations  proceeding  at  the  Chapman- Jouguet  detonation 
velocity  (VCj)  for  a  stoichiometric  fuel/air  mixture  through  tubes  at  an  initial  pressure  of  1  atm.  Detonations  were 
assumed  to  be  directly  initiated  by  the  crossover  tubes  with  no  need  for  obstacles  or  other  DDT  devices.  The  first 
tube  in  sequence  was  also  assumed  to  be  directly  initiated,  which  would  require  a  pre-detonator  or  other  high-energy 
ignition  device  to  start  the  engine.  Finally,  all  thrust  tubes  were  assumed  to  be  equal  length,  all  crossover  tubes  were 
also  assumed  equal  in  length,  and  the  crossover  pickup  location  (Lix)  was  assumed  to  be  the  same  for  all  tubes.  For 
the  purposes  of  the  model  that  follows,  Fig.  1  is  a  generalized  representation  of  two  adjacent  tubes  in  the  larger  array 
of  a  continuous  branching  PDE. 


A.  Analytical  Model 

In  a  continuous  branching  PDE,  the  fill-fire-purge  engine  cycle  must  be  matched  to  the  rate  of  detonation 
branching  for  the  engine  to  operate.  The  fill-fire-purge  engine  cycle  repeats  at  the  engine  cycle  frequency,  while 
simultaneously  detonations  are  branched  from  the  first  tube  to  the  next  tube  in  sequence,  cycling  through  all  the 
detonation  tubes  in  the  engine  and  arriving  back  at  the  first  tube  at  the  same  frequency  as  the  engine  cycle.  That  is: 

f  engine  _  cycle  f  branch  _  cycle 

Conversely,  the  period  (time  elapsed)  of  engine  cycle  and  branch  detonation  cycle  must  match, 

t  i  =  nt,  ~  (2) 

engine  _  cycle  1-2  v  ' 

where,  n  is  the  number  of  tubes  in  the  engine  and  tx_2  is  the  time  elapsed  from  detonation  initiation  in  one  tube  to 
initiation  in  the  next  tube.  Engine  cycle  time  is  the  sum  of  fill  time,  fire  time  and  purge  time  for  any  one  thrust  tube. 
Wave  travel  time  (tCj)  is  the  time  it  takes  a  detonation  to  travel  the  length  of  the  tube  (L)  at  VCj.  Fire  time  is  non- 
dimensionalized  using  the  tCj  as  the  characteristic  time, 


^  fire 


(3) 


Fill  time  can  also  be  expressed  in  terms  of  tCj: 
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L 


(4) 


Cm  ~ 


V 


-ff=VCJ 


fill 


V 


tuff 


fin 


where  ff  is  the  fill  fraction  (filled  volume/total  volume)  and  Vfln  is  the  1-D  average  velocity  across  the  tube  while 
filling.  For  the  purposes  of  this  model,  a  fill  fraction  of  1.0  is  considered  nominal,  and  a  lesser  fill  fraction  indicates 
that  the  time  for  the  fill  phase  has  been  decreased.  Similarly,  purge  time  is 


CJ 


purge 


V 


hjPf 


fill 


where  pf  is  purge  fraction.  The  total  engine  cycle  time  can  then  be  expressed  as 


1  engine  _  cycle 


Tfire  +: 


V, 


CJ 


fill 


( ff  +  pf ) 


CJ 


(5) 


(6) 


The  time  for  a  detonation  to  travel  from  the  location  of  detonation  initiation  in  one  tube  to  the  location  of 
detonation  initiation  in  another  via  a  crossover  tube  can  be  modeled  as  a  simple  function  of  the  path  length  and  VCj. 


h-2  ~ 


-1-2 


V, 


-1-2  f  _  L\x 

T  lCJ  ~  T  lCJ 


(7) 


CJ 


The  lengths  L,  Llx  and  Lx  are  the  thrust  tube  length,  the  crossover  tube  pickup,  and  the  crossover  tube  length, 
respectively,  as  shown  in  Fig.  1.  By  the  frequency  match  condition  (Eq.  2), 


( 


Tfire  + 


V, 


CJ 


vf: 


(ff  +  pf) 


tCJ  =  n 


L\x  +  Lx 


V  J  fill  j 

From  Eq  8  the  path  length  of  the  branched  detonation  can  be  calculated, 

-w  f  T  T  A 


CJ 


(8) 


Px+Lx=- 

n 


^ fire 


V, 


V 


V 


CJ  (ff+pf) 


fill 


(9) 


J 


The  engine  frequency  is  the  inverse  of  the  period  (Eq.  8),  given  as 


f ?ycle 


V, 


CJ 


LCJ 


Tfire+- 


V, 


CJ 


(ff  +  pf) 


fill 


n(L\x+Lx) 


(10) 


wher ef cycle  is  either  the  engine  cycle  frequency  or  the  branch  cycle  frequency,  as  the  two  are  the  same. 

From  the  left  hand  side  Eq.  10  it  can  be  seen  that  for  a  given  fuel/oxidizer  combination  (fixes  Vcj),  the  cycle 
frequency  is  determined  solely  as  a  function  of  L,  the  thrust  tube  length  (recall  that  tCj  =  L/VCj).  Another  interesting 
result  of  Eq.  9  is  that  the  branched  detonation  path  length  Lix  +  Lx  increases  linearly  with  the  length  of  the  thrust 
tubes  and  is  inversely  proportional  to  the  number  of  thrust  tubes. 

Application  of  the  above  equations  requires  an  estimate  of  the  time  required  for  each  phase  of  the  engine  cycle. 
Table  1  lists  some  possible  phase  times  and  the  resulting  total  engine  cycle  times.  The  first  row  of  the  table  is 
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intended  to  represent  a  currently  achievable  engine  cycle  time.  The  last  row  is  intended  to  represent  a  desired 
engine  cycle  time,  although  perhaps  not  achievable  at  present.  The  second  and  third  rows  of  the  table  have  the  same 
engine  cycle  time  but  the  duration  of  fire  and  purge  phases  are  different,  illustrating  two  different  paths  to  the  same 
overall  cycle  frequency. 

Throughout  Table  1  a  fill  phase  of  10  tCj  is  used,  corresponding  to  a  1-D  filling  velocity  of  approximately  M  = 
0.57.  This  is  perhaps  an  optimistic  estimation  of  the  minimum  time  requirement  to  fill  the  tube,  but  will  suffice  for 
the  present  discussion.  The  first  row  of  Table  1  assumes  equal  phase  times  for  fill,  fire  and  purge.  There  is  no 
requirement  for  equal  phases,  and  a  high-frequency  PDE  will  probably  not  have  equal  phase  times.  Purge  fraction 
(i.e.  purge  time)  can  be  less  than  the  fill  fraction  because  the  tube  need  not  be  filled  completely  to  buffer  between 
high  temperature  exhaust  products  and  fresh  reactants.  In  the  final  row,  the  purge  phase  time  is  reduced  to  zero, 
suggesting  the  optimal  case. 


Table  1.  Engine  Cycle  Times  Broken  Down  by  Phase 


Engine  Phase  Times 
(t/tcj) 

Total  Engine  Cycle  Time 
(t/tcj) 

Fill 

Fire 

Purge 

10 

10 

10 

30 

10 

8 

5 

23 

10 

10 

3 

23 

10 

6 

0 

16 

Fire  phase  duration  will  also  be  shorter  than  the  fill  phase,  as  detonation  time  scales  are  much  shorter  than  those 
of  fill  and  purge.  Research10, 11  suggests  that  the  maximum  impulse  for  a  single  cycle  of  the  engine  will  be  obtained 
when  the  fire  phase  is  between  8-10  tCj.  Fig.  2  is  the  head  pressure  trace  of  a  directly  initiated  detonation, 
normalized  to  tCj.  Impulse  is  the  area  underneath  the  head  pressure  trace,  and  maximum  impulse  in  Fig.  2 
corresponds  to  the  pressure  dropping  below  atmospheric  pressure  at  approximately  9  tCj.  The  majority  of  impulse  is 
obtained  during  the  pressure  plateau,  which  typically  lasts  approximately  3.5  tCj.12,  13  While  interrupting  the 
blowdown  process  at  slightly  elevated  pressure  will  to  some  extent  decrease  the  thrust  produced  by  a  single  firing, 
the  resulting  increase  in  engine  frequency  should  more  than  offset  the  loss.  For  example,  if  a  10  tCj  fire  phase  is 
decreased  by  20  percent  (2  tCj),  the  rate  of  detonations  (and  hence  the  thrust)  will  increase  by  7.1  percent  assuming 
initially  equal  phase  times.  The  loss  of  impulse  by  truncating  the  fire  phase  2  tCj  will  be  insignificant  by 
comparison,  as  the  area  under  that  portion  of  the  head  pressure  trace  (Fig.  2)  is  very  small.  Based  on  this 
justification,  the  fire  phase  is  reduced  to  8  tCj  in  the  second  row  of  Table  1,  and  further  reduced  to  6  tCj  in  the  final 
row. 


Fig.  2.  Head  pressure  in  a  directly  initiated  detonation  tube,  from  an  experiment  performed  at  the  PDRF.14 


5 

American  Institute  of  Aeronautics  and  Astronautics 


1463 


B.  Results  of  Modeling 

The  lines  in  Fig.  3  were  found  by  solving  Eq.  9  for  Lx/L.  Each  line  represents  a  family  of  continuous  branching 
PDE  designs  that  scale  in  size  by  tube  length  (L)  and  in  operating  frequency  by  tCj  (itself  a  function  of  tube  length 
and  fuel  properties).  The  dashed  lines  indicate  the  crossover  tube  pickup  location  is  at  the  midpoint  of  the  thrust 
tube  (Llx  =  0.5  L  in  Fig.  1)  and  the  solid  lines  represent  a  pickup  location  at  the  end  of  the  thrust  tube  (Lix  =  L). 


CD 

C 

0 

_l 

0 

_Q 


0 

> 

O 

0 

0 

o 

s_ 

O 


Total  Cycle  Time  (t/tCj) 

Fig.  3.  Effect  of  number  of  thrust  tubes  and  engine  cycle  time  on  crossover  tube  length.  Solid  lines  indicate 
crossover  tube  pickup  location  at  the  tail  and  dashed  lines  indicate  pickup  at  the  midpoint  of  the  thrust  tube. 


Generally  speaking,  shorter  Lx  is  desirable  in  continuous  branching  PDE  design,  and  the  most  likely  designs 
have  crossover  tubes  that  are  shorter  than  L.  At  high  frequency,  the  time  required  to  fill  and  purge  the  thrust  tubes  is 
likely  to  be  a  limiting  factor,  and  filling  crossover  tubes  that  are  longer  than  L  will  almost  certainly  prove 
problematic.  Additionally  a  short  crossover  tube  is  more  likely  to  successfully  transmit  a  detonation  from  one  tube 
to  another.  Finally,  crossover  tubes  with  high  volume  also  increase  specific  fuel  consumption  since  fuel  burned  in 
the  crossover  tube  does  not  contribute  to  thrust  produced  by  the  engine. 

Moving  the  crossover  pickup  location  to  the  tail  of  the  tube  rather  than  the  midpoint  decreases  Lx  by  precisely 
0.5  L,  seen  in  the  parallel  dash-solid  line  pairs  of  Fig.  3.  Because  the  detonation  is  required  to  travel  0.5  L  farther  in 
the  thrust  tube,  that  much  less  crossover  length  is  required  to  comply  with  the  frequency  matching  condition.  The 
most  likely  reality  is  a  pickup  location  somewhere  between  the  midpoint  and  the  end  of  the  thrust  tube,  so  each 
dash-solid  line  pair  can  be  viewed  as  upper  and  lower  bounds  of  crossover  tube  length. 

The  uppermost  pair  of  lines  represents  engine  designs  with  4  thrust  tubes.  Assuming  3  equal  cycle  phases  of  10 
tCj  each,  the  engine  would  have  crossover  tubes  7  times  the  length  of  the  thrust  tubes,  which  is  clearly  an 
unacceptable  CDBE  design.  Two  significant  methods  of  reducing  Lx  are  apparent  by  examination  of  Fig.  3; 
decreasing  engine  cycle  time  and  increasing  the  number  of  thrust  tubes.  Engine  cycle  time  can  and  should  be 
reduced,  but  as  shown  in  Table  1,  cycle  time  can  only  be  reduced  to  a  lower  limit  of  approximately  16  tCj. 
Returning  to  Fig.  3,  the  only  way  to  stay  within  a  design  space  of  t/tCj  >16  and  Lx/L  <  1  is  increasing  the  number  of 
thrust  tubes  to  16  or  more.  Interestingly,  as  the  number  of  tubes  is  increased,  the  slope  of  the  line  decreases, 
meaning  that  Lx  is  less  sensitive  to  overall  cycle  time. 

A  16-tube  engine  with  a  16  tCj  cycle  time  and  Llx  =  L  is  observed  to  have  a  design  Lx  of  zero.  This  raises  an 
interesting  question,  namely,  how  to  physically  construct  a  crossover  of  zero  length.  Further,  any  Lx  less  than  L  will 
not  reach  tail-head  as  shown  in  Fig.  1.  Lx  can  be  increased  from  zero  by  moving  Llx  away  from  the  tail  of  the  tube, 
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resulting  in  enough  length  to  at  least  bridge  the  perpendicular  gap  between  adjacent  tubes,  but  will  not  reach  tail- 
head.  Reducing  Lx  to  lengths  significantly  less  than  L  requires  successive  tail-head  crossovers  to  be  replaced  with 
alternating  tail-tail  and  head-head  crossovers. 

It  has  been  shown  (computationally)  that  igniting  a  detonation  from  the  tail  end  of  the  tube  does  not  significantly 
affect  the  impulse  compared  to  a  head-ignited  tube.12  Prior  to  the  current  work,  however,  tail-initiated  detonations 
had  not  been  demonstrated  in  a  continuously  operated  PDE.  An  experiment  was  conducted  to  determine  the 
feasibility  of  operating  a  short  crossover  between  the  tail  ends  of  two  tubes,  and  preliminary  results  of  the 
experiment  are  given  in  the  next  section  of  this  paper. 

Table  2  takes  selected  engine  cycles  from  Fig.  3  and,  using  Eq.  6,  restores  the  physical  dimensions  to  examine 
the  effect  of  fuel  choice,  tube  length  and  cycle  times.  Three  engine  cycles  are  considered:  a  30  tCj  engine  cycle,  a  23 
tCj  cycle,  and  a  16  tCj  cycle. 


Table  2.  Selected  Cycle  Frequency  Calculations 


Tube  Length  (m) 

Cycle  Time  (t/tCj) 

tcj  (ms) 

Cycle  Frequency  (Hz) 

Stoichiometric  H2/air 

VCJ=  1971  m/s 

30 

65.7 

1.0 

23 

0.51 

85.7 

16 

123.2 

30 

131.4 

0.5 

23 

0.25 

171.4 

16 

246.4 

Stoichiometric  C2H4/air _ VCJ  =  1824  m/s 


1.0 

30 

23 

16 

0.55 

60.8 

79.3 

114.0 

30 

121.6 

0.5 

23 

0.27 

158.6 

16 

228.0 

Note  that  engine  operation  frequency  changes  with  cycle  time  (which  is  obvious),  and  that,  for  a  given  fuel, 
halving  the  tube  length  corresponds  to  a  doubling  in  the  engine  cycle  frequency.  Cycle  frequency  of  a  continuous 
branching  PDE,  then,  is  observed  to  be  inversely  proportional  to  tube  length.  From  a  design  perspective,  the  cycle 
frequency  will  be  limited  by  the  time  requirements  of  the  phases  of  the  engine  cycle.  The  maximum  achievable 
engine  cycle  rate  can  be  matched  in  a  continuous  branching  PDE  simply  by  selecting  the  appropriate  tube  length. 
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III.  Experiment 


In  the  previous  section,  it  was  shown  that  short  crossover  tube  lengths  are  achievable  by  increasing  the  number 
of  thrust  tubes  and  by  decreasing  the  cycle  time  relative  to  detonation  wave  travel  time.  The  implication  of 
crossover  tubes  that  are  a  small  fraction  of  thrust  tube  length  is  that  a  crossover  will  no  longer  be  able  to  reach  from 
the  tail  end  or  even  the  midpoint  of  a  thrust  tube  to  the  head  end  of  a  subsequent  tube  (as  shown  in  Fig.  1),  but  will 
be  just  long  enough  for  a  perpendicular  connection  between  adjacent  tubes  (see  Fig.  4).  Prior  to  the  current  work,  it 
had  not  been  shown  experimentally  that  it  is  possible  to  ignite  a  detonation  in  the  tail  end  of  a  tube  using  detonation 
branching,  nor  had  tail-end  detonation  initiation  been  demonstrated  on  a  continuously-operated  PDE.  An 
experiment  was  conducted  using  the  hardware  described  earlier,  to  prove  this  concept  as  a  milestone  in  the 
development  of  a  continuous  branching  PDE.  Preliminary  results  of  this  experiment  are  presented  here. 


A.  Facility 

The  experiments  were  carried  out  in  the  AFRL  pulsed  detonation  research  facility  (PDRF)  at  Wright-Patterson 

AFB,  Ohio.  This  facility  has  previously  been  described  in  detail,15 
and  only  elements  important  to  the  current  experiments  are  presented 
herein. 

The  research  PDE  at  the  PDRF  utilizes  a  General  Motors  Quad-4 
automotive  engine  head,  visible  at  the  top  of  Fig.  4.  The  engine  cycle 
is  divided  into  three  equal  phases,  termed  fill,  fire  and  purge.  During 
the  fill  phase,  the  engine  intake  valves  open,  allowing  fuel  and  air 
mixture  to  enter  the  detonation  tube.  The  fire  phase  begins  when  the 
fill  valves  close,  allowing  a  confined  combustion  event  isolated  from 
the  upstream  manifold.  The  termination  of  the  fire  phase  is  indicated 
by  the  opening  of  the  exhaust  valves,  purging  the  detonation  tube  with 
air. 

The  firing  order  of  the  engine  is  1 -3-4-2,  with  head  ports 
numbered  consecutively  from  left  to  right  in  Fig.  4.  Ball  valves  in  the 
intake  and  purge  supply  allow  independent  selection  of  only  the 
desired  tubes. 

Two  detonation  tubes  were  used  for  the  current  experiment, 
mounted  on  head  ports  1  and  3.  Each  detonation  tube  had  an  internal 
diameter  of  53  mm  (2.1  in)  and  a  length  of  1092  mm  (43  in).  The 
distance  between  the  center  lines  of  the  two  tubes  was  200  mm  (7.9 
in.).  The  crossover  tube  was  located  953  mm  (37.5  in)  from  the  head 
of  the  tubes. 

Ion  and  pressure  probes  were  placed  at  intervals  along  the  length 
of  tube  3  to  measure  the  time  of  arrival  of  the  detonation  wave. 
Average  detonation  wavespeeds  were  calculated  from  the  arrival 
times. 
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B.  Tail-tail  Crossover  Experiment 

The  detonation  tubes  were  filled  with  a  stoichiometric  hydrogen/air  mixture  at  a  cycle  frequency  of  10  Hz.  Tube 
1  was  ignited  by  a  spark,  and  DDT  was  achieved  by  means  of  a  Shchelkin-type  spiral  obstruction.  The  spark  in  tube 
1  was  delayed  by  25  ms  from  the  beginning  of  the  fire  phase  in  tube  1 ,  long  enough  for  the  fill  valves  in  tube  3  to 
close.  This  was  done  to  ensure  that  the  detonation  wave  did  not  reach  the  head  of  tube  3  prior  to  closing  of  the  fill 
valves,  which  would  cause  combustion  in  the  fill  manifold. 

The  tail-tail  crossover  experiment  was  successful,  in  that  the  observed  wavespeeds  indicated  that  detonations 
were  consistently  transmitted  from  tube  1  to  tube  3  via  the  crossover  tube  without  decoupling  of  the  shock  and 
combustion  waves.  Fig.  5a  shows  ion  probe  traces  from  a  single  detonation  event  in  the  branch-ignited  tube  3,  as 
well  as  the  pressure  in  the  head  of  tube  3.  Drops  in  voltage  on  the  ion  probe  signal  passage  of  the  combustion  wave 
as  it  moves  from  the  tail  end  of  the  tube  toward  the  head.  Fig.  5b  shows  the  pressure  traces  from  a  single  detonation 
event.  The  initial  spike  in  pressure  at  each  location  is  an  indication  of  shock  wave  passage  as  the  detonation  wave 
moves  from  the  tail  end  of  the  tube  toward  the  head.  Another  pressure  spike  of  smaller  magnitude  is  also  visible  at 
approximately  4  msec  on  the  trace  of  the  transducer  located  10.5  in  from  the  head  and  further  to  the  right  on  more 
distant  transducers,  indicating  a  shock  reflected  from  the  head. 
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Fig.  5.  Ion  probe  (a)  and  pressure  (b)  traces  from  probes  on  tube  3,  showing  tail-to-head  passage  of  detonation 
wave.  The  pressure  traces  also  show  the  head-to-tail  passage  of  a  reflected  shock.  Distances  are  measured  from  the 
head  of  tube  3  and  arbitrary  values  are  added  to  the  mean  of  each  signal  to  separate  the  traces  on  each  plot. 


Average  wavespeeds  measured  by  ion  probes  and  pressure  transducers  for  a  number  of  runs  showing  successful 
detonation  transmission  via  the  crossover  tube  are  shown  in  Fig.  6.  One  series  of  runs  was  performed  while 
recording  signals  from  ion  probes.  A  similar  series  was  run  after  replacing  the  ion  probes  with  dynamic  pressure 
transducers.  Wavespeeds  were  found  from  the  arrival  times  of  the  drops  or  spikes  in  voltage  and  the  measured 
distances  between  adjacent  transducers. 

The  pressure  and  ion  probe  wavespeeds  show  good  agreement  toward  the  head  of  the  tube,  but  differ 
significantly  near  the  tail.  The  ion  probe  wavespeed  appears  overdriven  near  the  crossover  tube,  while  the  pressure 
wavespeeds  are  significantly  less  than  VCj.  Considerably  more  error  is  present  at  this  location  for  both  the  ion  and 
pressure  measurements  than  at  any  other  location  in  the  tube,  but  95  percent  confidence  intervals  of  the  mean  fail  to 
overlap,  indicating  an  effect  beyond  the  variation  in  the  data.  A  likely  explanation  of  this  behavior  is  temperature 
dependence  of  the  data. 
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Fig.  6.  Average  wavespeeds  measured  by  ion  and  pressure  probes  in  a  tube  ignited  by  detonation  branching.  The 
plotted  points  are  the  mean  values  of  23  detonation  events  recorded  by  ion  probes  and  16  events  recorded  by 
pressure  sensors,  and  95  percent  confidence  intervals  are  indicated  by  error  bars.  Note  that  the  ion  and  pressure 
measurements  were  taken  at  different  tube  temperatures. 


A  qualitative  variation  in  engine  operation  with  temperature  was  observed  early  in  testing.  Initially  the  engine 
would  operate  roughly,  infrequently  igniting  tube  3  via  the  crossover  tube.  As  the  engine  grew  warmer,  tube  3 
would  begin  to  ignite  intermittently,  then  steadily.  When  ion  probes  measured  wavespeed,  the  engine  was  run  to 
temperatures  above  500°  F  (260°  C)  before  recording  data.  The  dynamic  pressure  transducers,  however,  were  much 
less  tolerant  to  high  temperature,  so  the  engine  temperatures  were  not  allowed  to  exceed  350°  F  (177°  C)  at  any  time 
during  these  tests.  The  averaged  wavespeeds  of  Fig.  7a  show  a  clear  time  dependence  of  the  data  at  the  lower 
temperatures  of  the  pressure  test.  Time  dependence  is  still  in  evidence  during  the  higher  temperature  ion  probe 
testing  (Fig.  7b),  but  appears  to  be  limited  to  the  location  nearest  the  tail  of  the  tube.  Note  that  runs  14-16  in  Fig.  7a 
never  achieved  VCj  in  tube  3  and  were  not  considered  in  the  plotted  averages  of  Fig.  6. 


Fig.  7.  Wavespeeds  for  low-temperature  pressure  runs  (a)  and  higher  temperature  ion  probe  runs  (b),  showing  time 
dependence  of  the  data.  Each  run  represents  averaged  values  of  3  or  4  detonation  events  recorded  in  a  single  data 
sample. 
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Fig.  7  shows  a  reduction  in  wavespeed  variation  of  the  tail-ignited  tube  as  the  engine  reaches  a  steady  operating 
temperature,  particularly  away  from  the  tail  end  of  the  tube.  The  extent  of  wavespeed  variation  at  steady  operating 
temperature  is  not  fully  known  at  this  point.  Quantification  and  reduction  of  transient  (warmup)  and  constant 
temperature  wavespeed  variation  are  likely  to  be  important  in  the  development  of  a  continuous  branching  PDE. 


IV.  Continuous  Branching  PDE  Design 

In  a  continuous  branching  PDE  with  the  short  crossover  tubes  previously  described  in  the  modeling  results 
section  of  this  paper,  adjacent  thrust  tubes  will  not  be  identical  because  detonation  initiation  will  necessarily 
alternate  between  the  head  end  of  the  tube  and  the  tail  end  of  the  tube.  This  idea  is  illustrated  in  Fig.  8,  with  tubes 
initiated  at  the  head  end  labeled  as  “Tube  A”  and  those  initiated  at  the  tail  end  labeled  “Tube  B.” 


Tube 


Tube 


Tube 


Fig.  8.  Alternating  tube  arrangement  for  a  continuous  branching  PDE  with  short  crossover  lengths.  Arrows  indicate 
direction  of  travel  of  the  detonation  wave. 


The  lengths  Lx  and  Llx  are  measured  from  centerline  to  centerline  of  the  detonation  tubes.  This  is  consistent  with 
the  simplified,  1 -dimensional  analysis  presented  in  Section  II.  In  reality,  detonations  are  complex,  3-dimensional 
structures  containing  forward-  and  transverse-traveling  waves.  The  detonation  wave  will  begin  to  enter  the 
crossover  tube  as  soon  as  the  detonation  front  reaches  the  junction.  The  shortest  time  of  flight  (t  =  distance/velocity) 
for  a  detonation  in  the  thrust  tube  should  be  t  =  (Lix-diameter)/VCj,  and  in  the  crossover  tube,  t  =  (Lx-diameter)/VCj, 
assuming  the  wave  travels  no  faster  than  VCj.  Diffraction  effects  in  the  larger  volumes  at  the  tube  junctions  will 
likely  delay  the  detonation  wave  by  the  amount  of  time  required  for  the  planar  front  to  redevelop.  For  now, 
centerline  to  centerline  measurement  is  thought  to  be  a  reasonable  estimate  for  determining  time  of  flight,  and  this 
presumption  will  be  investigated  by  future  testing  and  higher  fidelity  modeling. 

Table  3is  a  continuous  branching  PDE  design  based  on  the  foregoing.  It  is  presented  to  show  how  the  model 
presented  herein  can  be  used  as  a  design  tool  in  the  development  of  a  continuous  branching  PDE. 
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Table  3.  A  Sample  Continuous  Branching  PDE  Design 


Stoichiometric  H2/air  with  VCj  =  1971  m/s 


Design  Feature 

Proposed  Value 

Source 

frequency  (f) 

100  Hz 

design  target 

cycle  time 

16  tCj 

fill  =  10  tCj,  fire  =  6  tCj,  no  purge 

number  of  tubes  (n) 

16 

select  using  Fig.  3 

Lix  +  Lx 

1.23  m 

Eq.  10 

L 

1.23  m 

Eq.  9 

Lx 

0.1  m 

fit  to  physical  spacing  between  tubes 

Lix 

1.13  m 

(Lix+Lx)  -  Lx 

V.  Conclusions 

Increasing  the  number  of  thrust  tubes  and  decreasing  the  cycle  time  of  a  continuous  branching  PDE  allows  the 
crossover  tube  to  be  shortened.  For  a  given  fuel/air  mixture,  the  engine  cycle  frequency  of  a  continuous  branching 
PDE  is  determined  by  the  thrust  tube  length.  Tail-end  detonation  initiation  via  detonation  branching  has  been 
demonstrated  on  a  continuously  operating  PDE,  paving  the  way  for  expanded  continuous  branching  PDE 
experimentation.  Future  work  should  include  examination  of  the  transient  and  steady-state  variation  in  detonation 
wave  travel  time. 
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In  this  study,  multiple  detonation  tubes  are  directed  into  a  single  ejector  in  an  effort  to 
reduce  the  added  hardware  required  while  maintaining  the  level  of  augmentation.  By 
moving  a  single  driver  off  axis  it  is  found  that  the  augmentation  level  can  be  maintained  for 
x/d  less  than  4  and  y/d  up  to  at  least  1.14,  for  a  round  ejector.  The  ejector  augmentation, 
however,  is  found  to  decrease  by  about  25%  during  multi-tube  operation,  being 
approximately  1.3  ejector  to  baseline  augmentation  ratio.  A  linear  arrangement  of 
detonation  tubes  is  constructed  extrapolating  typical  unsteady  ejector  parameters.  Four 
linear  detonation  tubes  are  directed  at  the  linear  ejector  and  the  highest  ejector 
augmentation  ratio  is  1.25  even  with  reduced  fill  fraction.  With  single  tube  operation,  the 
performance  of  the  linear  ejector  is  at  best  1.15,  indicating  multi-tube  effects  are  significant. 


d 


<l> 

ff 

Hej 

igd 

Lej 

pf 

Rin 

W 


y 


Nomenclature 

driver  diameter 
ejector  diameter 

ejector  equivalent- area  diameter  (2-D  ejector) 
equivalence  ratio 
fill  fraction 

ejector  throat  height  (2-D  ejector) 

ignition  delay-  time  between  valve  closing  and  spark  deposit 

ejector  length 

purge  fraction 

ejector  inlet  radius 

ejector  width  (2-D  ejector) 

ejector  distance  downstream  from  detonation  tube  exit 
distance  from  detonation  tube  centerline 


I.  Introduction 


With  the  use  of  an  ejector  the  static  thrust  of  a  pulsed  detonation  engine  (PDE)  can  be  doubled  1_3.  The 
optimum,  unsteady,  ejector  diameter  was  found  by  other  investigators  to  be  between  2  and  3  diameters  of  the 
primary  driver  and  the  length  was  found  to  be  5  to  6  times  the  diameter  of  the  ejector3.  Additionally,  a  diffusion 
section  was  found  to  play  a  significant  role.  The  augmentation  created  by  the  ejector  is  marred  by  the  additional 
weight,  structure  and  length.  In  this  study,  multiple  detonation  tubes  are  directed  into  a  single  ejector  in  an  effort  to 
reduce  the  added  hardware  required  while  maintaining  thrust  augmentation. 
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Ejector  performance  is  typically  characterized  by  the  thrust  augmentation  ratio  (or  augmentation  ratio  in 
subsequent  figures)  and  is  determined  by  dividing  total  thrust  achieved  with  ejector  (ejector  thrust  plus  driver  thrust) 
by  the  baseline  thrust  at  equivalent  conditions  with  no  ejector  (driver  thrust  alone).  Ejector  performance  has  been 
shown  with  a  number  of  single  tube  unsteady  drivers,  including  those  at  NASA  Glenn  Research  Center,  AFRL, 
Penn  State,  and  UC.  Despite  large  differences  in  driving  pressure  profiles,  PDE’s,  chopped  jets,  and  pulsejets  show 
similar  performance  characteristics,  as  shown  in  numerous  references  and  summarized  in  following  figures2"6. 

The  data  from  Choutapalli  and  co-authors  (Ref.  4)  was  of  interest  because  it  is  relevant  to  linear  ejector 
configurations.  The  unsteady  driver  reported  in  this  reference  consisted  of  a  steady  jet,  with  unsteadyness  provided 
by  a  rotating  chopper  wheel.  The  chopped-jet  drove  a  linear  ejector.  The  Mach  0.8  jet  results  are  shown  here  as 
they  are  most  likely  relevant  to  the  predominately  choked  velocities  expected  from  PDE  drivers.  Ejector 
performance  as  a  function  of  ejector  diameter  and  length  (normalized  by  driver  diameter)  are  shown  in  Figs.  1  and  2 
respectively. 
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Figure  1.  Ejector  thrust  augmentation  ratio  versus  Figure  2.  Ejector  thrust  augmentation  ratio  versus 

ejector  over  driver  diameter  ratio.  Lej/d  -10  unless  ejector  length  over  driver  diameter, 

otherwise  noted. 


Despite  disparities  in  driver  ‘unsteadiness’  and  experimental  configurations,  significant  ejector 
augmentation  occurs  for  a  range  of  ejector  parameters.  For  Figs.  1  and  3,  the  2-D  ejector  ‘diameter’  for  the  linear 
ejector4,  was  calculated  in  two  ways:  by  considering  throat  height,  Hej  and  secondly  by  calculating  an  equivalent 
area-based  diameter,  D*  =  hWH  •  From  Fig.  1,  good  ejector  augmentation  was  achieved  with  ejector  diameters  2-4 

6J  V  71  6] 

times  greater  than  the  driver  diameter,  with  an  optimum  ejector/driver  diameter  ratio  of  ~3.  Thrust  augmentation 
was  only  weakly  proportional  to  ejector  length,  especially  for  ejector  lengths  greater  than  -5-7  times  the  driver 
diameter. 

Figures  3  and  4  show  the  impact  of  ejector  inlet  radius  upon  thrust  augmentation  normalized  by  ejector  and 
driver  diameter  respectively.  Although  an  inlet  radius  is  critical  for  efficient  ejector  thrust  augmentation7,  there 
appears  to  be  no  strong  correlation  between  ejector  inlet  radius  and  ejector  performance  across  a  wide  range  of 
ejector  inlet  radii. 

Other  ejector  results  reported  previously  by  AFRL,  the  University  of  Cincinnati,  Penn-State  University,  and 
NASA  Glenn  Research  Center  had  comparable  performance  with  similar  geometry  scaling,  despite  significant 
differences  in  unsteady  drivers  and  geometries.1,  6-10  The  performance  data  cited  above  indicates  that  it  is  not 
unreasonable  to  expect  50%  or  more  thrust  augmentation  with  an  unsteady  ejector  at  static  conditions.  The  impact 
of  an  off-axis  driver  was  first  examined  with  a  round  ejector.  The  same  axisymmetric  ejector  was  then  used  with 
multiple  detonation  tubes.  Due  to  the  linear  configuration  of  the  research  pulsed  detonation  engine  used,  a  linear 
array  of  three  PDE  tubes  was  aligned  with  the  round  ejector.  A  two-dimensional  linear  ejector  was  designed  in 
order  to  take  advantage  of  the  four- tube,  linear  PDE  configuration  available. 
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Ejector  Inlet  Radius  /  Ejector  Diameter,  R  jn/De. 

Figure  3.  Effect  of  ejector  inlet  radius,  normalized  by 
ejector  diameter 
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Figure  4.  Effect  of  ejector  inlet  radius,  normalized 
by  driver  diameter. 


II.  Experimental  Setup 

The  thrust  stand  and  research  pulsed  detonation  engine  located  at  the  Pulsed  Detonation  Research  Facility 
in  the  Air  Force  Research  Laboratory  was  used  for  this  study.  The  PDE  utilizes  automotive  valving  to  feed  up  to 
four  detonation  tubes.  The  damped  thrust  stand  was  setup  to  measure  PDE  thrust  alone  for  baseline  tests  or  total 
thrust  from  ejector  and  PDE.  This  experimental  setup  has  been  described  in  detail  previously11.  Unless  otherwise 
noted,  experiments  were  performed  with  stoichiometric  hydrogen  air,  10  Hz  per  detonation  tube,  3.5"  diameter 
detonation  tubes,  purge  fraction  of  0.5,  75"  detonation  tube  length,  with  a  28"  Schelkin-like  spiral  to  promote 
deflagration-to-detonation  transition.  Detonation  was  found  to  occur  for  all  test  conditions.  Static  test  conditions 
were  used  with  the  ejectors  and  ambient  conditions  were  near  STP  (the  lab  is  at  -800’  altitude).  Three  ejector 
configurations  were  examined. 

A.  Off-Axis  Ejector 

Conventional  single  driver  ejectors  can  run  driver  and  ejector  co-axially.  In  order  to  run  multiple  driver 
tubes  into  a  single  ejector,  it  is  likely  that  some  tubes  will  be  off  axis.  In  order  to  separate  the  effects  of  multi-tube 
effects  from  off-axis  effects,  a  single  detonation  tube  was  mounted  and  a  test  series  conducted  while  moving  the 
ejector  axially  with  co-axial  alignment,  and  then  moving  the  ejector  off-axis  (horizontally)  at  the  optimum  axial 
location.  Axial  displacement  from  the  end  of  the  detonation  tube  is  noted  in  the  following  results  as  the  x-axis  and 
off-axis  displacement  is  denoted  as  the  y-axis,  see  Fig  5.  The  volume  of  the  detonation  tube  was  744  in* * 3  and  the 
length  75"  The  ejector  hardware  available  was  a  straight  walled  ejector  with  a  rounded  inlet.  A  tapered  diffusion 
section  was  not  available  but  was  found  previously  to  nearly  double  ejector  augmentation3.  The  ejector  to 
detonation  tube  diameter  ratio,  Dej7d  was  3.66,  and  x/d  varied  from  0  to  5.  The  ejector  Lej/Dej  was  5.7  and  the  inlet 
radius  to  ejector  diameter  was  0.66.  The  PDE  operated  at  10  Hz  with  and  ignition  delay  of  0  ms,  stoichiometric 
equivalence  ratio,  and  a  purge  fraction  of  0.5.  The  effect  of  fill  fraction  was  determined  at  0.5,  0.75,  and  1 . 


if! 
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Figure  5.  Schematic  of  PDE  and  ejector  configuration,  top  view. 
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B.  Round  Ejector 

In  this  experiment,  three  detonation  tubes  were  directed  into  the  inlet  of  a  single,  round,  13"  diameter 
ejector,  the  same  as  used  in  the  “Off-axis”  study.  The  detonation  tubes  were  72"  long  with  a  volume  of  651  in3,  see 
Fig.  6.  The  diameter  ratio  of  ejector  to  these  detonation  tubes  was  3.86.  The  centerline  spacing  between  the  3.5" 
diameter  detonation  tubes  was  4",  therefore  tubes  1  and  3  were  4"  or  y/d  of  1.14  off  axis.  The  conditions  were 
identical  to  those  of  the  off-axis  ejector  experiment  with  each  tube  firing  at  a  frequency  of  10  Hz,  ignition  delay  of  0 
ms  and  an  equivalence  ratio  of  one.  The  purge  fraction  was  0.5  and  the  fill  fraction  was  0.75  or  1.0.  The  valves  in 
this  engine  were  operated  by  a  cam  shaft  and  therefore  the  relative  timing  between  tube  firing  was  fixed  by  the 
rotational  speed  of  the  cam  shaft.  This  was  a  four  tube  engine  and  the  firing  order  was  1,  3,  4,  2  (effectively:  2,  1,3, 
with  4  skipped  for  this  configuration).  At  10  Hz,  there  was  25  ms  between  each  tube  firing.  Since  tube  four  was  not 
used,  there  were  50  ms  between  the  initiation  of  a  detonation  in  tube  3  and  that  in  tube  2. 


— ^ 
3§ 


_ 
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Figure  6.  Schematic  of  multi-detonation  tube  single  round  ejector  configuration 


C.  Linear  Ejector 

Although  a  round  ejector  has  certain  advantages,  a  linear  arrangement  of  detonation  tubes  may  be  more 
desirable  in  application.  In  this  experiment,  four  detonation  tubes  were  directed  into  the  inlet  of  a  linear  ejector. 
The  ejector  mouth  was  22"  wide  and  7"  high.  The  radius  of  the  inlet  lip  was  1"  giving  an  inlet  radius  to  ejector 
height  ratio  of  0.133.  The  ejector  was  tapered  by  a  half  angle  of  four  degrees  from  inlet  to  exit.  The  centerline 
spacing  between  the  detonation  tubes  was  4"  and  two  different  sets  of  detonation  tubes  were  used.  The  first  set  was 
identical  to  those  used  in  the  round  ejector  experiment,  with  the  exception  of  the  addition  of  a  fourth  tube.  The 
second  set  of  four  detonation  tubes  was  2"  in  diameter  and  72"  long  with  a  single-tube  volume  of  250  in3.  The 
dimensionless  ratios  of  ejector  height  to  driver  diameter  tested  were  2.1  and  3.8,  and  Lej/d  was  6.3  and  11  for  the 
3.5"  and  2"  tubes  respectively.  A  schematic  of  the  ejector  with  the  3.5"  detonation  tubes  is  shown  in  Fig  7. 


£  ||f  V  i 

Figure  7.  Schematic  of  PDE-linear  ejector  configuration  with  3.5"  detonation  tubes. 


III.  Results  and  Discussion 

Three  different  ejector-driver  configurations  were  tested.  The  thrust  measured  with  each  ejector/driver 
combination  was  normalized  by  the  thrust  of  the  driver  alone.  An  augmentation  of  one  is  no  augmentation.  Only  at 
augmentations  above  one  is  the  ejector  providing  a  benefit. 
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A.  Off-Axis  Ejector  Results 

A  picture  of  the  single  detonation  tube  and  ejector  used  during  the  off-axis  experiments  is  shown  in  Fig  8. 
With  the  ejector  co-axial  to  the  detonation  tube,  the  augmentation  was  found  to  increase  with  decreasing  fill  fraction. 
A  maximum  augmentation  appears  to  exist  at  positive  x/d  of  about  4  or  5  depending  on  the  fill  fraction,  see  Fig  9a. 
At  a  fill  fraction  of  1.0  the  augmentation  was  fairly  constant  at  50%.  For  a  similar  straight  ejector  with  a  smaller 
inlet  radius,  the  augmentation  was  found  to  be  approximately  30%  by  other  authors3.  The  effect  of  horizontal-axial 
misalignment  was  tested  by  moving  the  ejector  0.5  and  1  diameter  from  centered  on  the  detonation  tube  while 
maintaining  the  parallelism  of  the  axis  of  the  detonation  tube  and  ejector  at  x/d  of  2.  Little  if  any  difference  in  the 
augmentation  was  measured  as  the  tube  was  moved  relative  to  the  ejector,  see  Fig  9b.  The  implication  of  this 
insensitivity  to  location  is  that  multiple  detonation  tubes  and  a  single  ejector  system  may  be  effective. 


Figure  8  Ejector  and  3.5"  detonation  tube,  as  installed 
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Figure  9.  (a)  Ejector  augmentation  versus  axial  location  (normalized  by  driver  diameter)  and  (b)  horizontal 
misalignment  (normalized  by  driver  diameter)  at  an  axial  location  of  x/d  =  2. 


B.  Round  Ejector  Results 

The  results  of  three  detonation  tubes  directed  into  a  single  ejector  are  shown  in  Fig  10  and  11  for  a  fill 
fraction  of  1.0  and  0.75  respectively.  For  a  fill  fraction  of  1.0,  single  and  double  detonation  tube  firings  resulted  in 
an  augmentation  ratio  of  approximately  1 .4  over  most  of  the  axial  range  tested.  A  negative  interaction  between  the 
detonation  tubes  and  the  ejector  was  measured  with  all  three  tubes  firing,  as  the  augmentation  decreased  to 
approximately  1.3  for  a  fill  fraction  of  1. 


5 

American  Institute  of  Aeronautics  and  Astronautics 


1476 


Ejector  location,  x/d 

Figure  10.  Ejector  augmentation  ratio  versus  axial 
location  (normalized  by  driver  diameter)  for  1.0  fill 
fraction. 


Ejector  location  x/d 

Figure  11.  Ejector  augmentation  ratio  versus  axial 
location  (normalized  by  driver  diameter)  for  0.75 
fill  fraction. 


At  a  fill  fraction  of  0.75  this  negative  interaction  was  also  observed  as  the  augmentation  ratio  was  again 
approximately  1.3.  A  single  detonation  tube,  even  at  y/d  of  1.14  produced  an  augmentation  of  over  1.5  for  x/d  less 
than  4.  At  x/d  greater  than  3,  the  co-axial  detonation  tube’s  (tube  2’s)  performance  is  greater  than  those  located  off 
axis,  presumably  because  the  vortex  exhausted  from  the  detonation  tube  expanded  to  a  diameter  greater  than  the 
ejector  inlet  at  large  x/d.  With  two  detonation  tubes  firing,  the  augmentation  ratio  was  adversely  impacted  as  the 
augmentation  ratio  drops  from  over  1.5  for  a  single  tube  to  around  1.4.  Comparing  the  three  combinations  of  two- 
tubes  firing,  it  is  again  obvious  that  the  expanding  vortex  makes  the  1-  3  tube  combination  the  worst  at  large  x/d. 
The  tube-firing  combination  of  1-2  and  2-3  are  spatially  identical,  however,  because  of  the  firing  order  of  the  PDE, 
(2, 1,3, 4),  there  is  50  ms  between  the  ignition  of  tube  2  and  tube  3  and  only  25  ms  between  tube  2  and  tube  1.  Since 
there  appears  to  be  a  negative  interaction  as  more  detonation  tubes  are  added,  the  augmentation  of  the  combination 
2-3  should  be  greater  than  that  of  1  -2  because  the  temporal  separation  is  greater.  Experimentally,  the  performance 
between  the  2-3  and  1-2  firing  combinations  is  similar  below  x/d  of  4  but  for  x/d  of  4  and  5  there  is  a  significant 
departure  in  augmentation. 


C.  Linear  Ejector  Results 

Three  detonation  tubes  firing  into  a  single  round  ejector  produced  reduced  augmentation  over  a  single  tube- 
ejector  combination.  With  the  linear  ejector,  four  detonation  tubes  were  directed  at  a  single  ejector  as  shown  in  Fig. 
12.  With  the  exception  of  low  fill  fraction  (where  x/d  -  3  was  optimum),  as  noted  earlier,  an  optimum  axial  location 
of  ~2  x/d  was  evident  in  the  linear  ejector  performance.  The  augmentation  of  the  linear  ejector  with  four  driver 
detonation  tubes  was  lower  than  expected,  being  1.14  at  a  fill  fraction  of  1  and  x/d  of  2,  see  Fig.  13.  In  comparison, 
at  an  x/d  of  2  the  round  ejector  with  three  detonation  tubes  achieved  an  augmentation  of  1.3. 
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Figure  12.  Picture  of  linear,  2-D  ejector  installed  with 
four  3.5”  diameter  tubes. 
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Axial  Location,  x/d 

Figure  13.  Linear  ejector  performance  with  varying 
axial  location  at  10Hz,  Dej/d  =  2.1. 

Several  parameters  were  varied  in  an  attempt  to  resolve  the  lack  of  performance,  including:  edge  effects, 
driving  frequency,  and  increasing  Dej/d.  Also,  it  was  anticipated  that  the  structural  ribs  might  impact  entrainment,  so 
large  holes  were  cut  in  them,  as  evident  in  Fig  14. 


Figure  14.  Detail  of  modified  ejector  ribs,  note  large 
areas  removed  with  plasma  cutter  . 


Tubes  1  and  4  are  on  the  ends  of  the  linear  ejector,  and  tubes  2  and  3  are  in  the  middle.  In  Fig.  15,  the 
effect  of  the  edge  of  the  ejector  can  be  discerned  based  on  the  difference  between  the  augmentation  produced  by  the 
inboard  tubes,  2  and  3  verses  the  tubes  on  the  edges,  1  and  4.  In  the  round  tube  investigation,  it  was  determined  that 
tube-to-tube  interactions  mitigated  the  performance  of  the  ejector  during  multi-tube  operation.  With  a  single  tube, 
the  augmentation  could  be  1 .4  or  better.  Of  particular  concern  is  the  performance  of  the  linear  ejector  with  a  single 
detonation  tube,  topping  out  at  1 . 1 5  for  an  inboard  tube  and  unity  for  an  outboard  tube  at  a  fill  fraction  of  1 .  There 
appears  to  be  a  positive  interaction  between  the  four  detonation  tubes  and  the  ejector  as  the  four  tube  augmentation 
is  greater  than  the  single  or  double  tube  augmentations.  The  linear  ejector  does  follow  the  trend  shown  in  Fig  1,  that 
the  ejector  to  driver  diameter,  Dej7d,  of  3.5  outperforms  Dej/d  of  2. 

The  chopped  jet  which  showed  promising  linear  ejector  performance  previously  was  cycling  at 
significantly  higher  frequencies4,  so  the  frequency  was  increased  to  see  if  driver  frequency  had  an  impact  upon 
ejector  performance.  In  Fig  16,  the  driver  frequency  was  doubled  to  20  Hz.  The  augmentation  generally  decreased 
from  that  achieved  at  10  Hz.  Removing  much  of  the  material  in  the  ribs  of  the  ejector  had  no  significant  effect  on 
the  ejector  augmentation. 
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Figure  15.  Linear  ejector  performance  with  varying 
fill  fraction  at  10Hz  with  axial  location  x/d  =  2,  Dej7d 
=  3.8  unless  noted. 


0.4  0.5  0.6  0.7  0.8  0.9  1  1.1 
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Figure  16.  Linear  ejector  performance  with  varying  fill 
fraction  at  20Hz  with  axial  location  x/d  =  2,  Dej/d  =  3.8. 


IV.  Summary  and  Conclusions 

The  insensitivity  to  co-axial  alignment  of  an  ejector-driver  system  found  in  this  work,  implies  that  there  is 
the  potential  to  direct  multiple  drivers  into  a  single  ejector  and  maintain  single-driver-ejector  augmentation  levels. 
The  multi-tube  single  ejectors  tested,  however  displayed  a  negative  interaction  during  multi-tube  operation,  reducing 
the  ejector  thrust  augmentation  levels  versus  previously  obtained  conventional  unsteady  ejector  results.  For  engine 
designers  there  is  now  a  trade-off  between  multiple  ejectors  and  the  associated  weight  and  bulk  verses  a  single 
ejector  with  reduced  performance.  Further  work  is  required  to  determine  the  interaction  mechanism  that  mitigates 
the  augmentation  of  a  single  ejector,  multi-tube  system. 
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This  paper  presents  a  series  of  shadowgraph  flow  visualizations  in  an  effort  to  increase 
the  understanding  of  the  fundamental  flow  characteristics  occurring  inside  an  ejector  driven 
by  a  pulse  detonation  engine  (PDE).  In  an  effort  to  supplement  theories  that  have  been 
developed  through  indirect  thrust  and  static  pressure  measurements,  these  internal  flow 
visualizations  provide  a  uniquely  direct  insight  into  the  fluid  dynamics  caused  by  the  passage 
of  the  detached  leading  shock  separated  from  the  detonation  wave  and  the  subsequent 
blowdown  cycle.  Using  a  two-dimensional  ejector  model,  flow  visualizations  are  made  of 
various  ejector-PDE  separation  distances  and  ejector  divergence  angles.  Additionally,  the 
flow  exhausting  from  the  rear  of  an  axisymmetric  ejector  is  captured.  To  conclude,  a  new  2D 
ejector  model  design  is  presented  which  is  being  developed  in  order  to  visualize  this  type  of 
flow  while  accessing  more  geometric  parameters  of  interest.  Furthermore,  this  new  design 
allows  for  the  measurement  of  dynamic  and  static  pressure  along  the  length  of  the  internal 
surface  of  the  ejector,  and  can  simulate  forward  flight  effects  up  to  Mach  0.3. 


Nomenclature 

thrust  augmentation,  % 
ejector  divergence  angle,  deg 
ejector  diameter,  in 
PDE  tube  diameter,  in 
PDE  =  pulse  detonation  engine 

t  =  elapsed  time  since  detonation  wave  passes  PDE  exit  plane,  msec 

ff  =  fill  fraction 

x  =  distance  between  ejector  inlet  and  PDE  exit  plane,  in 

I.  Introduction 


FOR  practical  pulse  detonation  engine  (PDE)  applications,  one  of  the  key  challenges  for  researchers  is  to  make 
use  of  the  increased  efficiency  of  energy  conversion  due  to  detonative-mode  combustion  by  converting  it  most 
effectively  into  a  propulsive  thrust  force.  A  common  measure  of  propulsion  system  performance  is  specific  impulse 
(ISp),  which  is  defined  as  the  ratio  of  thrust  generated  to  the  weight  flow  rate  of  fuel.  Higher  values  of  ISp  are 
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desirable  because  of  the  attendant  decrease  in  specific  fuel  consumption.  It  has  been  suggested  that  the  use  of  ejector 
augmenters  on  PDEs  may  be  an  effective  way  to  increase  the  system  thrust  and  thus  ISp. 

An  ejector  is  a  simple  device  used  to  augment  the  thrust  of  an  engine.  Essentially,  an  ejector  is  a  coaxial  duct 
placed  around  the  exhaust  of  an  engine  that  performs  as  a  fluidic  pump.  The  surrounding  ambient  air  is  entrained  by 
the  primary  exhaust  flow  and  directed  into  the  ejector.  The  entrained  air  causes  an  increase  in  the  momentum  of  the 
engine  exhaust  flow,  which  leads  to  the  generation  of  a  larger  system  thrust  force.  The  theory  and  application  of 
ejectors  to  a  steady  primary  flow  are  well  established.  For  steady-flow  ejectors,  the  secondary  flow  is  entrained 
primarily  through  viscous  shear  mixing1.  Previous  research  has  shown  that  unsteady  ejectors  are  capable  of 
producing  more  thrust  augmentation  than  steady-flow  ejectors2,3,4.  The  increased  performance  of  unsteady  ejectors 
has  been  attributed  to  a  more  efficient  energy-transfer  process  between  the  primary  and  secondary  flows  that  results 
from  the  dominant  effects  of  the  starting  vortex.  Since  PDEs  are  highly  unsteady  devices  that  generate  a  shock  wave 
and  vortex  ring,  it  has  been  suggested  that  PDE-driven  ejectors  may  have  the  potential  to  be  highly  effective  at 
providing  thrust  augmentation. 

Experimental  work  confirmed  that  PDE-driven  ejectors  are  extremely  effective  in  producing  thrust 
augmentation.  Studies  have  quantified  the  effects  of  PDE  operating  parameters  as  well  as  ejector  geometric 
parameters.  The  internal  surface  geometry  of  the  ejector  is  an  important  geometric  parameter.  A  study  by  Glaser  et 
al5.  was  carried  out  using  several  ejector  configurations.  The  results  showed  maximum  thrust  augmentation  levels  of 
~  a=30%  for  straight  ejectors  and  a=66.5%  for  an  optimized  diverging  ejector  geometry  at  ff=1.0.  Although  it  is 
apparent  that  the  diverging  ejectors  were  much  more  effective  at  producing  thrust  augmentation  than  the  straight 
ones,  the  mechanism  responsible  for  this  performance  increase  is  not  clear.  The  increased  augmentation  from 
diverging  ejectors  has  commonly  been  attributed  to  the  additional  thrust  surface  area  of  the  diverging  section. 
Inherent  in  that  explanation  is  the  assumption  of  a  positive  net  pressure  on  the  diverging  section,  which  causes  a 
thrust  force.  It  has  been  observed  that  ejector  performance  is  sensitive  to  the  axial  position  of  the  ejector  inlet 
relative  to  the  PDE  tube  exit.  In  most  cases,  downstream  ejector  placement  provides  optimum  levels  of  thrust 
augmentation5,6,7,8.  For  the  straight  and  diverging  ejector  configurations  previously  tested  by  Glaser  et  al5,  the 
optimum  axial  position  was  found  to  be  downstream  at  x/Dpde=+2. 

The  current  effort  seeks  to  increase  the  overall  understanding  of  PDE-driven  ejector  systems.  High-speed 
shadowgraph  flow  visualizations  were  obtained  for  the  internal  portion  of  a  diverging  ejector  to  provide  a  better 
explanation  of  previously  determined  performance  trends.  Results  from  this  study  will  provide  insight  into  the 
governing  flow  dynamics  and  mechanisms  responsible  for  thrust  augmentation  in  PDE-driven  ejector  systems. 


II.  Experimental  Setup 

This  parametric  visualization  study  of  the  flow  field 
inside  an  ejector  resulting  from  a  propagating  detonation 
wave  was  performed  using  the  PDE  test  facility  at  the 
University  of  Cincinnati.  The  PDE  tube  had  a  total 
nominal  length  of  40”.  It  consisted  of  two  sections:  the 
first  section  was  a  25”  long,  1”  diameter  pipe  that 
contained  a  0.625”  diameter  orifice  plates  to  enhance  the 
deflagration-to-detonation  transition  (DDT)  process.  This 
section  was  followed  by  a  15”  long,  2^2  square-cross- 
section  tube  (3 -mm  wall  thickness).  The  square  section 
was  mounted  at  the  end  of  the  round  tube  to  convert  the 
flow  into  a  two-dimensional  rectangular  section.  The 
ejector  walls  were  constructed  of  1”  thick  optical-grade 
cast  acrylic  sheets,  allowing  optical  access  to  the  internal 
flow  as  shown  in  Figure  1.  The  top  and  bottom  walls  of 
the  ejector  were  interchanged  to  study  various 
geometries.  The  ejector  was  7.85”  long  for  all  tests,  and 
the  walls  were  spaced  1.75”  apart  to  give  an  ejector-to- 
PDE  area  ratio  of  3.0.  Oxygen  diluted  with  nitrogen  was 
used  as  the  oxidizer,  and  these  gases  were  mixed  upstream  prior  to  injection  into  the  detonation  tube.  Ethylene  fuel 
was  pulsed  via  an  electromagnetic  valve  to  obtain  nominally  stoichiometric  conditions.  Fuel  and  oxidizer  were 
mixed  directly  in  the  tube  by  impinging  jets,  and  were  ignited  by  a  spark  plug  mounted  2.5  diameters  downstream  of 


Figure  1.  Ejector  Shadowgraph  Experimental 
Setup 
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the  detonation  tube  headwall.  In  order  to  preserve  the  acrylic  sidewalls,  the  tube  was  fired  at  20  Hz  for  only  three 
detonations  for  each  case.  For  all  cases  presented  here,  the  equivalence  ratio  was  maintained  as  stoichiometric, 
though  the  fill  fraction  was  varied. 

III.  Shadowgraph  Flow  Visualizations 

Using  the  2D  ejector  model  described  above,  a  series  of  shadowgraph  flow  visualizations  were  made  varying  the 
geometric  parameters  allowed  by  the  facility  and  the  PDE  operating  parameters.  While  the  images  were  captured 
with  a  high-speed  camera  at  an  extremely  high  frame  rate,  it  is  only  possible  to  relay  those  that  are  most  interesting 
and  those  which  give  a  feel  for  the  trends  that  have  been  observed  through  more  indirect  experimental 
measurements.  It  must  be  noted  that  while  the  obstruction  presented  by  the  ejector  body  takes  on  a  solid  black  color 
in  the  shadowgraph  images,  the  seemingly  non-uniform  shape  of  the  ejector  surfaces  is  caused  by  the  head  of  the 
bolts  that  hold  the  ejector  in  place  on  the  outside  of  the  Plexiglas.  Hence,  the  actual  surfaces  of  the  ejector  are 
relatively  smooth,  as  is  the  end  of  the  detonation  tube.  Furthermore,  due  to  imperfections  in  the  Plexiglas,  some 
regions  of  darkness  will  appear  in  the  images  and  will  remain  stationary  for  the  duration  of  the  fluid  flow 
phenomena.  It  must  be  kept  in  mind  that  these  are  not  a  result  of  these  flow  phenomena. 

A.  Fill  Fraction 

The  first  parameter  that  was  investigated  for  flow  through  the  interior  of  a  diverging  ejector  was  the  fill  fraction 
of  the  detonation  tube.  Fill  fraction  is  defined  as  the  ratio  of  the  volume  of  the  tube  filled  with  a  combustible  mixture 
to  the  overall  volume  of  the  tube.  For  a  constant  area  detonation  tube,  this  simply  translates  into  the  length  of  tube 
that  is  filled  with  reactants  divided  by  the  length  of  the  tube.  Due  to  the  extreme  brightness  that  is  generated  by 
strong  detonation  waves,  the  images  presented  in  this  section  are  limited  to  fill  fractions  below  0.8. 

Referring  to  Figure  2,  the  variation  in  the  shock  pattern  inside  the  ejector  varied  significantly  with  fill  fraction. 
Since  lower  fill  fraction  cases  result  in  weaker  detonation  waves  exiting  the  PDE,  the  speed  of  the  propagating 
leading  shock  will  likewise  be  lower.  However,  for  each  case  it  can  be  seen  that  the  portion  of  the  leading  shock 
which  does  not  reflect  from  the  interior  walls  of  the  ejector  develops  into  a  normal  shock  before  it  reaches  the  exit  of 


Figure  2.  Comparison  of  Shock  Pattern  Formed  in  Ejector  Interior  for 
Various  PDE  Fill  Fractions,  P  =  4°,  x/Dpde  =  -1 

the  ejector.  Another  common  trait  between  the  three  cases  is  that  two  rounded  shock  reflections  extend  nearly  the 
entire  length  of  the  ejector  and  are  symmetric  about  the  ejector  centerline.  This  flow  characteristic  results  from  the 
transverse  portions  of  the  leading  shock  wave  that  impinge  on  the  walls  of  the  ejector.  Because  of  the  time  lag 
associated  with  the  most  axial  portion  of  the  leading  shock  hitting  the  ejector  surface,  the  reflection  of  this  shock 
near  the  inlet  begins  much  sooner,  and  the  resulting  rounded  shape  occurs.  It  is  also  interesting  to  note  the  diamond 
shock  patterns  that  form  between  the  leading  shock  and  the  transverse  reflections.  For  the  low  fill  fraction  case,  the 
interior  angle  made  by  the  shocks  comprising  these  diamonds  is  much  more  obtuse  than  those  corresponding  to 
higher  fill  fraction  cases.  Additionally,  the  strength  of  these  diamond  patterns  shows  itself  to  be  proportional  to  the 
fill  fraction,  presenting  much  steeper  density  gradients.  It  is  interesting  to  note  the  resemblance  between  the 
diamond  shock  patterns  formed  in  the  ejector  interior  and  the  cellular  pattern  that  characterizes  detonation 
combustion.  Although  no  combustion  is  occurring  inside  the  ejector,  the  formation  of  these  shock  cells  follows  the 
same  basic  trend  as  detonation  cells,  created  by  the  coalescence  of  transverse  and  axially  propagating  shock  waves. 
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The  final  phenomenon  of  note  from  this  basic  study  is  the  secondary  shock  that  propagates  through  the  ejector, 
much  more  notable  in  the  cases  corresponding  to  fill  fractions  of  0.6  and  0.8.  Because  of  the  higher  fill  fraction 
associated  with  the  last  case,  it  can  be  seen  that  this  secondary  shock  has  traversed  a  greater  portion  of  the  ejector 
length  at  the  time  step  shown  in  the  image.  This  secondary  shock  appears  to  serve  an  interesting  purpose  in  the 
exhaust  of  the  ejector,  as  will  be  shown  later. 

B.  Ejector  Diverging  Angle 

While  no  significant  difference  were  noted  in  the  leading  shock  pattern  formed  for  various  diverging  angles,  the 
blowdown  cycles  confirmed  some  interesting  trends.  It  is  expected  that  increasing  the  divergence  angle  would  result 
in  larger  separation  potential,  but  previous  results  have  suggested  that  even  for  small  divergences  there  is  a  degree  of 
separation  that  forms  off  of  the  inlet.  This  is  due  to  the  large  turning  angle  that  the  entrainment  air  encounters  upon 
entering  the  system.  Shadowgraph  images  confirm  that  even  for  shallow  divergence  angles  separation  does  occur  off 
of  the  inlet  regardless  of  the  contouring.  In  order  to  alleviate  this  separation,  it  may  be  that  a  more  complex  inlet 
design  that  extends  deeper  into  the  ejector  is  required.  As  can  be  seen  in  Figure  3,  the  larger  divergence  angle  results 
in  a  significantly  more  pronounced  separation  region  compared  to  the  4°  ejector. 


Figure  3.  Comparison  between  Various  Diverging  Angles,  Left  -  P  =  4°,  Right  - 
P  =  8°,  x/Dpde  =  +1),  ff  =  0.80,  t  ~  12.5  msec 

Because  of  the  increased  separation  occurring  in  the  larger  divergence  angle  ejector,  the  ejector  develops  a  back 
pressure  that  then  hinders  the  entrainment  of  secondary  air.  This  is  shown  by  the  visibly  more  significant  flow 
entrainment  occurring  in  the  4°  divergence  angle  ejector  as  compared  to  its  8°  counterpart.  Again,  while  this  is  not 
surprising,  this  study  highlights  the  fact  that  the  divergence  angle  appears  to  be  much  steeper  to  the  entrainment  air 
that  is  entering  the  system  than  it  does  to  the  primary  jet  exhausting  from  the  detonation  tube.  As  a  result  the 
subsonic  entrainment  air  will  separate  at  nozzle  half-angles  which  do  not  typically  result  in  separation. 

C.  Ejector  Axial  Position 

While  there  has  been  some  dispute  in  the  past  over  optimal  ejector  axial  placement  relative  to  the  PDE  exit 
plane,  shadowgraph  images  further  suggest  support  for  the  ejector  producing  the  largest  thrust  augmentation  at 
downstream  placements  in  which  the  ejector  does  not  overlap  the  detonation  tube.  Figure  4  shows  one  of  the  main 
differences  resulting  between  the  developments  of  the  leading  shock  propagations.  Since  the  downstream  case 
allows  for  the  escape  of  much  of  the  transverse  portion  of  the  shock,  a  much  less  complex  shock  pattern  exists  inside 
the  ejector.  The  diamond  shock  pattern  resulting  from  the  coalescence  of  the  transverse  and  axially  propagating 
shocks  is  not  present  to  the  degree  that  it  is  when  the  full  extent  of  the  detonation  wave  is  forced  into  the  ejector. 
When  the  ejector  is  placed  slightly  downstream  of  the  PDE  exit,  a  portion  of  the  transverse  shock  escapes  the 
ejector,  suggesting  that  the  structural  loading  on  the  ejector  is  much  less  severe. 
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Figure  4.  Comparison  between  Downstream  (Left  -  x/Dpde  =  +1)  and  Upstream 
(Right  -  x/Dpde  =  -1)  Ejector  Placement,  a  =  4°,  ff  =  0.80,  t  ~  36  jusec 

One  of  the  most  important  flow  feature  differences  associated  with  changing  the  ejector  axial  position  is  the 
degree  of  secondary  air  entrainment  that  can  occur.  However,  this  does  not  take  precedent  until  much  later  in  the 
detonation  cycle,  during  the  blowdown  process.  Looking  at  Figure  5,  it  can  be  seen  that  during  the  blowdown  phase, 
the  downstream-placed  ejector  maintains  a  significant  degree  of  secondary  air  entrainment  much  longer  than  the 
upstream  ejector.  At  t  ~  12.5  msec,  entrainment  can  be  seen  to  have  stagnated  in  the  upstream  case.  The  advantage 
in  the  downstream  ejector  arises  in  the  availability  to  the  primary  jet  of  a  secondary  air  source.  When  the  primary  jet 
is  overlapped  by  the  ejector,  the  area  through  which  secondary  air  may  enter  is  greatly  reduced,  and  the  distance 
across  which  the  viscous  shearing  forces  must  act  is  much  greater.  An  additional  flow  feature  that  was  noted  is  the 
supplementary  flow  entrainment  that  results  from  the  overexpansion  of  the  detonation  tube.  Not  only  is  secondary 
air  entrained  as  a  result  of  the  viscous  shearing  of  the  primary  jet,  but  when  the  overexpansion  occurs  and  the 
primary  jet  dies  down  secondary  air  continues  to  move  into  the  PDE-ejector  system  due  to  the  negative  pressure 
inside  the  detonation  tube.  Once  the  tube  begins  to  relax  back  to  ambient  pressure,  this  captured  air  is  then  pumped 
through  the  ejector  and  does  not  return  into  the  ambient  surroundings. 


Figure  5.  Comparison  between  Downstream  (Left  -  x/Dpde  =  +1)  and  Upstream 
(Right  -  x/Dpde  =  -1)  Ejector  Placement,  p  =  4°,  ff  =  0.80,  t  ~  12.5  msec 
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D.  Ejector  Exhaust  Flow 

A  slightly  different  experimental  setup  was  required  to  examine  the  flow  exhausting  from  the  rear  of  an  ejector. 
Due  to  limitations  of  the  current  2D  ejector  model,  an  axisymmetric  ejector  was  used  in  conjunction  with  6” 
parabolic  mirrors  to  monitor  the  emanating  flow.  Referring  to  the  time  progression  shown  in  Figure  6,  it  can  be  seen 
in  the  first  image  that  the  detached  leading  shock  has  just  begun  to  emerge  from  the  rear  of  the  ejector.  The 
diffraction  of  this  shock  into  the  open  atmosphere  results  in  a  vortex  ring  trailing  off  of  the  ejector  tail  which  begins 


Figure  6.  Time  Progression  of  Ejector  Exhaust  Flow 


slowly  to  propagate  downstream.  At  t  =  222  psec,  two  smaller  vortex  rings  can  be  seen  trailing  off  the  ejector  exit 
while  the  primary  vortex  ring  has  begun  to  expand  in  size.  These  smaller  vortex  structures  then  appear  to  be 
captured  by  the  primary  vortex  ring  while  a  non-uniform  shock  begins  to  exhaust  from  the  ejector.  At  t  =  407  psec, 
this  shock  catches  up  to  the  primary  vortex  ring  and  its  transverse  segments  pass  into  the  vortex  ring.  These  portions 
of  this  shock  are  then  seen  to  wrap  into  the  vortex  ring,  while  its  axial  segments  have  now  taken  on  a  more  uniform 
normal  shape.  It  has  been  found  through  previous  research  that  noise  escaping  from  an  ejector  driven  by  a  PDE  is 
reduced  greatly  in  the  sideline  angles6.  Though  a  significant  contribution  to  this  effect  is  undoubtedly  the  shielding 
presented  by  the  ejector  walls  themselves,  it  is  also  likely  that  transverse  shock  noise  is  also  reduced  by  the 
capturing  of  this  shock  by  the  primary  vortex  ring.  The  final  image  shows  that  it  is  much  later  before  the  combustion 
gases  begin  to  emerge  from  the  rear  of  the  ejector. 


1486 


IV.  Development  of  New  2D  Ejector  Flow  Visualization  Model 


In  order  to  perform  a  more  comprehensive  flow  visualization  study  of  ejector  fluid  dynamics,  a  new  facility  has 
been  designed  with  increased  geometric  variable  adjustment  and  data  acquisition  capabilities.  Furthermore,  the 
facility  will  allow  for  the  examination  of  more  details  of  ejector  performance  that  have  not  yet  been  experimentally 
studied.  A  diagram  of  the  design  is  shown  in  Figure  7.  While  a  similar  Plexiglas  design  is  employed,  a  more 
modular  ejector  model  allow  for  the  simple  modification  of  the  geometric  and  flow  parameters.  One  of  the  most 
significant 
features  of  this 
design  is  the 
inclusion  of 
static  and 

dynamic 
pressure  ports 
along  the  length 
of  the  ejector. 

Separated  by  1” 
these  ports  will 
allow  for  phase- 
locked  flow 
visualization 
and  static  and 
dynamic 
pressure 
measurements 
on  the  internal 
surface  of  the 
ejector. 

Referring  to  the 
figure,  part  (1) 
corresponds  to 
an  enclosed  area 
which  directs  a 
high  flow  rate  of 

air  parallel  to  both  the  PDE  and  the  ejector  to  simulate  the  effect  of  forward  flight.  Previously  this  has  only  been 
capable  of  being  studied  numerically.  While  the  results  are  expected  to  show  performance  degradation  with 
increased  flight  speed  due  to  drag  on  the  ejector  inlet,  this  model  will  provide  the  first  experimental  data  in  this 

regard.  Using  up  to  1.6  lbm/sec  of 
-1  air,  this  system  will  be  able  to 

simulate  forward  flight  at 
approximately  Mach  0.3.  This  flow 
will  enter  the  system  perpendicular 
to  the  ejector  centerline  axis  and 
enter  separate  manifolds  on  the 
upper  and  lower  sides  of  the 
detonation  tube.  Afterwards,  it  will 
pass  through  a  flow  straightener 
and  honeycomb  for  increased  flow 
uniformity.  A  converging  section 
will  then  increase  the  flow  speed  to 
attain  the  desired  flight  conditions. 
A  cutaway  section  view  of  this  part 

o  «  ..  T' •  4-  t~'i  is  shown  in  Figure  8  that  may  shed 

Figure  8.  Section  View  of  New  2D  Elector  Flow  r  , 

,  ....  more  light  on  the  geometry 

Visualization  Model  &  &  J 


Figure  7.  Diagram  of  New  2D  Ejector  Flow 
Visualization  Model 
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described  above.  Part  (2)  is  the  Plexiglas  enclosure  which  supports  the  ejector  model  and  maintains  a  two- 
dimensional  combustion  and  bypass  air  flow.  Compared  to  the  existing  model  which  is  comprised  of  only  an  ejector 
inlet  and  diverging  section,  the  new  ejector  model  contains  an  inlet,  intermediate  straight  section,  and  a  diverging 
section.  While  the  length  of  the  straight  section  is  not  modifiable  in  this  model,  its  length  has  been  selected  to 
correspond  to  the  optimum  ejector  geometry  found  through  thrust  augmentation  measurements.  A  column  of  closely 
spaced  holes  running  perpendicular  to  the  ejector  centerline  allows  for  the  diameter  of  the  ejector  to  be  varied  in  the 
range  2.5  <  DEjECT/Dpde  <5.5  without  exposing  any  holes  to  the  internal  detonation  flow  passing  through  the  ejector. 
This  range  encompasses  the  optimum  ejector-to-PDE  diameter  ratio  for  thrust  augmentation  that  has  been  found  by 
many  research  groups.  Replaceable  diverging  section  parts  allow  for  the  divergence  angle  to  be  varied  in  the  range 
0»<P<  12°  in  increments  of  2°.  Parts  (3),  (4),  and  (5)  describe  various  aspects  of  the  detonation  tube  itself,  which  is 
capable  of  being  translated  along  the  ejector  centerline  axis.  By  moving  the  detonation  tube,  the  axial  placement  of 
the  ejector  may  be  varied  in  the  range  -8  <  x/Dpde  <  4,  where  a  positive  placement  refers  to  an  overlapped  ejector 
and  detonation  tube. 


V.  Conclusion 

High-speed  visualization  of  the  internal  flow  of  a  PDE-driven  ejector  under  various  conditions  has  been 
performed  using  a  much  wider  field  of  view  than  has  been  available  in  the  past.  Many  flow  features  have  been 
captured  which  support  theories  inferred  from  indirect  measurements  of  surface  pressure  and  thrust,  including  the 
degree  of  entrainment  occurring  for  downstream  ejector  placement  as  compared  to  an  overlapped  PDE  and  ejector 
and  the  separation  that  arises  off  of  the  ejector  inlet  regardless  of  contouring.  Complex  shock  patterns  have  been 
shown  to  form  inside  the  ejector  from  the  leading  decoupled  shock  which  bear  a  striking  resemblance  to  the  cellular 
structure  characteristic  of  detonation  waves.  While  secondary  air  entrainment  through  viscous  shearing  of  the 
primary  jet  and  ambient  air  has  in  the  past  been  attributed  to  thrust  augmentation,  it  was  also  found  that  the 
overexpansion  of  the  detonation  tube  generates  a  significant  source  of  flow  entrainment  as  well  by  capturing 
secondary  air  from  the  same  source.  Once  the  overexpansion  is  complete,  this  captured  air  is  then  pumped  into  the 
ejector  instead  of  back  into  the  ambient  surroundings.  Images  of  the  exhaust  from  the  ejector  show  that  the  leading 
shock  expands  in  the  same  manner  as  the  detonation  wave  from  the  PDE.  In  the  axial  direction  the  expanding  shock 
is  much  stronger  and  transverse  portions  are  notably  weaker.  Furthermore,  the  primary  vortex  ring  that  emanates 
from  the  ejector  may  play  a  role  in  sideline  shock  noise  reduction  by  capturing  transverse  portions  of  secondary 
shock  waves.  Finally,  a  design  was  presented  for  a  new  2D  ejector  model  which  provides  the  capability  of 
simulating  an  ejector  in  forward  flight  conditions  as  well  as  the  ability  to  perform  phase-locked  flow  visualizations 
and  dynamic  and  static  pressure  measurements  along  the  internal  ejector  surface.  In  addition,  this  model  lends  itself 
to  the  precise  variation  of  an  extensive  range  of  ejector  geometric  parameters,  including  variables  that  are  unable  to 
be  modified  in  the  current  facility. 
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An  experimental  study  on  the  performance  of  pulse  detonation  engine  ejectors  was  performed.  Time-averaged 
thrust  augmentation  produced  by  straight  and  diverging  pulse  detonation  engine  ejectors  was  measured  using  a 
damped  thrust  stand.  The  ejector  length-to-diameter  ratio  was  varied  from  1.25  to  5.62  by  changing  the  length  of  the 
ejector  and  maintaining  a  nominal  ejector  diameter  ratio  of  2.75.  In  general,  the  level  of  thrust  augmentation  was 
found  to  increase  with  ejector  length.  Also,  the  ejector  performance  was  observed  to  be  strongly  dependent  on  the 
operating  fill  fraction.  A  new  nondimensional  parameter  incorporating  the  fill  fraction  was  proposed.  When  the 
pulse  detonation  engine  ejector  data  were  represented  as  a  function  of  this  new  parameter,  the  ejector  data  were 
reduced  to  one  representative  thrust  augmentation  curve  for  ejectors  of  similar  internal  geometry.  Straight  pulse 
detonation  engine  ejectors  compared  well  with  the  available  data  on  straight  steady-flow  ejectors.  Diverging  pulse 
detonation  engine  ejectors  produced  nearly  twice  the  thrust  augmentation  as  their  straight-ejector  counterparts  due 
to  the  additional  thrust  surface  area  the  divergence  provided.  All  pulse  detonation  engine  ejectors  tested  were  seen  to 
be  sensitive  to  the  axial  position  of  the  ejector  as  well.  The  optimum  ejector  axial  placement  was  found  to  be  a  function 
of  fill  fraction  due  to  a  tradeoff  between  the  detonation  wave  induced  drag  and  increased  mass  entrainment. 
Downstream  ejector  placements  performed  the  best  at  the  low  fill-fraction  operating  conditions. 
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Nomenclature 

ejector  diameter 

pulse  detonation  engine  detonation  tube  diameter 
ejector-to-pulse  detonation  engine  diameter  ratio 
(DR  =  DE]ECT/  Dpde) 
ejector  length 

pulse  detonation  engine  thrust  force  without  an 
ejector 

pulse  detonation  engine  thrust  force  with  an  ejector 

reference  thrust  force 

uncertainty 

pulse  detonation  engine  ejector  parameter 

(fi  —  E  eject/  D  eject /ff) 
ejector  thrust  augmentation  ratio 
(d>  =  fPDEejector/fpde) 


I.  Introduction 


PULSE  detonation  engines  (PDEs)  use  controlled  periodic 
detonations  of  a  combustible  mixture  to  generate  thrust  [1].  One 
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of  the  primary  motivations  for  PDE  development  has  been  based  on 
the  potential  gain  in  thermal  efficiency  that  can  be  achieved  with 
detonation  combustion  [2].  Experimental  and  computational 
researchers  have  demonstrated  some  success  in  obtaining 
competitive  specific  impulse  values  with  both  simplistic  [3]  and 
practical  [4,5]  PDE  cycles.  These  promising  results  have  led  to  many 
PDE  applications  being  proposed.  For  example,  it  has  been 
suggested  that  PDEs  can  be  used  as  cost-effective  replacements  for 
small  gas  turbine  engines,  as  potential  replacements  for  combustors 
on  existing  large-scale  gas  turbines,  or  as  thrust  augmenters. 
However,  even  if  PDE  performance  benefits  ultimately  reveal 
themselves  to  be  insignificant  in  practical  applications,  the  PDE 
cycle  will  still  be  an  attractive  propulsion  system  because  of  the 
reliability  benefits  of  having  very  few  moving  parts,  the  scalability  of 
the  engine,  and  the  flexibility  in  geometry  it  will  provide. 

A  common  approach  to  increasing  the  thrust  of  an  engine  at 
subsonic  flight  conditions  is  with  an  ejector.  An  ejector  is  a  coaxial 
duct  that  is  placed  around  the  exhaust  of  an  engine  to  direct  the 
entrainment  of  the  surrounding  flow  into  the  engine  exhaust  stream. 
The  use  of  steady-flow  ejectors  and  their  associated  design 
procedures  is  well  established.  The  application  of  ejectors,  however, 
to  unsteady  primary  flows  is  less  common.  Several  studies  [6-11] 
have  examined  unsteady  ejectors  driven  by  pulsejets  or  other 
nondetonation  devices  where  the  primary  airflow  was  either 
unsteady  or  exhibited  strong  acoustic  coupling  with  the  ejector. 
Lockwood  [6]  showed  that  an  unsteady  primary  flow  is  more 
efficient  in  producing  mass  entrainment  than  a  comparable  steady 
flow.  His  pulsejet  studies  showed  ejector  thrust  augmentation  ratios 
as  high  as  1.9,  much  greater  than  the  theoretical  isentropic  steady- 
flow  ejector.  He  attributed  the  unsteady  ejector  performance  to  a 
more  efficient  energy  transfer  process  between  the  primary  flow  and 
the  secondary  (entrained)  flow  through  in  viscid  processes,  whereas 
the  steady  ejector  relies  primarily  on  viscous  shear  mixing.  Because 
of  the  unsteady  nature  of  a  PDE,  these  results  suggest  that  an  ejector 
could  be  highly  effective  in  increasing  the  PDE  performance, 
specifically  for  subsonic  applications. 

Computational  studies  of  single-shot  PDE-driven  straight 
ejectors  using  an  Euler  code  demonstrated  the  impoWafte  of  the 


1317 


1318 


ALLGOOD  ET  AL. 


ejector- to-PDE  tube  diameter  ratio  in  achieving  thrust  augmentation 
and  its  sensitivity  to  fill  fraction  [12].  An  Euler  code  with  finite-rate 
chemistry  was  used  to  simulate  multiple  cycles  of  a  specific 
converging-diverging  ejector  driven  by  a  PDE  at  approximately 
120  Hz  [13].  These  simulations  demonstrated  the  potential  of  thrust 
augmentation  of  almost  80%.  Further  nondetonation  computational 
studies  highlighted  the  importance  of  the  starting  vortices,  precursor 
shocks,  and  direct  pressure  loads  created  by  the  gas  dynamic  (shock- 
tube)  processes  within  the  ejector  to  the  overall  thrust  augmentation 
performance  of  the  system  [14].  These  computations  suggested  that 
high  thrust  augmentation  for  PDE-ejector  applications  is  achievable 
and  highlighted  the  need  to  understand  the  gas  dynamics,  resonance 
phenomena,  and  flow  interactions  of  the  PDE-ejector  system  for 
optimum  performance. 

A  few  experimental  studies  of  PDE  ejectors  have  recently  been 
reported.  One  experimental  study  by  Rasheed  et  al.  [15],  using  a  5- 
cm-diam  H2-air  PDE  tube  at  10  Hz  with  7.62, 10.16,  and  15.24-cm- 
diam  ejectors,  showed  thrust  augmentation  levels  varying  from  +16 
to  —5%,  depending  on  the  configuration.  In  all  cases,  the  maximum 
thrust  augmentation  was  found  to  occur  with  the  ejector  located  fully 
downstream  of  the  PDE  tube.  Similar  experiments  using  C2H4-air 
showed  maximum  thrust  augmentation  levels  of  24%,  depending  on 
the  configuration  [16].  This  study  presented  supporting  flow 
visualizations  in  the  form  of  shadowgraph  images  of  the  ejector  inlet 
throughout  one  PDE  cycle.  In  both  of  the  preceding  studies,  the 
experimentally  measured  thrust  augmentation  ratio  was  significantly 
lower  than  the  augmentation  ratio  of  1.9  achieved  by  Lockwood’s 
pulsejet  experiments  [6]. 

One  possible  reason  for  the  discrepancy  in  the  referenced  works  on 
ejector  thrust  augmentation  could  be  the  lack  of  an  appropriately 
designed  ejector  inlet.  The  shape  of  the  ejector  inlet  is  very  important 
in  determining  the  ejector  performance  because  the  inlet  is  an 
aerodynamic  surface  that  guides  the  entrainment  of  the  surrounding 
mass  flow.  Allgood  et  al.  [17]  performed  high-speed  shadowgraph 
visualizations  of  optically  accessible  PDE  ejectors.  Their  results 
showed  significant  losses  in  mass  entrainment  and  strong  flow 
separation  when  PDE-ejector  inlets  were  not  properly  rounded  or 
contoured.  The  importance  of  an  aerodynamic  ejector  inlet  has  also 
been  proposed  by  Lockwood  [6],  Paxson  et  al.  [7],  and  Wilson  et  al. 
[18]. 

In  addition  to  ejector  inlet  geometry,  the  interior  surfaces  of  the 
ejector  can  serve  as  thrust  surfaces  on  which  the  pressure  forces  can 
act,  thereby  generating  additional  thrust.  Lockwood  [6]  showed 
substantial  thrust  improvement  when  using  a  divergent-type  ejector 
versus  a  straight  cylindrical  ejector  for  pulsejet  systems.  The 
experimental  work  by  Paxson  et  al.  [7]  also  used  ejectors  with  a  small 
diverging  section  at  the  end  of  the  ejector  for  unsteady  nondetonating 
primary  flow  systems.  Wilson  et  al.  [18]  have  demonstrated 
experimentally  the  augmentation  benefits  of  using  diverging  ejectors 
for  PDEs.  However,  the  mechanisms  by  which  a  diverging  ejector 
improves  the  thrust  augmentation  of  a  PDE  still  needs  further 
investigation. 

The  relative  size  of  the  ejector  to  the  primary  flow  driver  is  also 
known  to  have  a  significant  influence  on  ejector  performance.  An 
ejector  diameter  should  be  sized  large  enough  to  allow  sufficient  area 
for  the  primary  flow  to  entrain  the  secondary  flow.  However,  too 
large  of  an  ejector  diameter  could  reduce  the  effect  of  the 
accompanying  pressure  drop  on  the  ejector  inlet  as  well  as  the 
pressure  rise  on  a  diverging  ejector  interior  surface.  An  optimum 
ejector- to-driver  diameter  ratio  corresponding  to  a  peak  thrust 
augmentation  level  has  been  observed  for  a  variety  of  ejector  systems 
[6,7,18].  Typical  reported  values  of  optimum  diameter  ratios  range 
between  2.4  and  3.5. 

In  a  similar  manner,  the  axial  placement  of  the  ejector  can  also 
affect  the  ejector  flow  dynamics.  Experimental  results  by  Allgood 
et  al.  [17]  have  shown  that  the  level  and  efficiency  of  the  PDE-ejector 
entrainment  can  be  restricted  with  an  upstream  axial  placement  of  the 
ejector.  On  the  other  hand,  a  downstream  ejector  placement  between 
one  to  two  PDE  diameters  resulted  in  a  cleaner  flowpath  for  the 
secondary  flow  to  be  entrained  into  the  ejector.  This  observation  is  in 
agreement  with  the  PDE-ejector  thrust  measurements  reported  by 


Rasheed  et  al.  [15],  and  similar  trends  were  found  by  Paxson  et  al.  [7] 
for  pulsejet-ejector  systems.  Recently,  Glaser  et  al.  [19]  did  an  in- 
depth  study  on  the  effects  of  ejector  axial  placement  and  ejector 
geometry  for  PDE-ejector  systems. 

In  addition  to  ejector  geometry  and  placement,  there  are  many 
operating  parameters  that  have  been  shown  to  drastically  affect  the 
performance  of  a  PDE,  and  thus  will  most  likely  affect  the  PDE- 
ejector  performance  as  well.  For  example,  PDE  thrust  has  been 
observed  to  scale  linearly  with  frequency  of  detonations  because  it  is 
desirable  to  minimize  the  time  of  each  filling  event  and  maximize  the 
frequency  of  the  overall  PDE  cycle  [3].  Thus,  adjusting  the  PDE 
cycle  frequency  is  one  proposed  method  of  throttling  the  engine. 
Another  way  of  throttling  the  engine  is  to  alter  the  amount  of  fuel- 
oxidizer  mixture  that  fills  the  PDE  tube  before  ignition.  The  fraction 
of  the  PDE  tube  filled  with  a  detonable  mixture  relative  to  the  total 
tube  volume  is  defined  as  the  fill  fraction.  Although  the  PDE  thrust 
has  been  shown  to  decrease  with  a  reduction  in  fill  fraction,  the  fuel- 
based  specific  impulse  values  increased  at  a  faster  rate  [4].  This 
performance  gain  observed  at  lower  fill  fractions  was  attributed  to  the 
detonation  shock  wave  compressing  the  nonreactants  occupying  the 
remainder  of  the  PDE  tube.  Allgood  et  al.  [4]  demonstrated 
experimentally  the  performance  benefits  of  partially  filling  the 
detonation  tube  for  a  multicycle  PDE  operation.  Their  results  showed 
the  partial-fill  effect  being  independent  of  PDE  cycle  frequency  for  a 
constant  area  detonation  tube. 

The  current  work  presents  an  experimental  study  on  the 
performance  benefits  of  axisymmetric  ejectors  for  multicycle  pulse 
detonation  engines.  The  effect  of  fill  fraction  on  PDE-ejector 
performance  has  been  quantified.  The  performance  sensitivity  of 
PDE  ejectors  to  ejector  length,  internal  diverging  geometry,  and 
relative  axial  placement  has  also  been  measured.  A  comparison 
between  PDE  ejectors  and  other  ejector  systems  was  given,  and  a 
new  normalization  of  PDE-ejector  data  has  been  proposed  for 
comparing  PDE-ejector  data  to  other  ejector  systems.  In  addition  to 
performance  measurements,  flow  visualizations  were  performed  on 
similar  ejector  geometries  to  further  explain  the  trends  observed  in 
the  performance  data. 

II.  Experimental  Facility 

A.  Pulse  Detonation  Engine  System  Description 

Thrust  augmentation  measurements  of  PDE-driven  ejectors  were 
performed.  The  pulse  detonation  engine  test  facility  at  the  U.S.  Air 
Force  Research  Laboratory  at  Wright-Patterson  Air  Force  Base  was 
used  to  obtain  the  thrust  measurements.  Premixed  hydrogen  and  air 
were  delivered  to  a  single  round  detonation  tube  by  way  of  a 
mechanical  valve  system  constructed  from  a  modified  four-cylinder 
automotive  head.  The  automotive  valve  system  could  be  operated  at 
frequencies  up  to  40  Hz.  Because  of  the  nature  of  automotive 
valving,  the  PDE  cycle  was  divided  equally  between  three  main 
processes:  1)  filling  the  PDE  with  fresh  reactants,  2)  ignition, 
detonation,  and  blowdown  of  the  high-pressure  products,  and 
3)  purging  the  PDE  with  a  buffer  of  cold  air.  The  hydrogen  and  air 
were  metered  through  choked  flow  orifices.  The  fill  fraction  (ff)  was 
varied  by  controlling  the  upstream  propellant  delivery  pressures  via 
control  valves.  By  measuring  the  fuel-air  flow  rates  and  controlling 
the  valve  timing  and  frequency,  the  fill  fraction  and  purge  fraction 
were  known.  The  maximum  error  in  volume  flow  rate  measurements 
was  found  to  be  ±3%.  This  translated  directly  into  a  relative  error  in 
fill-fraction  measurements  of  also  ±3%.  High-speed  shadowgraph 
and  chemiluminescence  imaging  of  the  exhaust  flow,  combined  with 
exit  pressure  transducers,  provided  a  secondary  means  of  verifying 
the  baseline  reference  condition  of  ff  =  1 . 

The  deflagration-to-detonation  transition  of  the  hydrogen-air 
mixture  was  enhanced  by  the  use  of  Shchelkin-type  spirals  of  0.3  m 
length.  The  Shchelkin  spiral  occupied  only  16%  of  the  total  PDE  tube 
length.  Two  pressure  transducers  (PCB  M102A)  were  mounted 
0.1524  m  apart  to  monitor  detonation  shock  speeds  and  validate  that 
Chapman-Jouguet  detonations  were  produced.  The  transducer 
closest  to  the  exit  of  the  PDE  was  placed  a  distance  of  0.36  m  from  the 
PDE  exit.  The  pressure  data  were  collected  via  a  reM§t  5  MHz 
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16-channel  A/D  converter  system.  The  measured  wave  speed  at  a  fill 
fraction  of  1.0  was  on  average  1988  m/s  (±13  m/s),  which  is  less 
than  2%  deviation  from  the  theoretical  Chapman-Jouguet  wave 
speed  of  1966  m/s  for  a  stoichiometric-air  mixture. 

The  PDE  was  mounted  on  a  damped  thrust  stand  rated  for  a 
maximum  thrust  load  of  4500  N.  The  thrust  stand  was  designed  to 
measure  the  time-averaged  thrust  of  the  dynamic  PDE.  The  thrust 
stand  consisted  of  linear  bearings  riding  along  a  pair  of  low-friction 
rails.  The  PDE  was  allowed  to  move  freely  on  the  rails  but  its  motion 
was  weakly  damped  by  springs  to  prevent  any  resonance  effects.  To 
remove  the  effects  of  static  friction,  the  PDE  was  continuously 
actuated  forward  and  backward  by  a  linear  actuator.  Because  this  was 
a  known  force,  it  could  be  subtracted  from  the  measurements  to  get 
the  true  average  thrust  of  the  engine.  The  thrust  measurements  were 
calibrated  by  placing  static  weights  and  measuring  the  displacement 
with  a  positional  sensor.  No  hysteresis  in  the  system  was  observed 
throughout  the  testing.  Calibration  curves  were  obtained  before  and 
after  each  set  of  tests  to  monitor  changes  in  the  system.  A  linear 
relationship  between  the  applied  load  and  measured  thrust  was 
observed  for  the  entire  range  of  PDE  thrust  loading,  with  a  maximum 
recorded  standard  deviation  of  approximately  ±1  N.  The  repeat¬ 
ability  of  the  data  was  observed  to  be  within  this  error  band  and  thus 
indistinguishable  from  the  measurement  error.  For  a  more  detailed 
description  of  the  PDE  test  facility  and  thrust  measurement  system, 
the  reader  is  referred  to  the  recent  paper  by  Allgood  et  al.  [4]. 
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Fig.  1  Schematics  of  the  straight  and  diverging  PDE  ejectors. 


no  ejector  and  the  integrated  PDE-ejector  system  were  obtained  at  the 
same  fill  fractions  ranging  from  0.4  to  1 . 1 .  A  PDE  fill  fraction  greater 
than  1.0  means  that  the  PDE  combustion  chamber  was  overfilled 
with  a  detonable  mixture  of  fuel  and  oxidizer  before  ignition. 


B.  Pulse  Detonation  Engine  Ejector  Test  Conditions 

The  PDE  detonation  tube  was  constructed  of  a  steel  pipe  of 
5.08  cm  diameter  Dpde  and  1.83  m  length.  The  main  operating 
parameters  that  could  be  varied  were  the  following:  1)  the  fuel/air 
mixture,  2)  the  fill  fraction,  3)  the  purge  fraction  (pf),  4)  the  ignition 
delay,  and  5)  the  PDE  cycle  frequency.  The  fill  fraction  and  purge 
fraction  are  defined  as  the  ratio  of  the  detonation  tube  filled  with  a 
fuel/air  or  air  mixtures,  respectively.  The  ignition  delay  was  defined 
as  the  delay  in  time  in  which  the  spark  was  actuated  after  the  valves 
closed.  For  all  test  conditions,  the  PDE  was  operated  at  a  30  Hz  cycle 
frequency  with  a  stoichiometric  mixture  of  hydrogen  and  air,  a  purge 
fraction  of  0.5,  and  an  ignition  delay  of  0.5  ms.  Only  the  operating  fill 
fraction  was  varied  in  the  current  tests. 

Thrust  augmentation  levels  of  axisymmetric  ejectors  for  pulse 
detonation  engine  applications  were  quantified.  All  ejectors  were 
mounted  coaxially  to  the  PDE  exhaust  and  had  a  rounded  or 
contoured  bell-mouth  inlet.  As  depicted  in  Fig.  1 ,  two  sets  of  ejectors 
were  tested:  straight  cylindrical  ejectors  and  straight  cylindrical 
ejectors  with  a  diverging  exhaust  end  piece.  The  length  LEJECX  °f  the 
straight  and  diverging  ejectors  were  varied  by  extending  the  length  of 
the  straight  or  straight-intermediate  sections,  respectively.  The 
diverging  ejector  end  piece  had  a  4  deg  half-angle  of  divergence  at  a 
fixed  length  of  19.3  cm.  A  similar  4  deg  half- angle  of  divergence  was 
used  by  Lockwood  [6]  in  his  pulsejet-ejector  experiments.  The 
diameter  DEJECX  of  the  straight/straight-intermediate  sections  was  set 
at  a  fixed  value  of  13.97  cm.  Thus,  the  ejector-to-PDE  diameter  ratio 
was  kept  constant  throughout  the  tests  at  a  value  of  2.75.  This  value 
was  selected  because  it  closely  matched  the  optimum  diameter  ratios 
reported  in  other  ejector  experiments  [6,7,17,18]. 

A  range  of  ejector  length-to-diameter  ratios  (LEJECT /Reject)  were 
also  tested  and  are  listed  in  Table  1 .  The  relative  position  between  the 
PDE  exhaust  and  the  ejector  inlet  was  varied  as  depicted  in  Fig.  1. 
Both  upstream  (x/Dpde  <  0)  and  downstream  (x/Dpde  >  0)  ejector 
axial  placements  were  tested.  The  range  in  axial  placements  tested  for 
both  straight  and  diverging  ejectors  are  given  in  Table  1.  To 
determine  the  PDE-ejector  thrust  augmentation  dependence  on  fill 
fraction,  thrust  measurements  of  both  the  baseline  configuration  with 


III.  Results  and  Discussion 

A.  Baseline  Testing  of  Pulse  Detonation  Engine 

The  selected  baseline  configuration  for  the  ejector  tests  was  the 
1.83-m-length  PDE  detonation  tube  (5.08-cm-diam)  without  an 
exhaust  nozzle.  The  fill  fraction  for  the  baseline  was  varied  from  0.4 
to  1.1  while  maintaining  a  near  stoichiometric  fuel-air  ratio,  an 
ignition  delay  of  0.5  ms,  a  purge  fraction  of  0.5,  and  a  cycle  frequency 
of  30  Hz.  The  thrust  values  for  the  baseline  PDE  configuration  are 
given  in  Fig.  2  as  function  of  experiment  run  time.  The  run  time  is 
represented  in  number  of  PDE  cycles,  and  the  thrust  is  normalized 
according  to  a  reference  thrust  value.  The  reference  thrust  used  in 
normalizing  this  data  was  selected  to  be  the  thrust  value  (77  N)  for  the 
baseline  configuration  at  a  fill  fraction  of  1 .0.  Because  the  PDE  thrust 
was  measured  using  a  damped  thrust  stand,  there  was  an  associated 
time  constant  that  delayed  the  average  thrust  from  being  recorded,  as 
shown  by  the  slowly  rising  thrust  curves  in  Fig.  2.  This  transient 
delay  between  the  first  PDE  cycle  during  each  test  and  the  time  when 
a  near  steady-state  thrust  level  was  reached  was  approximately  33  s, 
or  1000  PDE  cycles,  for  all  fill  fractions  tested.  The  observed  33  s 
time  constant  was  a  result  of  the  characteristics  of  the  highly  damped 
thrust  stand  designed  to  measure  an  average  thrust  of  a  pulse 
detonation  engine,  and  was  also  due  to  the  transient  time  required  for 
the  PDE  to  reach  thermal  equilibrium.  All  thrust  data  presented  in  this 
paper  corresponded  to  the  average  plateau  in  thrust  recorded  after  the 
PDE  had  been  operating  continuously  for  approximately  1000  PDE 
cycles. 

The  variation  in  thrust  and  fuel-based  specific  impulse  with  fill 
fraction  is  plotted  in  Fig.  3.  The  trends  observed  were  consistent  with 
those  found  by  other  researchers.  The  maximum  thrust  occurs  at 
maximum  fill  fraction  and  decreases  nonlinearly  with  fill  fraction. 
This  nonlinear  drop  in  thrust  with  reduced  fill  fraction  is  attributed  to 
the  unfilled  portion  of  the  detonation  tube  acting  as  a  straight  nozzle. 
Two  sets  of  expansion  waves  form  during  the  detonation  propagation 
for  a  straight  nozzle  configuration.  The  first  set  forms  as  the 
detonation  shock  wave  crosses  the  interface  between  the  filled  and 
unfilled  portion  of  the  tube.  The  second  set  of  expansion  waves, 
which  are  much  stronger  than  the  first,  forms  as  the  detonation  wave 


Table  1  Pulse  detonation  engine  ejector  test  matrix  (Dejecx/Dpde  =  2.75) 


Fill  fraction 

Ejector  length-to-diameter  ratio  (LEJECX/DEJECT) 

Ejector  axial  position  (x/Dpde) 

Straight  ejector 

0.4-1. 1 

1.25-4.25 

-1. 5-2.0 

Diverging  ejector 

0.4-0. 8 

2.62-5.62 

—2. 0-4.0 
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Number  of  PDE  Cycles 

Fig.  2  Baseline  PDE  average-thrust  measurements  versus  number  of 
PDE  cycles  (Dpde  =  5.08  cm,  Fref  =  77  N). 
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Fig.  3  Baseline  PDE  thrust  and  fuel-based  specific  impulse  variation 
with  fill  fraction  (Dpde  =  5.08  cm,  Fref  =  77  N). 


and  exhaust  gases  exit  the  PDE  tube.  Essentially,  the  detonation 
shock  wave  serves  to  compress  the  gases  occupying  the  unfilled 
portion  of  the  detonation  tube,  thereby  maintaining  the  pressure 
inside  the  detonation  tube  at  a  higher  pressure.  This  increased 
blowdown  time  with  a  straight  nozzle  results  in  higher  thrust.  For 
example,  if  this  straight  nozzle  or  “partial-fill”  effect  were  not 
present,  the  thrust  at  a  fill  fraction  of  0.5  would  be  approximately 
50%  of  the  thrust  obtained  with  a  fill  fraction  of  1 .0.  The  data  in  Fig.  3 
show  that  the  thrust  at  a  fill  fraction  of  0.5  was  instead  approximately 
65%.  Thus,  a  15%  thrust  increase  was  generated  by  the  partial-fill 
effect  at  a  fill  fraction  of  0.5.  This  effect  continued  to  increase  as  the 
fill  fraction  was  reduced.  Also,  because  the  PDE  thrust  levels 
decreased  at  a  slower  rate  than  the  reduction  in  fuel  mass  flow  rate, 
the  fuel-based  specific  impulse  values  increased  as  shown  in  Fig.  3. 
Specific  impulse  values  as  high  as  3700  s  were  obtained  for  the 
baseline  configuration  without  an  ejector. 

B.  Effects  of  Fill-Fraction 

In  current  work,  the  thrust  augmentation  of  the  integrated  PDE- 
ejector  system  has  been  represented  by  an  augmentation  ratio  <f>, 
where  d>  is  the  total  thrust  of  the  PDE-ejector  system  FPDEejector 
normalized  by  the  thrust  of  the  PDE  without  an  ejector  FPDE  but 
operating  at  the  same  engine  conditions.  By  normalizing  the  thrust 
data  in  this  manner,  the  data  will  reflect  solely  the  performance  of  the 
ejector  at  those  engine  conditions.  This  definition  is  consistent  with 
the  historical  approach  for  representing  ejector  thrust  augmentation. 
The  authors  would  also  like  to  point  out  that,  although  the 
contributions  to  thrust  by  the  momentum  of  the  “engine-cold”  fuel/ 
air  and  purge  gases  were  known,  as  shown  in  Fig.  2,  no  correction  to 
the  thrust  data  by  subtraction  of  these  thrust  values  was  performed. 


The  reasoning  for  this  was  that  the  true  contribution  to  the  total  thrust 
by  the  fuel/air  and  purge  gases  during  engine  operation  (i.e.,  ignition 
on)  was  unknown  during  the  cycle,  due  to  Rayleigh  flow  effects  of 
heat  addition  to  these  gases  by  the  PDE  confining  walls  and  its 
subsequent  effects  on  the  momentum  of  these  gases.  However,  the 
selected  normalization  of  the  PDE-ejector  thrust  data  attempts  to 
correct  for  these  effects  by  normalizing  the  PDE  thrust  data  at  the 
same  engine  operating  condition. 

As  mentioned  earlier,  the  total  uncertainty  in  the  thrust 
measurements  was  estimated  to  be  ±1  N.  Using  the  standard 
propagation  of  uncertainty  equation  established  by  Kline  and 
McClintock  [20],  the  uncertainty  in  the  thrust  augmentation  ratio  <f> 
can  be  computed  using  the  following  relation: 


Substituting  the  equation  for  <£>  given  in  the  Nomenclature  section  of 
this  paper  gives  the  following  reduced  formula  for  the  uncertainty  in 
the  thrust  augmentation  ratio  as  a  function  of  the  thrust  of  the  PDE 
and  the  uncertainty  in  the  thrust  measurements: 


Equation  (2)  shows  that  the  uncertainty  in  thrust  augmentation 
measurements  will  be  maximized  when  the  thrust  levels  of  the  PDE 
are  at  a  minimum  and  augmentation  ratios  are  large.  For  the  current 
tests,  these  occurred  at  the  lowest  PDE  fill  fraction  tested  (ff  =  0.4). 
The  maximum  uncertainty  of  the  current  test  data  was  found  to  be 
0.048,  whereas  the  average  uncertainty  was  0.033. 

The  thrust  of  the  PDE  ejectors  was  measured  at  fill  fractions 
ranging  from  0.4  to  1.1.  However,  due  to  flow  rate  restrictions  and 
backfire  problems  into  the  delivery  manifold,  most  tests  were  limited 
to  a  maximum  fill  fraction  of  0.8.  Figure  4  is  a  plot  of  the  percent 
thrust  augmentation  for  a  selected  set  of  the  straight  and  diverging 
ejectors  tested  as  a  function  of  fill  fraction.  All  ejectors  showed  that 
the  best  relative  augmentation  performance  was  obtained  at  the 
lowest  operating  fill  fraction,  and  the  level  of  thrust  augmentation 
was  seen  to  have  an  inverse  relation  to  fill  fraction.  The  maximum 
recorded  thrust  augmentation  was  with  the  longest  diverging  ejector 
(Xeject  / Dejecx  =  5.62)  and  was  on  the  order  of  65%  of  the  baseline 
thrust  (or  =  1.65)  at  the  fill  fraction  of  0.4.  Doubling  the  fill 
fraction  for  this  PDE-ejector  system  resulted  in  a  decrease  of  the 
relative  thrust  augmentation  to  roughly  5 1  %  of  the  baseline  thrust  (or 
O  =  1.51).  The  straight  ejectors  did  not  perform  as  well  as  the 
diverging  ejectors  but  had  roughly  the  same  dependency  on  fill 
fraction.  For  the  shortest  straight  ejector  (T  eject /Reject  =  1.25), 
negative  thrust  augmentation  (or  drag)  was  measured  at  the  high  fill- 
fraction  conditions  (ff  >0.8). 


-3-  L/D=2.62,  DE 
-A-  L/D=3.62,  DE 
-©-  L/D=5.62,  DE 
-B-L/D=1.25,SE 
-A-  L/D=2.25,  SE 
L/D=3.25,  SE 


0.2  0.4  0.6  0.8  1  1.2 
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Fig.  4  Straight  (SE)  and  diverging  (DE)  PDE-ejector  thrust 
augmentation  variation  with  fill  fraction  for  three  ejector  L/D  ratios 
(DR  =  2.75,x/Dpde  =  +2.0).  1493 
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To  obtain  a  better  understanding  of  why  the  increased  fill  fraction 
resulted  in  reduced  ejector  performance,  flow  visualizations  were 
performed  on  an  optically  accessible  two-dimensional  ejector  of  a 
similar  geometry  as  those  used  in  the  current  performance  tests. 
Figures  5  and  6  are  instantaneous  snapshots  of  high-speed  flame 
luminosity  imaging  and  particle  flow  visualizations  of  the  PDE 
ejector  operating  at  a  fill  fraction  of  1.0.  The  time  corresponding  to 
each  image  has  been  specified  relative  to  the  exiting  of  the  detonation 
wave.  Although  these  flow  visualizations  are  qualitative,  both 
visualization  techniques  clearly  show  a  strong  blast  wave  exiting  the 
PDE  and  eventually  impinging  on  the  inlet  surface  of  the  ejector.  The 
impingement  of  these  high-pressure,  high-temperature  gases  on  the 
ejector  inlet  were  believed  to  be  a  primary  source  of  ejector  drag  (or 
negative  thrust  augmentation).  As  the  fill  fraction  of  the  PDE  was 
decreased,  the  strength  of  the  blast  wave  and  thus  its  induced  drag 
contribution  should  also  have  decreased.  In  addition  to  the  induced 
drag  by  the  PDE  blast  wave,  exhaust  gases  were  observed  to  have 
been  expelled  out  of  the  ejector  inlet,  with  the  level  and  duration  of 
expelled  flow  decreasing  as  the  fill  fraction  was  reduced.  This 
translated  into  negative  entrainment  during  the  early  portion  of  the 
PDE  cycle.  Later  in  the  PDE-ejector  cycle,  the  flame  and  particle 
flow  visualizations  showed  a  positive  direction  of  entrainment  as 
depicted  in  Figs.  5  and  6.  These  observations  were  similar  to  those 
reported  by  Allgood  et  al.  in  a  separate  study  [17]. 

C.  Effects  of  Ejector  Length-to-Diameter  Ratio 

In  addition  to  the  operating  condition  of  the  PDE,  the  geometry  of 
the  ejector  was  seen  to  play  an  important  role  in  the  ejector 
performance.  The  lengths  of  the  ejector  were  varied  by  changing  the 


Fig.  5  High-speed  flame  luminosity  imaging  of  a  two-dimensional 
diverging  PDE  ejector;  vectors  indicate  direction  of  visible  flame 
propagation  (LEJECX  /Reject  =  2.9,  DR  =  2.2,  x/DPJ)E  =  +1.0, 
ff  =  1.0). 


Fig.  6  Particle  flow  visualizations  of  a  two-dimensional  diverging  PDE 
ejector  (LEJECX/DEJECX  =  2.9 ,DR  =  2.2,  x/DPT>E  =  +1.0,  ff  =  1.0). 


length  of  the  straight  or  straight-intermediate  sections,  as  depicted  in 
Fig.  1,  while  maintaining  a  constant  diameter  of  13.97  cm. 
Conventionally,  ejector  augmentation  data  have  been  plotted  as  a 
function  of  the  ejector  length-to-diameter  ratio  (TEJECX/DEJECX).  In 
Fig.  7,  the  PDE-ejector  thrust  augmentation  of  the  current  work  has 
been  plotted  as  a  function  of  TEJECX/DEJECX  along  with  other 
available  data  from  PDE  ejectors,  pulsejet  ejectors,  and  steady 
ejectors.  Figure  7  shows  that,  for  the  straight  PDE  ejectors,  an 
increase  in  LEJECX /DEmCT  ratio  corresponded  to  an  increase  in  the 
relative  thrust  augmentation.  There  existed  a  maximum  at  an 
LEJEct/DEJEct  ratio  between  3  and  4.  The  PDE  straight-ejector 
(DR  =  2.75)  thrust  augmentation  measured  in  the  current  study  is  in 
good  agreement  with  those  reported  by  Rasheed  et  al.  [15] 
(DR  =  2.0)  for  a  fill  fraction  of  1.0.  The  largest  straight  ejector 
(DR  =  2.9)  tested  by  Rasheed  et  al.  had  a  better  performance  than  the 
current  work’s  straight  ejector  (DR  =  2.75),  whereas  their  smallest 
straight  ejector  (DR  =  1.5)  showed  very  poor  performance.  No  data 
were  reported  by  Rasheed  et  al.  for  other  fill  fractions  or  ejector 
geometries. 

The  data  plotted  in  Fig.  7  also  include  thrust  augmentation  values 
performed  by  Morrison  [21]  for  straight-walled  steady  ejectors  and 
diverging  pulsejet  ejectors.  The  straight  steady-ejector  augmentation 
levels  agree  very  well  with  the  current  straight  PDE-ejector  data 
when  the  fill  fraction  was  close  to  1.0.  A  straight  PDE  ejector 
operating  at  a  lower  fill  fraction  was  observed  to  outperform  the 
steady  ejector  at  a  similar  L  eject /Reject  ratio. 

The  diverging  PDE  ejectors  showed  nearly  twice  as  much  thrust 
augmentation  as  the  comparable  straight  PDE  ejectors.  This 
improvement  with  a  diverging  ejector  was  also  reported  by 
Lockwood  [6].  The  pulsejet  ejectors  tested  by  Lockwood  were  of  a 
diverging  type  with  the  same  8  deg  total  angle  used  in  the  current 
work.  However,  the  pulsejet  ejectors  appeared  to  outperform  the 
PDE  diverging  ejectors  and  have  a  much  smaller  optimum 
^ eject / ^ eject  ratio  of  about  1.5.  The  PDE  diverging  ejectors 
showed  an  increase  in  performance  with  increased  length.  The 
diverging  PDE-ejector  performance  leveled  off  at  an  LEJECX/DEJECX 
ratio  around  a  value  of  6.0,  a  value  much  greater  than  the  optimum 
LEJEct/DEjECt  ratio  of  the  straight  PDE  ejectors. 

It  has  been  demonstrated  both  numerically  [3]  and  experimentally 
[4,22,23]  that  the  fuel-based  specific  impulse  of  an  air-breathing 
PDE  varies  inversely  with  the  PDE  fill  fraction  due  to  advantageous 
shock  compression  of  the  unfilled  volume  of  the  combustor  by  the 
detonation  waves.  This  was  also  shown  in  Fig.  3  of  the  current  paper. 
In  theory,  the  partial-fill  effect  on  PDE  engine  performance  should  be 
similar  for  a  PDE-ejector  system  as  well,  because  similar  gas 
dynamics  are  occurring.  To  better  understand  and  isolate  the 
performance  gains  provided  by  the  ejector,  the  authors  have 
proposed  a  new  nondimensional  parameter  (J3  =  LEmCT/DEmCT/ ff) 
to  be  used  in  plotting  PDE-ejector  thrust  augmentation.  Figure  8 
shows  that,  when  the  current  thrust  augmentation  data  are  plotted  as  a 
function  of  the  PDE-ejector  parameter  /3,  the  thrust  augmentation 
collapses  onto  one  performance  curve  for  similar  ejector  types. 


Leject/Deject 

Fig.  7  Normalization  of  straight  (SE)  and  diverging  (DE)  ejector 
performances  using  the  ejector  L/D  ratio  (DR  =  2.75,  x/D^E  =  +2.0). 
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A  ff=0.6,  DE 
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•  ff=0.8,  SE 

- Ref.  21  Steady 

SE  (DR=2.74) 

■  Ref.  15PDESE 
(ff=1) 


Leject /Deject /ff 

Fig.  8  Proposed  normalization  of  PDE-ejector  data  for  incorporating 
the  PDE  fill  fraction  (DR  =  2.75,  x/Dpde  =  +2.0). 
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Axial  Position  of  Ejector  (x/Dpde) 

Fig.  9  Effects  of  axial  position  on  diverging  ejector  performance  for 
three  operating  fill  fractions  (Eeject/Dejecx  =  5.62 ,DR  =  2.75). 


However,  different  thrust  augmentation  performance  curves  exist  for 
different  ejector  geometry  types,  such  as  straight  or  diverging 
ejectors.  For  example,  Fig.  8  indicates  that  a  better  thrust 
augmentation  curve  was  obtained  for  a  4  deg  diverging  PDE  ejector 
than  that  of  a  straight  PDE  ejector.  This  was  attributed  to  the 
additional  thrust  surface  area  that  the  divergence  of  the  internal 
surface  of  the  ejector  provided  (see  Fig.  1).  Each  ejector  performance 
curve  also  indicated  there  was  a  single  optimum  /3  value.  This  means 
that  PDE-ejector  performance  is  not  only  highly  dependent  on  its 
length-to-diameter  ratio  as  typical  ejector  systems,  but  also  on  the 
operating  conditions  of  the  PDE.  Other  engine  operating  conditions, 
such  as  equivalence  ratio  and  frequency,  will  obviously  affect  PDE- 
ejector  performance  as  well  and  should  be  investigated  further. 
However,  the  preliminary  data  shown  in  Fig.  8  indicate  that  the 
correlation  between  straight  steady  ejectors  (ff  =1.0)  and  straight 
PDE  ejectors  was  quite  reasonable.  In  addition,  the  PDE-ejector  data 
provided  by  Rasheed  et  al.  [15]  also  agreed  reasonably  well  when 
plotted  in  this  fashion. 

D.  Effects  of  Ejector  Axial  Position 

Another  geometrical  parameter  varied  in  these  tests  was  the 
relative  position  of  the  ejector  inlet  to  the  exhaust  of  the  PDE.  All 
previous  results  reported  in  this  paper  were  for  an  axial  position  of 
x/Dpde  =  2.0,  meaning  the  ejector  was  placed  a  distance  of  two  PDE 
diameters  downstream  of  the  PDE  exit.  However,  many  previous 
studies  on  ejectors  showed  that  the  augmentation  is  very  sensitive  to 
its  axial  location  [6-8,16-19].  For  this  reason,  the  straight  ejector 
eject / D eject  —  1 -25)  and  the  diverging  ejector  (LEject /Reject— 
5.62)  were  moved  upstream  and  downstream  of  the  PDE  exhaust.  In 
addition,  because  the  results  shown  previously  also  indicated  a 
strong  dependence  on  fill  fraction,  the  fill  fraction  was  varied  at  each 
ejector  axial  position. 

Figure  9  shows  results  for  the  diverging  ejector  at  three 
operating  fill  fractions  and  for  x/Dpde  locations  extending  from 
upstream  of  —2  to  4  diameters  downstream.  The  sensitivity  to  axial 
location  was  most  pronounced  with  the  lower  fill  fraction  of  0.4. 
For  this  operating  condition,  the  optimum  x/Dpde  was  a 
downstream  placement  of  +2  diameters.  As  the  fill  fraction  was 
increased,  the  performance  of  the  downstream  ejector  placements 
decreased  relative  to  the  upstream  placements.  At  a  fill  fraction  of 
0.8,  the  optimum  location  was  measured  to  be  either  inline  or 
slightly  upstream  of  the  PDE  exhaust.  This  effect  can  be  attributed 
to  the  induced  drag  generated  by  the  PDE  wave,  which  was 
discussed  earlier  in  the  paper  and  is  shown  in  Figs.  5  and  6.  A 
downstream  placement  of  the  ejector  at  the  lower  fill  fractions  was 
more  optimal  because  it  did  not  experience  as  high  of  an  induced 
wave  drag,  and  it  allowed  the  secondary  flow  to  be  more  readily 
entrained  without  restrictions.  This  effect  was  also  observed  by 
Allgood  et  al.  [17]  in  their  PDE-ejector  visualizations. 

Figure  10  shows  the  relationship  between  the  ejector  thrust 
augmentation  and  the  axial  placement  of  the  ejector  and  the  PDE 


Fill  Fraction 


-ee  x/D  =  -2.0,  DE 
x/D  =  0.0,  DE 
-e-  x/D  =  +2.0,  DE 
x/D  =  -1.5,  SE 
+  x/D  =  0.0,  SE 
-•-x/D  =  +2.0,  SE 


Fig.  10  Performance  sensitivity  of  straight  (TEJECX/DEJECX  =  1.25) 
and  diverging  (TEjECX/DEJECX  =  5.62)  ejectors  to  the  operating  fill 
fraction  (arrows  indicate  a  positive  downstream  change  in  ejector  axial 
position). 


fill  fraction.  The  thrust  augmentation  ratios  are  plotted  as  a 
function  of  fill  fraction  for  three  representative  ejector  axial 
placements:  upstream,  inline,  and  downstream.  Both  the  straight 
and  diverging  ejector  configurations  showed  that,  as  the  fill 
fraction  was  increased,  the  downstream  placement  performance 
dropped  and  the  upstream  placement  performance  increased.  This 
indicates  again  that  the  optimum  axial  placement  of  a  PDE  ejector 
is  dependent  on  fill  fraction.  Furthermore,  because  both  the 
diverging  and  straight  ejector  geometries  showed  very  similar 
trends,  the  effect  of  fill  fraction  was  most  likely  having  a  primary 
impact  on  the  ejector  bell  mouth  and  not  on  the  internal  thrust 
surfaces.  This  conclusion  is  supported  by  the  visualizations 
presented  in  Figs.  5  and  6. 


IV.  Conclusions 

An  experimental  study  of  the  performance  of  pulse  detonation 
engine  ejectors  was  performed.  Time- averaged  thrust  augmenta¬ 
tion  produced  by  straight  and  diverging  PDE  ejectors  was 
measured  using  a  damped  thrust  stand.  The  ejector  length-to- 
diameter  ratio  was  varied  from  1.25  to  5.62  by  changing  the  length 
of  the  ejector  while  maintaining  a  nominal  ejector- to-PDE  diameter 
ratio  of  2.75.  The  operating  fill  fraction  was  varied  from  0.4  to  1.1. 
The  PDE-ejector  thrust  augmentation  was  found  to  be  strongly 
dependent  on  the  operating  fill  fraction.  A  reduction  in  fill  fraction 
corresponded  to  higher  levels  of  ejector  thrust  augmentation  for  all 
^ eject / ^ eject  ratios  tested  and  for  both  the  straight  and  diverging 
ejectors.  This  improvement  in  ejector  performance  by  operating  at 
low  fill-fraction  conditions  was  attributed  to  a  reduction  in  induced 
wave  drag  on  the  ejector  inlet  produced  by  the  detonation  blast 
waves.  The  diverging  ejector  geometry  showAf^he  best 
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performance  due  to  increased  thrust  surface  area.  The  diverging 
ejector  produced  a  maximum  of  65%  thrust  augmentation 
(<t>  =  1.65)  compared  to  a  28%  (d>  =  1.28)  thrust  augmentation 
with  the  straight  ejector  at  a  fill  fraction  of  0.4. 

In  general,  longer  ejectors  outperformed  short  ejectors.  Ejectors 
with  TEJECX/Z)EjECX  ratios  greater  than  3.0  showed  the  best 
performance.  For  the  case  of  the  straight  ejectors,  maximum 
augmentation  was  observed  for  Leject/^eject  ratios  between  3  and 
4.  The  diverging  ejectors,  however,  did  not  show  a  maximum  for  the 
range  of  Teject/^eject  ratios  tested  but  began  to  level  off  at 
Reject/ Reject  ratios  greater  than  5. 

The  current  results  compared  well  with  a  limited  set  of  PDE- 
ejector  data  [15,19].  However,  the  behavior  and  thrust  augmentation 
of  all  PDE  ejectors  were  inconsistent  with  reported  deflagration 
pulsejet-ejector  systems.  This  leads  to  the  conclusion  that,  although 
there  are  some  similarities  between  PDE  and  pulsejet  driven  ejectors, 
there  can  be  a  significant  difference  in  the  flow  dynamics  to  warrant 
caution  in  grouping  these  two  systems  into  the  same  classification. 
However,  a  new  normalization  parameter  =  LEJECX / DEmCT / ff ) 
based  on  ejector  length- to-diameter  ratio  and  PDE  fill  fraction  was 
proposed.  Using  this  normalization  parameter,  the  PDE-ejector 
performances  for  all  fill  fractions  compared  well  with  available 
steady  ejector  performances  for  the  specific  ejector  geometries 
evaluated. 

The  axial  placement  of  the  ejector  also  greatly  affected  the 
performance  of  the  PDE-ejector  system.  Unlike  other  ejector 
systems,  a  single  optimum  ejector  placement  for  PDE  applications 
was  not  found  but  rather  a  function  of  the  operating  fill  fraction.  The 
sensitivity  of  ejector  augmentation  to  the  axial  placement  was 
believed  to  be  a  result  of  a  tradeoff  between  reduced  detonation  wave 
induced  drag  with  upstream  placement  and  increased  mass 
entrainment  with  downstream  placement.  For  most  test  conditions,  a 
downstream  ejector  placement  provided  the  best  performance. 
However,  as  the  operating  fill  fraction  was  increased  (i.e.,  stronger 
blast  waves),  the  relative  performance  of  an  upstream  placement 
increased,  whereas  the  performance  of  a  downstream  placement 
decreased.  In  contrast,  the  inline  ejector  placement  performance  was 
nearly  independent  of  fill  fraction. 

Although  these  observations  on  the  sensitivity  of  the  ejector 
performance  to  axial  placement  are  in  qualitative  agreement  with  the 
behavior  reported  by  Glaser  et  al.  [19],  the  optimum  PDE-ejector 
placement  has  not  been  consistent  in  the  reported  literature,  as  was 
commented  on  in  the  recent  work  by  Wilson  et  al.  [18].  Despite  this 
fact,  what  is  consistent  in  all  the  reported  studies  performed  on  this 
subject,  including  the  current  paper,  is  that  the  optimum  ejector  axial 
placement  is  a  strong  function  of  the  engine  configuration  and 
operating  conditions  (fill  fraction  [19],  detonation  frequency  [18], 
etc.)  and  the  ejector  inlet  and  diffuser  geometry  [15,16,19].  This  is  a 
result  of  the  augmentation  being  a  strong  function  of  the  dynamics  of 
the  engine  exhaust  flow  and  its  complex  interactions  with  the  ejector 
geometry. 
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Experimental  studies  were  performed  to  improve  the  understanding  of  the  operation  of  ejector  augmenters  driven 
by  a  pulse-detonation  engine.  The  research  employs  an  H2-air  pulse-detonation  engine  at  an  operating  frequency  of 
30  Hz.  Static  pressure  was  measured  along  the  interior  surface  of  the  ejector,  including  the  inlet  and  exhaust  sections. 
Thrust  augmentation  provided  by  the  ejector  was  calculated  by  integration  of  the  static  pressure  measured  along  the 
ejector  geometry.  The  computed  thrust  augmentation  was  in  good  agreement  with  that  obtained  from  direct  thrust 
measurements.  Both  straight  and  diverging  ejectors  were  investigated.  The  diverging  ejector  pressure  distribution 
shows  that  the  diverging  section  acts  as  a  subsonic  diffuser  and  has  a  tremendous  impact  on  the  behavior  of  the  inlet 
entrainment  flow.  Static  pressure  data  were  also  collected  for  various  ejector  axial  positions.  These  data  supported 
the  thrust  augmentation  trends  found  through  direct  thrust  measurements.  Specifically,  the  optimum  axial 
placement  was  found  to  be  downstream  of  the  pulse-detonation  engine  near  x/DPBE  =  +2,  whereas  upstream 
placements  tend  to  result  in  decreasing  thrust  augmentation.  To  provide  a  better  explanation  of  the  observed 
performance  trends,  shadowgraph  images  of  the  detonation  wave  and  trailing  vortex  interacting  with  the  ejector 
inlet  were  obtained. 


Nomenclature 


Reject 

= 

ejector  diameter,  cm 

^pde 

= 

detonation  tube  diameter,  cm 

DR 

= 

ejector-to-PDE  diameter  ratio 

ff 

= 

fill  fraction 

E  eject 

= 

ejector  length,  cm 

^EXHST 

= 

exhaust-section  length,  cm 

LStrt 

= 

intermediate  straight-section  length,  cm 

LpDE 

= 

PDE-system  thrust  with  no  ejector  installed,  N 

LpBE  EJECT 

= 

PDE-system  thrust  with  ejector  installed,  N 

X 

= 

ejector  axial  position,  cm 

a 

= 

thrust  augmentation,  % 

I.  Introduction 

LTHOUGH  pulse  detonation  engine  (PDE)  technology 
continues  to  make  progress  in  gaining  acceptance  in  the 
aerospace  community,  many  hurdles  remain  in  achieving  a  practical 
engine  system.  One  of  the  key  challenges  for  researchers  is  to  make 
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use  of  the  increased  efficiency  of  energy  conversion  due  to 
detonative-mode  combustion  by  converting  it  most  effectively  into  a 
propulsive  thrust  force.  Many  approaches  have  been  undertaken  in 
this  effort  to  harness  the  transient  power  created  by  a  train  of 
propagating  detonation  waves  [1].  Much  initial  work  was  expended 
on  baseline  performance  characterization,  and  as  a  result  a  wide  array 
of  data  has  been  presented  in  the  literature  [2-4].  These  data  have 
shown  the  performance  trends  in  terms  of  thrust  and  impulse  for  both 
single-cycle  and  multicycle  detonation  tube  operation.  As  a  result  of 
this  work,  many  analytical  models  have  been  produced  in  an  attempt 
to  better  predict  PDE  performance  [5-7].  It  can  generally  be  shown 
that  the  specific  impulse  generated  by  a  detonation  wave  depends 
heavily  on  the  Chapman-Jouguet  properties  of  the  reactive  mixture. 
This  work  has  been  supported  by  a  large  number  of  computational 
investigations,  ranging  from  single-cycle  predictions  to  limit-cycle 
studies  [8-11].  Because  of  the  inherent  experimental  difficulty  in 
capturing  unsteady  flow  phenomena  in  such  a  high-pressure,  high- 
temperature  environment,  these  studies  have  been  vital  to  the 
understanding  of  the  transient  detonation  process.  This  foundation  of 
previous  experimental  and  computational  work  has  suggested  that 
the  use  of  ejector  augmenters  using  a  PDE  as  the  primary  driver  may 
be  an  effective  way  to  increase  system  thrust  and  specific  impulse. 

In  the  simplest  terms,  an  ejector  is  a  coaxial  duct  placed  around  the 
exhaust  of  an  engine  that  performs  as  a  fluidic  pump.  By  entraining 
the  surrounding  ambient  air  with  the  primary  exhaust  flow  and 
directing  it  into  the  ejector,  the  momentum  of  the  engine  exhaust  flow 
is  increased,  leading  to  the  generation  of  a  larger  system  thrust  force 
[12].  The  theory  and  application  of  ejectors  with  regard  to  a  steady 
primary  flow  are  well  established  [  1 3 , 1 4] .  In  this  type  of  situation,  the 
secondary  flow  is  entrained  primarily  through  viscous  shear  mixing 
[15,16].  Previous  research  has  shown  that  unsteady  ejectors  tend  to 
produce  more  thrust  augmentation  than  steady-flow  ejectors  [17- 
19].  According  to  Wilson  et  al.,  the  increased  performance  of 
unsteady  ejectors  can  be  attributed  to  a  more  efficient  energy-transfer 
process  between  the  primary  and  secondary  flows  that  results  from 
the  dominant  effects  of  the  starting  vortex  [20].  BecaM§^DEs  are 
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highly  unsteady  devices  that  generate  shock  waves  and  strong  vortex 
rings,  PDE-driven  ejectors  have  the  potential  to  be  highly  effective  at 
providing  thrust  augmentation. 

Experimental  work  has  confirmed  that  PDE-driven  ejectors  are 
extremely  effective  in  thrust  augmentation.  These  studies  have 
quantified  both  the  effects  of  PDE  operating  parameters  and 
important  ejector  geometric  parameters  such  as  the  internal  surface 
geometry.  A  study  by  Glaser  et  al.  [21]  carried  out  using  several 
ejector  configurations  showed  maximum  thrust  augmentation  levels 
of  a  =  30%  for  straight  ejectors  and  a  =  66.5%  for  an  optimized 
diverging  ejector  geometry  driven  by  a  completely  filled  detonation 
tube.  Here  the  thrust  augmentation  a  is  defined  as  the  percent 
increase  in  thrust  compared  to  the  baseline  detonation  tube  without 
an  ejector.  Based  on  a  large  body  of  experimental  work,  it  is  apparent 
that  diverging  ejectors  are  much  more  effective  at  producing  thrust 
augmentation  than  straight  ones.  The  increased  augmentation  by 
diverging  ejectors  has  commonly  been  attributed  to  the  additional 
thrust  surface  area  of  the  diverging  section;  however,  inherent  in  that 
explanation  is  the  possibly  false  assumption  that  a  positive  net 
pressure  acts  on  the  diverging  section  to  create  a  thrust  force.  It  has 
also  been  observed  that  ejector  performance  is  extremely  sensitive  to 
the  axial  position  of  the  ejector  inlet  relative  to  the  PDE  tube  exit.  In 
most  cases  downstream  ejector  placement  provides  optimum  levels 
of  thrust  augmentation  [21-24];  however,  some  researchers  have 
found  evidence  to  the  contrary  [25,26] .  For  the  straight  and  diverging 
ejector  configurations  previously  tested  by  Glaser  et  al.  [21],  the 
optimum  axial  position  was  found  to  be  downstream  at 

x/ ^PDE  =  +  2. 

By  measuring  the  static  pressure  along  the  interior  surface  of 
various  ejector  geometries,  the  current  effort  seeks  to  increase  the 
overall  understanding  of  PDE-driven  ejector  systems.  To  supple¬ 
ment  these  data,  high-speed  shadowgraph  flow  visualizations  were 
also  obtained  to  provide  a  better  explanation  of  the  observed 
performance  trends.  Comparisons  were  also  made  between  these 
data  and  ejector  performance  data  obtained  through  direct  thrust 
measurements.  Results  from  this  study  provide  insight  into  the 
governing  flow  dynamics  and  mechanisms  responsible  for  thrust 
augmentation  in  PDE-driven  ejector  systems  and  better  explain  the 
role  of  the  diverging  exhaust  section  in  augmenting  thrust. 

II.  Experimental  Setup 

A.  Description  of  PDE  System 

Experimental  testing  for  the  current  study  was  carried  out  at  the 
U.S.  Air  Force  Research  Laboratory  PDE  Test  Facility  at  Wright- 
Patterson  Air  Force  Base  [3].  The  detonation  tube  was  constructed  of 
type-316  stainless  steel,  and  the  geometry  tested  had  an  inner 
diameter  of  5.08  cm  and  a  length  of  154.94  cm.  The  system  was 
operated  in  a  premixed  manner,  using  nonpreheated  hydrogen  and  air 
as  the  reactants  injected  at  approximately  21°C.  Injection  of  fuel  and 
air  into  the  detonation  tube  was  accomplished  using  a  mechanical 
valve  system  that  was  constructed  from  a  modified  four-cylinder 
automotive  valve  head  with  four  valves  per  cylinder  driven  with  a 
variable- speed  electric  motor.  While  the  two  intake  ports  were  used 
to  deliver  premixed  hydrogen  and  air,  the  two  exhaust  ports  delivered 
purge  air.  The  purge  air  cycle  was  used  to  cool  the  detonation  tube 
and  provide  a  buffer  between  the  hot  combustion  products  and  the 
fresh  reactants  being  injected  into  the  tube  for  the  next  cycle.  Because 
of  the  nature  of  automotive  valving,  the  division  of  the  cycle  timing 
for  various  events  such  as  fill  time,  purge  time,  and  detonation  time 
was  fixed  at  one-third  of  the  total  cycle.  Spark  ignition  was 
accomplished  using  a  capacitive-discharge,  stock  automotive  spark 
system  that  delivered  105  mJ  of  energy  per  pulse.  To  accelerate  the 
deflagration-to-detonation  transition  process,  a  Shchelkin-type  spiral 
with  an  overall  length  of  40.64  cm  was  mounted  near  the  headwall, 
extending  nearly  26%  of  the  detonation  tube  length. 

The  PDE  system  was  mounted  on  a  damped  thrust  stand  that  was 
designed  to  measure  the  time-averaged  thrust  generated  by  the  PDE. 
The  thrust  stand  consisted  of  linear  pillow-block  bearings  riding 
along  a  pair  of  linear  bearing  rails.  The  PDE  was  allowed  to  move 
freely  on  the  rails,  but  its  motion  was  resisted  by  springs  to  prevent 


resonance  effects.  To  remove  the  effects  of  static  friction,  a  novel 
approach  was  used  by  which  the  PDE  was  continuously  moved 
forward  and  backward  by  a  linear  pneumatic  actuator.  Because  the 
actuator  produces  a  net-zero  average  force,  the  average  position  of 
the  thrust  stand  is  a  function  of  the  PDE  average  thrust.  The  thrust 
stand  was  calibrated  by  placing  static  weights  on  a  pulley/cable 
system  to  simulate  a  thrust  force  and  measuring  the  average  position 
of  the  thrust  stand  with  a  displacement  sensor.  The  maximum 
uncertainty  of  the  thrust  stand,  which  was  determined  through 
repeated  calibration  tests,  was  found  to  be  =b  1 . 1  N  for  the  range  of 
PDE  thrust  loading  observed  during  these  tests. 

Operation  of  the  PDE  system  was  computer  controlled  by  means 
of  a  Lab  View  interface  program.  This  Lab  View  interface  provided 
the  flexibility  to  specify  engine  operating  parameters  such  as  PDE 
operating  frequency,  fill  fraction,  and  equivalence  ratio.  Unless 
otherwise  stated,  all  of  the  current  tests  were  performed  at  an 
operating  frequency  of  30  Hz  and  an  equivalence  ratio  of  1.0. 
Ionization  probes  were  mounted  along  the  detonation  tube  length  to 
verify  that  Chapman-Jouguet  (CJ)  detonations  were  obtained. 
Detonation  wave  speeds  measured  throughout  experimentation  all 
fell  within  ±  100  m/s  of  the  theoretical  CJ  wave  speed  of  1957  m/s. 
Data  from  these  sensors  were  collected  at  5  MHz  using  a  16-channel 
data  acquisition  system.  This  fast  sampling  rate  was  adequate  for 
accurate  resolution  of  the  detonation  wave  speed. 


B.  Ejector  Hardware  and  Instrumentation 

To  determine  the  effect  of  the  ejector  hardware  on  the  thrust 
generated  by  the  PDE,  the  ejectors  tested  were  mounted  coaxially  to 
the  detonation  tube  at  various  positions  relative  to  the  PDE  exit  plane. 
Two  parallel  rails  were  mounted  above  the  PDE  which  extended 
beyond  the  length  of  the  detonation  tube.  By  suspending  the  ejectors 
from  these  rails  at  different  locations,  the  axial  position  x  of  the 
ejector  inlet  was  able  to  be  varied  from  —12  to  +6  tube  diameters 
from  the  PDE  tube  exit  plane.  A  negative  axial  position  value 
corresponds  to  the  ejector  inlet  placed  upstream  of  the  PDE  exit,  with 
the  ejector  overlapping  the  detonation  tube.  Similarly,  a  positive 
value  of  axial  position  corresponds  to  a  situation  in  which  the  ejector 
is  mounted  downstream  of  the  detonation  tube  exit. 

Two  ejector  geometries  were  used  during  these  tests,  each 
consisting  of  an  inlet  section,  an  intermediate  straight  section,  and  an 
exhaust  section  as  shown  in  Fig.  lb.  With  the  exception  of  the 
exhaust  section,  the  two  ejectors  were  identical:  one  exhaust  section 
was  straight  whereas  the  other  was  diverging.  The  geometric 
parameters  of  the  current  ejectors  were  chosen  based  on  results  from 
previous  optimization  studies  [21],  The  diameter  of  the  ejector 
Reject  was  defined  as  the  diameter  of  the  intermediate  straight 
section  because  this  was  the  minimum  diameter  for  any  given  ejector 
geometry.  For  the  current  work,  DEJECX  was  held  at  a  fixed  value  of 
13.97  cm.  The  ejector-to-PDE  diameter  ratio  DR  of  2.75  was 
therefore  constant  throughout  the  testing.  Based  on  previous  ejector 
experiments,  this  value  is  near  the  optimum  diameter  ratio  for  thrust 
augmentation  [20,22,24].  The  inlet  used  for  this  testing  had  a 
rounded  inlet  lip  with  a  radius  of  3.81  cm.  This  has  been  found 
through  previous  research  to  be  an  important  geometric  parameter 
affecting  both  the  internal  flowfield  and  the  performance  of  an  ejector 
[27,28].  The  overall  nondimensional  length  of  the  ejectors  was 
Reject /Reject  =  5.6,  the  length  of  the  intermediate  straight  section 
was  T  straight /Reject  =  3,  and  the  exhaust  section  had  a  length  of 
Lexhst/^eject  —  2.36.  The  two  exhaust  sections  tested  had  half¬ 
angle  divergences  of  0  and  4  deg. 

To  facilitate  the  static  pressure  measurements,  each  ejector  was 
instrumented  with  20  pressure  ports  along  the  ejector  surface.  Each 
pressure  port  consisted  of  a  0.0157-cm-diam  thru  hole  on  the  ejector 
surface,  which  transitioned  to  a  0.0246-cm-diam  tube.  Seven  of  the 
pressure  taps  were  located  on  the  ejector  inlet  at  the  angular  locations 
given  in  Table  1.  As  shown  in  Fig.  2,  the  remaining  13  pressure  taps 
were  distributed  along  the  ejector  body:  seven  were  placed  on  the 
intermediate  straight  section  and  six  on  the  exhaust  section. 
Although  this  figure  depicts  an  ejector  with  a  straight  exhaust  section, 
the  diverging  exhaust  section  also  had  surface  pressJrl^Sps  at  the 
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Fig.  1  a)  Photograph  of  the  installed  ejector  and  b)  diagram  of  ejector  geometry  used  for  current  work. 


same  locations.  Pressure  was  measured  using  a  NetScanner 
Model  91 16  Pressure  Scanner  incorporating  16  silicon  piezoresistive 
pressure  sensors,  each  sampling  at  a  frequency  of  1  Hz.  Because  the 
pressure  measurement  system  had  the  ability  to  sample  16  pressure 
signals,  only  16  of  the  20  available  ejector  pressure  taps  could  be 
used  at  a  given  time.  The  pressure  ports  used  for  the  current  study  are 
shown  schematically  in  Fig.  2.  Each  pressure  port  on  the  ejector  was 
connected  to  its  corresponding  pressure  sensor  by  a  0.0246-cm-diam 
flexible  tube  of  ~2.5  m  length.  Because  of  the  setup  of  the  current 
system,  the  dynamic  nature  of  the  pressure  field  was  not  captured. 
The  length  of  tubing  used  between  the  sensors  and  the  surface 
pressure  taps  had  the  effect  of  damping  out  the  high-frequency 
pressure  oscillations  that  are  normally  associated  with  PDE 
operation  and  had  an  averaging  effect  on  the  pressure  history.  As  a 
result,  the  1-Hz  pressure  measurement  system  provided  a  measure  of 
the  time-averaged  static  pressure  at  the  specified  locations.  However, 
high-frequency  changes  in  the  pressure  field  were  incapable  of  being 
measured  and  individual  detonation  events  were  unable  to  be 
discerned  in  the  measurements. 

For  each  data  point  collected,  the  PDE  was  operated  for  a  duration 
of  ~45  s.  To  assess  the  variability  of  the  experimental  results,  three 
test  runs  were  performed  for  each  configuration  studied.  A  typical 
static  pressure  time  history  measured  on  the  ejector  surface  is  shown 
in  Fig.  3.  Before  detonation,  cold  air  is  pulsed  through  the  PDE 
injection  valves  to  allow  sufficient  time  for  the  desired  flow  rate  to 
stabilize.  This  initial  unsteady  cold  flow  causes  flow  entrainment  into 
the  ejector  and  hence  a  decreased  pressure  on  the  ejector  inlet,  shown 
by  the  initial  gauge  pressure  of  —  1.03  kPa  in  Fig.  3.  After  the  PDE 
begins  to  detonate,  the  pressure  drops  to  a  lower  plateau,  indicating 
an  increase  in  flow  entrainment.  It  can  be  observed  that  although  the 
measured  pressure  signal  is  reasonably  steady  due  to  the  damping 
nature  of  the  measurement  setup  as  discussed  above,  the  signal  does 
have  a  fluctuating  component.  For  all  results  reported  in  the 
current  study,  the  sample  mean  of  the  fluctuating  pressure  was 
calculated  to  yield  a  single  value  for  the  static  pressure  at  that  sample 
location.  For  the  case  shown,  the  mean  PDE-fired  static  pressure 
measured  on  the  ejector  inlet  at  pressure  tap  7  was  —2.62  kPa.  The 
uncertainty  of  the  static  pressure  was  evaluated  statistically  by 
determining  the  standard  deviation  of  the  mean  pressure  averaged 
over  a  representative  sample  of  data  sets.  By  this  method,  the  mean 
pressure  data  reported  in  the  current  study  have  an  average  associated 
uncertainty  of  ±0.3  kPa  as  shown  by  the  error  bars  in  Fig.  3. 


Table  1  Locations  of  pressure  taps  on  ejector 
inlet  section 


Tap  no. 

Tap  position,  deg 

1 

0 

2 

30 

3 

60 

4 

90 

5 

120 

6 

150 

7 

165 

III.  Results  and  Discussion 

A.  Straight  Ejector  Surface  Pressure  Distribution 

The  surface  pressure  distribution  measured  on  a  straight  ejector  is 
shown  in  Fig.  4.  Results  are  compared  for  two  primary  unsteady 
driver  sources.  The  first  source  is  a  PDE,  and  the  second  is  an 
unsteady  cold  jet,  both  operating  at  a  frequency  of  30  Hz.  Both  driver 
sources  exhibit  similar  trends  in  ejector  pressure  distribution.  For 
example,  it  can  be  observed  that  the  entrained  flow  being  directed 
into  the  ejector  causes  a  significant  pressure  drop  on  the  inlet,  thus 
producing  positive  thrust  on  the  ejector.  The  minimum  inlet  pressure 
occurred  at  pressure  tap  7,  which  is  at  an  angle  of  165  deg  as 
previously  defined.  It  can  also  be  observed  that  the  outer  area  of  the 
inlet,  pressure  taps  1  and  2,  did  not  experience  a  pressure  decrease 
and  thus  did  not  contribute  to  providing  thrust  augmentation.  This 
finding  implies  that  the  entire  rounded  portion  of  the  inlet  may  not  be 
necessary,  as  comparable  performance  might  be  achieved  with  a 
simplified  inlet  design.  With  a  straight  ejector,  the  only  surface 
capable  of  causing  a  thrust  force  is  the  ejector  inlet,  and  hence  a  larger 
negative  inlet  pressure  would  always  lead  to  an  increase  in  thrust 
augmentation.  Just  downstream  of  the  inlet  section,  the  pressure  is 
observed  to  rise  quickly  and  a  region  consistent  with  separated  flow 
is  observed  at  pressure  tap  8.  Because  the  pressure  rise  is  observed  to 
occur  in  both  the  PDE  and  the  subsonic  cold  flow  case,  it  is  unlikely 
that  it  is  due  to  the  presence  of  a  stationary  shock  wave  located  in  the 
ejector,  but  rather  flow  separation  following  the  flow  turning  around 
the  ejector  inlet.  The  flow  separation  is  probably  due  to  the  strong 
adverse  pressure  gradient  and  large  inlet  turning  angle  experienced 
by  the  entrainment  air.  Through  the  remainder  of  the  straight  ejector, 
static  pressure  is  found  to  rise  gradually  until  ambient  pressure  at  the 
ejector  exit  is  reached.  The  flow  area  is  constant  throughout  the 
straight  ejector.  The  rising  static  pressure  is  attributed  to  the  primary 
jet  mixing  with  the  slower  entrained  flow  throughout  the  extent  of  the 
ejector.  By  integrating  the  measured  static  pressure  over  the  ejector 
surface  geometry,  the  amount  of  thrust  augmentation  provided  by  the 
straight  ejector  configuration  with  ff  =1.0  was  calculated.  Defining 
thrust  augmentation  as  the  percent  increase  in  thrust  compared  to  the 
baseline  detonation  tube  without  an  ejector, 

?PDE  EJECT  —  ?PDE 

<*  = - - -  (1) 

1  PDE 

the  computed  augmentation  was  found  to  be  26. 1  %,  which  is  slightly 
lower  than  the  augmentation  of  30.0%  obtained  by  direct  thrust 
measurements  [21].  This  previous  study  reported  the  absolute 
uncertainty  of  the  thrust  stand  measured  augmentation  to  be  ±2.5%. 
An  uncertainty  analysis  was  performed  to  determine  the  uncertainty 
associated  with  the  pressure  derived  thrust  augmentation  of  the 
current  study.  As  previously  shown,  the  pressure  measurements  have 
an  average  uncertainty  of  ±0.3  kPa.  Through  a  standard  propagation 
of  error  analysis,  it  was  determined  that  the  reported  pressure 
uncertainty  translates  into  an  absolute  thrust  augmentation 
uncertainty  of  ±7.7%. 

Figure  5  presents  shadowgraph  flow  visualizations  showing  the 
differences  between  a  detonation  and  cold  flow  prima?^Q?iver.  The 
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Fig.  2  Placement  of  pressure  sampling  ports  on  ejector  interior  surface.  Solid  circles  denote  ports  used  during  the  current  study. 


Fig.  3  Pressure  history  measured  at  pressure  tap  7.  The  configuration 
tested  was  a  straight  ejector  with  x/Dpde  =  +2  and  ff  =  1.0. 


Fig.  4  Ejector  surface  pressure  distribution.  The  configuration  tested 
was  a  straight  ejector  with  x/DPBE  =  +2,  and  ff  =  1.0. 


visualizations  were  performed  using  a  2.54-cm-diam  PDE  operating 
at  20  Hz  with  a  straight  ejector.  In  the  top  row  of  images,  the 
diffracting  detonation  wave  with  trailing  vortex  structure  can  be 
seen.  In  the  bottom  row,  the  vortex  structure  of  the  cold  flow 
pulsation  can  be  seen  propagating  toward  the  ejector.  The  time  scales 
are  clearly  different  for  the  two  cases  because  the  velocity  of  the  cold 


flow  starting  vortex  is  much  lower  than  the  detonation  wave  speed. 
The  cold  flow  vortex  is  observed  to  increase  in  diameter  at  locations 
near  the  tube  exit,  but  then  attains  a  nearly  constant  diameter  as  it 
continues  to  travel  forward.  In  contrast,  the  detonation-driven  vortex 
structure  exhibits  rapid  growth  until  it  reaches  the  ejector  inlet.  It  can 
also  be  observed  that  when  the  detonation-driven  vortex  reaches  the 
ejector  inlet,  its  diameter  is  noticeably  larger  than  that  of  the  cold  flow 
vortex.  These  results  are  consistent  with  experimental  unsteady 
ejector  performance  measurements  which  have  shown  that  the 
optimum  ejector-to-driver  diameter  ratio  is  larger  for  PDE-driven 
ejectors  than  for  cold  flow  driven  systems. 

Portions  of  a  complete  PDE-driven  ejector  cycle  are  shown  in 
Fig.  6.  At  a  time  of  1 1 1  /xs,  the  shock  wave  is  observed  to  reflect  and 
travel  backward  from  the  ejector  inlet.  The  Mach  disk  structure 
present  during  the  blowdown  portion  of  the  PDE  cycle  is  visible  near 
the  ejector  entrance  at  148  /xs.  In  the  image  corresponding  to  222  /xs, 
an  interaction  can  be  observed  between  the  exhaust  plume  and  the 
ejector  inlet  in  the  form  of  a  vortical  structure  attached  to  the  inlet  lip. 
The  image  at  9065  /xs  was  taken  much  later  in  the  PDE  cycle,  when 
the  shock  and  vortex  structure  are  no  longer  present  and  the  ejector  is 
entraining  flow  into  the  inlet.  The  pattern  of  the  entrained  flow  at  this 
time  during  the  cycle  appears  to  show  a  clustering  of  the  flow 
streamlines  near  the  inner  radius  of  the  inlet,  indicative  of  a  higher 
velocity  at  this  location.  Furthermore,  it  appears  that  no  significant 
amount  of  entrained  flow  is  passing  over  the  outer  radius  of  the  inlet. 
These  observed  trends  are  consistent  with  the  straight  ejector 
pressure  distribution  discussed  above. 


B.  Diverging  Ejector  Surface  Pressure  Distribution 

Previous  PDE-driven  ejector  studies  have  found  significant 
performance  enhancement  with  the  use  of  a  diverging  exhaust 
section.  In  some  cases,  thrust  measurements  indicated  that  the  thrust 
augmentation  of  the  diverging  ejector  was  approximately  2  times  that 
of  the  straight  ejector. 

Figure  7  compares  the  pressure  distribution  of  a  straight  and  a 
diverging  ejector.  Again,  it  must  be  emphasized  that  the 
measurement  system  employed  does  not  capture  the  dynamic  nature 
of  the  pressure  field,  but  simply  describes  the  time-averaged  static 
pressure  at  each  sensor  location.  It  can  be  seen  that  the  addition  of  the 
diverging  exhaust  section  has  a  significant  impact  on  the  ejector  inlet 
flowfield.  The  diverging  ejector  shows  a  vacuum  pressure  at  tap  7 
that  is  doubled  in  magnitude  over  that  of  the  straight  ejector.  This 
increase  in  inlet  suction  represents  additional  flow  entrainment 
which  leads  to  an  increase  in  thrust  augmentation.  Also  of 
importance  is  the  fact  that  the  static  pressure  along  the  length  of  the 
diverging  section  is  negative,  rising  to  ambient  conditions  at  the 
ejector  exit.  This  suggests  that  the  performance  enhancement 
afforded  by  diverging  ejectors  is  not  due  to  a  positive  thrust  force 
acting  on  the  diverging  section  area.  In  fact,  the  diverging  section 
actually  creates  a  slight  drag  force  due  to  the  negative  pressure  acting 
on  it.  The  role  of  the  diverging  section  appears  to  be  that  of  a  subsonic 
diffuser,  decreasing  the  flow  velocity  and  increasil^Qhe  static 
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Fig.  5  Shadowgraph  images  comparing  PDE-driven  vortex  ring  (upper  images)  and  cold  flow  starting  vortex  (lower  images).  j(f  =  0.6,  DR  =  3,  and 
X/D  pde  =  +2. 
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Fig.  6  Sequence  of  shadowgraph  images  taken  during  PDE-driven  ejector  operating  cycle,  ff  =  0.6,  DR  =  3,  and  x/DPJ)E  =  +2. 


pressure  in  the  exhaust  section.  Because  the  ejector  exit-plane 
boundary  condition  is  that  ambient  static  pressure  is  achieved  in  the 
exhaust  jet,  the  added  pressure  recovery  through  the  diverging 
section  makes  it  possible  for  a  decreased  inlet  pressure  to  exist  while 
the  ejector  exit  boundary  condition  is  still  maintained.  In  prior 
experimental  testing,  the  current  intermediate  straight- section  length 
of  ^straight / Reject  —  3  was  found  to  be  near  the  optimum  length. 
Either  decreasing  or  increasing  the  straight-section  length  caused  a 


decrease  in  thrust  augmentation.  It  is  speculated  that  the  flow  mixing 
that  takes  place  within  the  intermediate  straight  section  is  beneficial 
for  conditioning  the  flow  before  it  enters  the  diffuser.  Without  a 
sufficient  amount  of  mixing,  the  velocity  profile  entering  the 
diverging  section  may  be  prone  to  separation,  causing  increased 
diffuser  pressure  recovery  losses.  After  the  flow  is  sufficiently  mixed, 
further  increase  of  the  straight-section  length  leads  to  increased 
frictional  drag  forces,  and,  in  turn,  decreased  thrust  aujgiflSntation. 
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Pressure  Tap  Location 

Fig.  7  Static  pressure  distribution  in  a  straight  and  diverging  ejector. 
ff  =  1.0,  and  x/Dpde  =  +2. 

Integrating  the  pressure  distribution  over  the  diverging  ejector 
surface  geometry  yields  a  calculated  thrust  augmentation  of 
a  =  50%,  which  is  comparable  to  the  thrust  augmentation  of  a  = 
66%  obtained  from  direct  thrust  measurements. 

C.  Effect  of  Fill  Fraction  on  Surface  Pressure  Distribution 

Previous  studies  have  shown  an  inverse  relationship  between 
thrust  augmentation  and  the  PDE  fill  fraction  at  downstream  ejector 
placements  [21,23].  For  the  diverging  ejector  geometry  being 
considered,  thrust  augmentation  was  increased  from  a  =  66%  to 
a  =  74%  by  decreasing  the  fill  fraction  from  ff=  1.0  to  ff  =  0.6. 
Figure  8  shows  that  decreasing  the  fill  fraction  does  not  significantly 
alter  the  pressure  distribution  over  the  ejector  surface.  However, 
when  the  fill  fraction  is  decreased,  the  baseline  PDE  thrust  with  no 
ejector  installed  decreases  at  a  faster  rate  than  the  thrust  produced  by 
the  ejector.  Because  thrust  augmentation  is  defined  as  the  change  in 
thrust  due  to  the  ejector  divided  by  the  baseline  PDE  thrust,  reducing 
the  fill  fraction  leads  to  an  increased  thrust  augmentation. 

D.  Effect  of  Ejector  Axial  Position  on  Surface  Pressure  Distribution 

Ejector  performance  and  internal  flowfields  have  been  observed  to 
be  sensitive  to  the  axial  position  of  the  ejector  inlet  relative  to  the 
PDE  tube  exit  [27].  In  most  cases,  downstream  ejector  placement 
provides  optimum  levels  of  thrust  augmentation  [21-24].  For  the 
straight  and  diverging  ejector  configurations  previously  tested  by 


Fig.  8  Effect  of  the  fill  fraction  on  ejector  pressure  distribution.  Ejector 
geometry  is  a  diverging  ejector  with  x/Dpde  =  +2. 


Fig.  9  Effect  of  axial  position  on  static  pressure  distribution.  Ejector 
geometry  is  a  diverging  ejector  with  ff  =  1.0. 

Glaser  et  al.  [21],  the  optimum  axial  position  was  found  to  be 
x/DpoE  =  +2.  Figure  9  shows  the  effect  of  the  axial  position  on  the 
diverging  ejector  pressure  distribution.  It  can  be  seen  that  as 
the  ejector  is  moved  upstream  from  x/Dfde  =  +2,  the  magnitude  of 
the  inlet  suction  is  increased.  At  the  axial  location  of  x/Dfde  =  — 12, 
it  is  observed  from  the  pressure  distribution  that  almost  no  flow  is 
being  entrained  through  the  ejector,  implying  an  augmentation  near 
0%.  At  this  overlap  position,  a  region  of  slightly  positive  pressure 
was  also  observed  in  the  straight  section  at  pressure  tap  10.  This 
overpressure  is  due  to  the  presence  of  the  detonation  tube  exit  that  is 
located  within  the  ejector. 

The  axial  position  trend  is  more  clearly  evident  in  Fig.  10.  In  this 
figure  static  pressure  data  at  tap  7  are  plotted  for  all  axial  positions 
tested.  The  pressure  at  this  location  represented  the  minimum 
pressure  on  the  inlet  for  nearly  all  cases  studied  and  therefore  was  a 
good  indicator  of  the  amount  of  flow  entrainment  into  the  ejector  for  a 
given  configuration.  The  tap  7  pressure  data  show  a  minimum 
pressure  near  x/Dfde  =  +2,  which  is  the  optimum  location  for 
thrust  augmentation  determined  through  direct  thrust  measurements. 
Placements  of  the  ejector  at  positions  away  from  the  optimum 
decrease  the  magnitude  of  the  inlet  vacuum  pressure,  which  implies 
decreasing  flow  entrainment.  Figure  1 1  shows  the  thrust 
augmentation  calculated  by  integration  of  the  ejector  pressure 
distribution  compared  to  that  measured  through  direct  thrust 
measurements.  Using  both  techniques  it  can  be  seen  that  a  maximum 
augmentation  is  found  to  occur  at  x /Dfde  =  +2,  the  same  position  at 
which  the  minimum  inlet  pressure  was  measured.  Although  a 


Ejector  Axial  Position,  x/D 
Fig.  10  Effect  of  axial  position  on  ejector  inlet  sl^flSn. 
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Ejector  Axial  Position,  x/D 

Fig.  11  Effect  of  ejector  position  on  calculated  thrust  augmentation. 
Diverging  ejector  with  ff  =  1.0. 

discrepancy  is  apparent  in  the  relative  magnitudes  of  thrust 
augmentation,  the  overall  trend  is  unmistakable.  It  is  believed  that  the 
inability  of  the  integrated  pressure  distribution  to  capture  the  effect 
that  the  presence  of  the  ejector  has  on  the  detonation  tube  flowfield  is 
the  source  of  this  disparity.  The  increased  blowdown  cycle  due  to  the 
downstream  obstruction  maintains  a  higher  pressure  on  the  thrust 
surface  of  the  detonation  tube  compared  to  a  system  with  no  ejector 
present.  As  a  result  the  calculated  thrust  augmentation  based  on 
ejector  pressure  measurements  falls  short  of  the  measured  thrust 
augmentation.  However,  the  trend  is  apparent  that  placing  the  ejector 
upstream  of  the  PDE  exit  decreases  thrust  augmentation,  while  the 
optimum  ejector  placement  is  downstream  of  the  PDE  tube  exit. 
Beyond  this  optimum  downstream  placement  thrust  augmentation 
drops  off  at  a  rate  similar  to  the  rate  of  decrease  with  upstream 
placement. 

IV.  Conclusions 

An  experimental  study  was  performed  to  investigate  the  operation 
of  PDE-driven  ejectors.  To  complete  this  work,  both  a  straight  and  a 
diverging  ejector  were  instrumented  for  static  pressure  measure¬ 
ments.  Analysis  of  the  straight  ejector  pressure  distribution  and 
shadowgraph  images  showed  that  a  majority  of  the  entrainment  flow 
acceleration  near  the  rounded  inlet  occurs  at  the  inner  inlet  radius. 
This  implies  that  the  outer  surface  of  the  inlet  is  not  significant  in  flow 
entrainment  and  thus  does  not  need  to  be  as  carefully  contoured  as  the 
inner  section  of  the  inlet.  In  addition  it  was  found  that  the  role  of  the 
diverging  exhaust  section  is  to  act  as  a  subsonic  diffuser.  The 
pressure  recovery  that  takes  place  in  this  diffuser  has  a  significant 
impact  on  the  inlet  pressure  distribution,  increasing  the  magnitude  of 
the  inlet  vacuum  pressure  by  a  factor  of  2.  Furthermore,  the  reason  for 
the  inverse  relationship  between  fill  fraction  and  thrust  augmentation 
was  studied.  It  was  found  that  the  ejector  pressure  distribution  is  not 
very  sensitive  to  the  fill  fraction.  Finally,  the  axial  placement  of  the 
ejector  inlet  relative  to  the  PDE  tube  exit  plane  was  studied  in  detail. 
By  varying  the  axial  position  from  x/Dfde  =  — 12  to  +6,  the  axial 
location  of  the  maximum  inlet  suction  was  found  to  be  near 
x/Dpde  =  +2.  Moving  the  ejector  farther  upstream  or  downstream 
resulted  in  the  inlet  suction  decreasing  toward  zero.  Calculating  the 
thrust  augmentation  based  on  integration  of  the  pressure  distribution 
showed  a  maximum  at  a  position  of  x/Dpde  =  +2,  matching  the 
optimum  axial  location  for  thrust  augmentation  as  determined 
through  direct  thrust  measurements.  The  observed  trends  are 
consistent  with  the  optimum  ejector  placement  being  at  a 
downstream  location. 
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Pulse  detonation  engine-powered  flight 
demonstration  marks  milestone  in  Mojave 


GUY  NORRIS/LOS  ANGELES 


U.S,  Air  Force  researchers  will 
push  for  more  development  fund¬ 
ing  for  pulse  detonation  engines 
(PDFs)  following  the  successful 
first-ever  manned  demonstra¬ 
tion  flight  of  an  aircraft  powered  by  the 
exotic  propulsion  system. 

The  milestone  flight  was  accom¬ 
plished  at  Mojave,  Calif.,  on  Jan.  31 
when  Scaled  Composites  test  pilot  Pete 
Siebold  flew  a  heavily  modified  Long- 
EZ  above  the  main  runway  in  straight- 
and-level  flight  at  altitudes  up  to  100 


sources  for  commercial  and  military 
gas  turbines.  In  its  simplest  form,  the 
PDE  is  an  air-breathing  engine  with  few 
or  no  moving  parts.  Combustion  takes 
place  in  an  open-ended  tube  in  which 
fuel  is  mixed  with  air  and  detonated. 
The  detonation  wave  travels  down  the 
tube  at  supersonic  speed,  generating 
thrust  and,  at  the  same  time,  reducing 
inlet  pressure  to  allow  fresh  air  and  fuel 
to  be  drawn  in.  Each  pulse  lasts  milli¬ 
seconds. 

The  AFRL's  prototype  “off-the-shelf” 


The  shark-mouth  painted  inlet 
and  nacelle  enclose  the  PDE.  The 
exhaust  tubes  and  associated  heat 
can  be  seen  behind  the  Long-EZ. 


PDE  has  been  installed  in  a  Sealed  Com- 
posites-owned  Long-EZ  for  the  flight 
tests,  and  replaces  a  100-hp.  Textron 
Lycoming  0-235  piston  engine  driving 
a  pusher  propeller.  The  PDE  system, 
integrated  into  the  Long-EZ  by  Scaled 
Composites  crew  chief  Rick  Aldrich,  in¬ 
cludes  a  JATO  rocket-assist  pack  that 
provides  a  few  seconds  of  additional 
thrust  to  shorten  the  takeoff  run. 

The  propulsion  system  consists  of  a 
Hirth-built  two-stroke  auxiliary  power 
unit  that  controls  the  valves  and  com¬ 
pressors  in  the  PDE,  which  is  based  on  a 
heavily  modified  General  Motors  Pontiac 
Grand  Am  Quad  4, 16-valve  dual  over¬ 
head  camshaft  automotive  engine.  The 
detonation  takes  place  in  four  tubes  pro¬ 
jecting  from  the  back  of  the  aircraft,  and 
is  designed  to  generate  a  mass  flow  of 
up  to  1.6  lb./sec.  to  produce  a  combined 
force  of  roughly  150-200  lb,  thrust  for 
flight  speeds  of  up  to  130  kt.  In  the  AFRL 
engine,  the  PDE  fires  at  a  frequency  of 
around  80  Hz. 

Assisted  by  the  JATO,  Siebold  took  off 


ft.  powered  solely  by  the  PDE,  The 
engine  was  developed  at  the  Air  Force 
Research  Laboratory  (AFRL)  by  the 
on-site  contractor,  Innovative  Scientific 
Solutions,  At  peak  thrust  at  the  start  of 
the  run,  the  PDE  was  producing  more 
than  200  lb,  thrust,  says  ISS  research 
engineer  John  Hoke, 

The  prime  objectives  of  the  AFRL/ 
ISS  demonstration  were  to  show  that 
the  PDE  could  be  used  to  power  an  air¬ 
craft,  the  aircraft  structure  could  sur¬ 
vive  the  acoustic  pressure  of  the  Mach 
5  shock  waves  exiting  the  detonation 
tubes,  and  that  the  noise  level  was  not 
prohibitive  for  a  manned  flight.  The 
test  also  sought  to  assess  the  durabil¬ 
ity  of  the  detonation  engine,  which  had 
already  undergone  more  than  100  hr.  of 
ground  testing,  plus  a  further  30  hr.  on 
the  integrated  system. 

The  demonstration  comes  amid  grow¬ 
ing  interest  in  the  potential  of  PDEs  for 
a  range  of  simple,  cost-effective  missile 
propulsion  systems,  as  well  as  in  the 
possible  development  of  combustion 


at  around  75  kt.  during  his  one-way  run 
down  Mojave's  12,5Q0-ft,-long  Runway 
12.  Getting  to  grips  with  the  unusual 
aircraft  and  its  handling  characteristics, 
Siebold  encountered  a  “bit  of  Dutch  roll, 
but  corrected  it  by  yawing/'  says  Hoke, 
who  adds  that  Ve  were  planning  on  fly¬ 
ing  at  around  25  ft.,  but  as  a  result  he 
ended  up  between  60  and  100  ft.  above 
the  runway.1'  Siebold  then  “cruised  for 
about  10  sec.  using  PDE  power  alone, 
and  he  thought  he  could  have  climbed 
using  the  engine” 

Engine  noise  levels  were  substantial 
but  very  directional  and  safe  from  the 
cockpit,  says  Hoke,  who  adds  that  at 
ground  level  close  by  the  aircraft,  “you 
could  feel  your  chest  pound  a  bit— but  it 
wasn't  bad  at  all.”  Despite  the  acoustic 
levels  at  the  tube  exit  being  in  the  195- 
200- dB,  range,  “there  were  no  issues  at 
all”  with  structural  response.  Hoke  says 
“people  wouldn't  want  to  be  directly  be¬ 
hind  it,  but  then  what  jet  engine  would 
anyone  want  to  be  standing  behind?” 

The  flight  also  marked  the  success  of 
several  design  changes  and  modifica¬ 
tions  made  to  overcome  problems  that 
prevented  a  flight  test  as  far  back  as 
2003  and  early  2004.  These  included 
a  change  in  fuel  to  improve  the  fuel-air 
mix  detonation  characteristics  at  the 
relatively  lower  atmospheric  pressures 
found  at  Mojave's  2,800-ft.  altitude, 

“We  switched  from  avgas  [aviation 
gasoline,  a  high-octane  fuel]  to  propane, 
which  is  easier  to  detonate,"  says  Hoke. 
His  recent  work  in  hydrogen  and  hy¬ 
drocarbon  ignition  at  AFRL  with  PDE 
pioneer  Fred  Schauer  compared  the 
ignition  and  detonation  performance  of 
hydrogen,  ethylene,  propane,  avgas,  JP-8 
and  Fischer-Tropsch  JP-8  (S-8),  Hydro¬ 
gen  was  found  to  have  the  best  charac¬ 
teristics,  followed  by  ethylene,  propane, 
avgas,  JP-8  and  S-8. 

Other  changes  included  the  addition 
of  a  fairing  over  the  PDE  to  reduce  ve¬ 
hicle  drag,  the  fairing  having  originally 
been  omitted  owing  to  concerns  over  fuel 
leaks  in  earlier  attempts,  and  changes  in 
configuration  to  prevent  exhaust  from 
the  Hirth  motor  being  sucked  into  the 
PDE  inlet. 

Although  there  are  no  immediate 
plans  for  more  flight  tests,  Hoke  says 
fundamental  research  will  continue. 
The  demonstration  will  “hopefully  be  a 
springboard  for  more  interest  and  fund¬ 
ing,”  he  adds,  “As  little  as  10-20  years 
ago  no  one  could  even  detonate  these 
hydrocarbon-air  mixtures,  and  hope¬ 
fully  developments  like  this  will  lead  to 
a  revolution  of  technology  where  it  will 
be  used,  perhaps  as  a  combustor.”  © 
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First  flight  for  PDE  =  pretty  darned  extraordinary 

Graham  Warwick  (Flight  International,  February  29,  2008) 


It's  not  every  day  a  new  form  of  propulsion  makes  its  first  flight:  the 
turbojet  in  August  1939  (Heinkel  Hel78),  the  ramjet  in  April  1949 
(Leduc  010),  the  scramjet  in  July  2002  (University  of  Queensland 
HyShot).  Now  it's  the  turn  of  the  pulsed  detonation  engine  (PDE)  -  a 
simple,  lightweight  powerplant  that  promises  efficient  operation  over  a 
wide  range  of  speeds  from  0  to  Mach  4. 

In  a  PDE,  combustion  is  supersonic  (detonation)  rather  than  subsonic 
(deflagration),  resulting  in  the  more  efficient  conversion  of  fuel  into 
thrust.  PDEs  have  few  moving  parts.  A  fuel/air  mixture  is  injected  into 
a  tube  and  ignited,  creating  a  supersonic  detonation  wave  that  travels 
down  the  tube  and  is  expelled,  producing  a  pulse  of  thrust.  Grouping 
several  tubes  together  and  firing  each  many  times  a  second  produces 
constant  thrust. 


It's  taken  a  few  years  longer  than  planned,  but  the  US  Air  Force 
Research  Laboratory  and  partners  ISSI  and  Scaled  Composites  finally 
accomplished  the  first  PDE-powered  flight  in  late  January.  The 
modified  Long-EZ  was  powered  by  a  four-tube  PDE,  each  tube  firing  20 
times  a  second,  producing  2001b  peak  thrust.  The  flight  was  short,  just 
a  few  tens  of  seconds,  taking  place  within  the  length  of  the  Mojave 
runway,  but  it  was  a  first. 
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1513 


Aircraft 


(0\ 

Flight 

DATE:05/03/08 

US  AFRL  proves  pulse-detonation  engine  can  power  aircraft 


By  Graham  Warwick 
Click  here 

Researchers  hope  the  first  flight  of  an  aircraft  powered  by  a  pulse  detonation  engine  (PDE)  will  accelerate 
development  of  a  propulsion  concept  that  promises  greater  simplicity,  lighter  weight  and  a  wider  operating  range 
than  turbomachinery. 

In  late  January,  an  experimental  engine  developed  at  the  US  Air  Force  Research  Laboratory  (AFRL)  powered  a 
modified  Scaled  Composites  Long-EZ  on  a  brief  flight  along  the  runway  at  Mojave,  California,  marking  the  first 
flight  of  a  PDE-powered  aircraft. 

AFRL  principal  investigator  Fred  Schauer  says  the  single  flight,  lasting  "tens  of  seconds",  proved  the  aircraft  and 
its  pilot  could  survive  the  noise  and  vibration  of  the  PDE  -  concerns  raised  by  an  engine  that  delivers  its  thrust  in 
pulses  produced  by  the  supersonic  detonation  of  fuel  and  air  in  a  tube. 


Small  JATO  gas  turbine  helped  Long-EZ  get  moving  ©  Alan  Radecki 

The  experimental  PDE,  built  by  AFRL  contractor  ISSI,  had  four  tubes,  each  firing  at  20Hz.  Producing  a  peak  thrust 
of  about  2001b  (0.9kN),  the  engine  powered  the  Long-EZ  to  just  over  lOOkt  (190km/h)  at  60-100ft  (20-30m) 
above  the  Mojave  runway. 

Schauer  says  the  flight  proved  the  structure  could  survive  the  Mach  5  pulses  and  that  noise  was  "reasonable"  in 
the  cockpit.  With  the  PDE  running  at  80Hz,  noise  was  low  frequency,  sounding  like  an  "engine  brake  on  steroids", 
he  says. 

Scaled  test  pilot  Pete  Siebold  wore  specially  developed  earplugs.  Vibration  was  mitigated  by  tuning  the  engine 
mounts  to  the  operating  frequency,  Schauer  says. 


PDE-powered  cruise  lasted  about  10  seconds 
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January's  flight  followed  aircraft  and  engine  modifications  after  an  unsuccessful  attempt  to  fly  in  2004.  In 
particular,  Scaled  designed  a  fairing  for  the  engine  to  reduce  drag,  while  the  fuel  was  switched  from  gasoline  to 
propane  to  broaden  the  PDE's  operating  limits  and  increase  its  thrust. 

Built  using  off-the-shelf  parts,  the  experimental  PDE  "was  just  a  proof  of  concept",  says  Schauer.  The  cylinder 
head  from  an  automotive  engine  provided  valves  to  admit  first  purge  air  then  the  fuel/air  mixture  into  each  tube, 
dual  superchargers  overcoming  the  pressure  drop  across  the  valves.  A  spark  plug  ignited  subsonic  combustion  in 
the  tube,  which  accelerated  into  the  supersonic  detonation  wave. 


"The  engine  is  old  technology.  Now  we  have  better  initiation  techniques,  better  valving,  better  injection 
schemes,"  says  Schauer.  Research  continues  within  AFRL,  but  he  expects  the  engine  manufacturers  to  be  next  to 
fly  a  PDE.  "We  have  shown  the  technical  hurdles  can  be  overcome,"  he  says. 
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